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The nonlinear, blowout regime of the plasma wakefield accelerator has been the subject of consid-
erable interest due to its potential for use as a next generation accelerator in high energy physics
experiments. Much of the analytical work and simulation in this regime has been restricted to sce-
narios of cold background plasma. Significant theoretical results concerning plasma thermal effects
have been obtained only in one dimension. This paper addresses the phenomenon of background
electron trapping, in particular by thermal means, and its effects on wakefield development. In order
to examine a key source of initial temperature, we also discuss plasma electron heating through the
decay of the nonlinear wake waves themselves. Through 2D particle-in-cell simulations, we find that
some thermal trapping occurs even at modest plasma temperatures, creating Landau damping of
the wakefield that increases rapidly with temperature up to ∼500 eV, and then less strongly for
higher temperatures. In addition, the peak electric field produced in the plasma scales linearly with
the driving beam charge over a wide range before degrading suddenly once a charge threshold has
been reached. These results suggest that temperature is a significant factor in a plasma wakefield
accelerator’s effectiveness, and that parameters such as the charge of the driving beam and the
injection time of the witness beam should be carefully chosen to minimize negative thermal effects.

I. INTRODUCTION

The concept of the plasma wakefield accelerator
(PWFA) has been around since 1985 [1] and was first
experimentally tested in 1988 [2]. In such an accelera-
tor, an electron beam (the driving beam) is sent through
background plasma consisting of electrons and positively-
charged ions. The plasma electrons in the vicinity of the
driving beam are deflected away, while the higher-mass
ions remain relatively unperturbed. The resulting fluc-
tuations in the plasma give rise to an electric field which
has regions of alternating sign trailing behind the beam
in the transverse direction. In a typical, linear case, the
field is a wave of wavelength λp (the plasma wavelength)
which is inversely proportional to the square root of the
plasma density. This wakefield can then be used to ac-
celerate and focus a second, witness electron beam for
as long as it remains in the correct region of the wake.
This method of acceleration allows the energy from many
electrons (in the driving beam) to be transferred to rela-
tively few electrons in the witness beam, thus achieving
very high energies over short distances. Recent experi-
ments have created accelerating gradients on the order
of 50 GV/m which are sustained over a distance of just
under a meter, leading to an energy gain of 44 GeV/m in
some of the accelerated electrons [3]. To enable plasma
accelerators to compete with large, traditional accelera-
tors such as the LHC, even higher accelerating gradients
are necessary. To this end, new experimental methods
and considerations are being explored.

Of particular interest is the blowout regime of the
PWFA; all simulations presented here were blowout sce-
narios. This regime is characterized by a driving electron
beam which is denser than the background plasma, caus-
ing all electrons in the vicinity of the beam to be com-
pletely expelled4. In contrast to the linear regime (called
so because of the linear restoring force experienced by the

plasma electrons) which has sinusoidal plasma waves, this
regime exhibits wakefields with a sharp spike near the re-
gion where the plasma electrons return to the beam axis.
This spike is capable of being much larger than the ampli-
tude of the wave in the linear case. Analytical work done
in the case of a driving beam with infinitesimal length
suggests that this spike is roughly linear in the normal-

ized beam charge Q̃, defined by Q̃ =
Nbk

3
p

n0
, where Nb

is the number of beam electrons, kp is the plasma skin
depth, and n0 is the unperturbed plasma electron den-
sity [4, 5]. With the proper parameters, wakefields on
the order of TV/m can be achieved in this regime.

However, thermal trapping has the potential to under-
mine attempts at realizing such high fields. Trapping
exists when background electrons have sufficient veloci-
ties in the transverse direction to be accelerated by the
wakefield over large distances (trapped in the accelerat-
ing region), thus behaving similarly to witness beam elec-
trons. This takes energy away from the wake, resulting
in a smaller accelerating gradient for the witness beam.
The effect is particularly significant when the energy gra-
dient of the wakefield is strong enough to accelerate elec-
trons to near the speed of light over a short distance.
When the source of the requisite initial velocities is ther-
mal in nature, this is referred to as thermal trapping.
In addition, the decay of the wake itself creates plasma
heating, which can induce trapping. When the blown-out
electrons return to the beam axis, they crash into each
other, transferring their directed kinetic energy into heat
in what is referred to as wave breaking [7]. This heating
signifies both a loss of wakefield energy and a potential
source of trapping, and is thus undesirable.

Significant theoretical results concerning the effects of
background plasma temperature on wakefield develop-
ment have been restricted to one-dimensional analysis,
with a particular focus on laser wakefield accelerators
over PWFAs [8, 9]. By examining the effects of thermal
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trapping on wakefield development and the wave break-
ing mechanism of heating through simulations in 2D, we
can better design experiments in the blowout regime of
the PWFA to minimize negative thermal effects.

II. SIMULATIONS

In order to simulate a PWFA in the blowout regime,
the 2D particle-in-cell (PIC) code OOPIC was used. In
the simulations run, a driving electron beam was sent
through a cylinder filled with underdense plasma. The
system was treated as cylindrically-symmetric, providing
information about the particles’ motion in the longitudi-
nal (z) and radial (r) directions, but not in the azimuthal
(φ) direction. The simulation length was fixed at 13.3
µm, while its radius was 2.22 µm. Cell size was fixed at
dz = dr = 61.7 nm, with a time step of dt = 8.43×10−17

s, satisfying the Courant condition that light cannot pass
through more than one cell in a single time step. Each
boundary of the simulation (left, right, and radial) is
treated as a conductor. The plasma is modeled as ionized
hydrogen atoms and their electrons, and has an unper-
turbed density of n0 = 7.0× 1025m−3 with 16 macropar-
ticles per cell.

What made these simulations most unique was the
driving beam, modeled after those produced by the Linac
Coherent Light Source (LCLS) at Stanford. It was mod-
eled as a bigaussian distribution, with dimensions of
rrms = 0.197µm and zrms = 0.6µm (corresponding to a
duration of 2 fs). The short duration of the beam enabled
a larger proportion of the beam’s energy to be transferred
to the wakefield rather than to the back of the beam itself
through self-wake effects. In addition, the mean energy
of beam electrons was 14.3 GeV, with a minimal rms
energy spread of 0.1%.

The first series of diagnostics was intended to give a
measure of wakefield decay due to thermal trapping for a
range of beam charges. It involved measuring the ampli-
tude of the accelerating wakefield, both the wave imme-
diately following the beam (first wake) and the wave fol-
lowing that (second wake), just before the driving beam
begins to exit the simulation (t = 40 fs) at different ini-
tial plasma temperatures, ranging from 0 eV to 5000 eV.
Though the LCLS parameters give a beam charge of 2
pC (Q̃ = 6.97), simulations were run for beam charges in

the range of 2 ≤ Q̃ ≤ 50.
Boundary conditions are often critical to the outcome

of PIC simulations, so the same diagnostic was run a
second time with an additional 4 µm (one plasma wave-
length) of vacuum preceding the plasma. This was used
to distance the plasma from the effects of the left con-
ducting boundary, which would tend to attract plasma
electrons close to it, thus decreasing the number of elec-
trons with sufficient longitudinal velocity to be trapped.
The time at which the wakefields were measured was al-
tered to account for the added distance through which
the driving beam traveled. By comparing the results of

this series of diagnostics to those of the first, the effects
of the conducting boundary could be determined.

Additional simulations were run to determine the ef-
fects of wavebreaking on the plasma temperature. The
first of these used a driving beam of normalized charge
Q̃ = 7 which traveled through a perfectly cold plasma
(T = 0 eV). At various times throughout the simulation,
the temperatures of the plasma electrons (radial, longitu-
dinal, and isotropic) were taken and averaged across the
entire simulation, to get a measure of the total energy of
the wake transferred to heating. The second set of diag-
nostics measured the plasma electron temperatures well
after the driving beam had left (t = 0.32 ps) for values

of Q̃ ranging from 2 to 50, again with zero initial tem-
perature. Both simulations were run without an initial
vacuum region.

III. RESULTS AND DISCUSSION

Plots of the first and second wakefield amplitudes as
a function of initial plasma temperature and normalized
beam charge in the no-vacuum case are shown below in
Fig. 1. The results are shown for Q̃ up to 50 for com-
pleteness, although for Q̃ > 20, the wakefield began to ex-
hibit behavior that differed radically from that of a more
standard PWFA experiment. In particular, the waves
did not appear to show periodicity, and in many cases
identification of a first and second wake was not straight-
forward. Nevertheless, in the primary region of interest
(2 ≤ Q̃ ≤ 20), both plots indicate a sharp decrease in
wakefield amplitude (in the range of 10-20%) with tem-
perature up to approximately 500 eV, with continued but
more gradual decrease at higher temperatures (up to 30-
40% at 5 keV). This supports the notion that increases in
the plasma temperature can significantly affect the wake-
field amplitude due to increased thermal trapping. It is
worth noting that the first wake degradation decreases
with increasing Q̃ in the range of 4 ≤ Q̃ ≤ 30, e.g. the
amplitude of the wake at T = 5 keV is a larger fraction
of the amplitude at T = 0 for Q̃ = 20 than at Q̃ = 10. In
addition, at a fixed initial temperature, the amplitude of
the first wake increases linearly with increasing Q̃ up to
Q̃ = 30, with a sudden increase at Q̃ = 40 followed by a
dramatic decrease at Q̃ = 50. This initial linear relation-
ship matches theoretical expectations for the nonlinear
regime. The spike may have been so dramatic because
of the wave amplitude’s sensitivity to the time it was
measured at for such large Q̃, although its replication
at several different temperatures below 500 eV suggests
this is not the case. As was observed in simulations (and
can be seen by comparing the two plots in Fig. 1), the
decrease in the first wakefield was accompanied by an
increase in the second wakefield.

The data for the second wakefield are similar, though
somewhat less well-behaved. For Q̃ ≤ 20, the same
strong degradation occurs up to 500 eV, with weaker
degradation up to 5 keV. Additionally, the wake am-
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FIG. 1: Wakefield amplitude data for the no-vacuum case.

plitude scales linearly with Q̃ in this region. However,
at larger beam charges, the wake amplitude is signifi-
cantly smaller for low temperatures (< 100 eV) and is
positively correlated with temperature in this tempera-
ture range, though it resumes its expected decrease for
larger temperatures. One possible explanation for this
is that, in this temperature region, larger temperatures
facilitate the transfer of energy from the first wake to the
second, before thermal trapping dominates and decays
both wakes.

For comparison, plots of the first and second wakefield
amplitudes in the scenario with an initial vacuum region
are shown in Fig. 2. The first is qualitatively very sim-
ilar to its no-vacuum counterpart, exhibiting the most
degradation in the first 500 eV, with continued damping
at higher temperatures. In addition, the same pattern
of decreased degradation with increasing beam charge
up to Q̃ = 30 is apparent, though less dramatically so.

The most noticeable difference between this and the case
without vacuum is that the spike in amplitude at Q̃ = 40
present before is now much less pronounced. With this
notable exception, however, the amplitudes remained rel-
atively unperturbed, being on the average slightly larger
than in the no-vacuum case. This suggests that the con-
ducting boundary condition of the first simulation did
not significantly affect the level of thermal trapping in
the simulation.

The second wakefield, on the other hand, was consider-
ably more well-behaved with the addition of initial vac-
uum. It followed the same general pattern as the first
wakefield in both scenarios, both in terms of the temper-
ature and beam charge dependence. The main dispari-
ties were the lack of a sudden drop in amplitude at Q̃ =
50 (in this aspect, it more closely resembled the second
wakefield in the no-vacuum case) and a positive corre-
lation with temperature between 500 and 2000 eV for
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FIG. 2: Wakefield amplitude data for the case with an initial vacuum region.

the Q̃ = 30 case. For lower Q̃ values (< 20), where the
second wakefield in both scenarios had a similar tempera-
ture dependence, the amplitude was consistently smaller
(by about 20%) than in the no-vacuum scenario. These
data seem to indicate that the existence of an initial vac-
uum region serves to mitigate unpredictable effects aris-
ing from the conducting boundary conditions, while in-
creasing the overall level of thermal trapping moderately.

On the plasma heating side, a plot of the plasma elec-
tron temperature as a function of time is presented in
Fig. 3. As the driving electron beam propagated through
the simulation, two spikes in the temperature occurred,
followed by a marked drop soon after the electron beam
exited (t = 60 fs). After this drop, the temperature rose
rapidly and roughly linearly to a peak before steadily
decaying. This rapid, linear increase indicates a con-
tinual transfer of wakefield energy to heat with contin-
ued wavebreaking, while the subsequent decay suggests

a steady loss of heat to the surroundings; the lack of
further temperature increases after the peak (t = 0.25
ps) indicates that by this time plasma oscillations (and
hence the wakefield) are minimal and wavebreaking is no
longer a significant source of heat. Perhaps more inter-
esting than the shape of the plot are its dimensions; the
(isotropic) temperature reached a maximum in excess of
4 keV and remained above 1 keV for much longer (up
until t = 1.5 ps) than the time scale for the driving beam
to travel through the simulation. These data signify that
very large heating effects occur in this regime, even well
after the driving beam has exited the plasma, so that ex-
periments using multiple driving beams are likely to be
strongly hindered by thermal trapping. One potentially
redeeming aspect of this large heating is that throughout
the wavebreaking process, the longitudinal temperature
was significantly smaller, by about a factor of 2, than the
radial temperature, which means less thermal trapping.
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FIG. 3: Plasma electron temperature as a function of time.

To best avoid the negative effects of heating in such an
experiment, the witness beam should be timed so as to
arrive coincidentally with the drop in temperature (0.11
ps after a driving beam enters, for the simulation param-
eters) following one of the driving beams as it exits the
plasma, perhaps the first.

Lastly, the results of the temperature versus beam
charge diagnostic are displayed in Fig. 4. Up through Q̃
= 30, the average plasma electron temperature increases
linearly with beam charge. This suggests that the
temperature vs. time plot should scale with Q̃ in this
range. At larger values, this behavior breaks down,
leading to massive heating (80 keV) or, in the Q̃ =
50 case, a complete removal of the plasma electrons
from the simulation, making a temperature calculation
impossible.

FIG. 4: Plasma electron temperature as a function of beam
charge.

IV. CONCLUSIONS

It has been shown that plasma thermal effects can sub-
stantially alter the effectiveness of a plasma wakefield
accelerator in the blowout regime through thermal trap-
ping of background electrons. Simulations in two dimen-
sions have shown that the largest increases in trapping,
with the concomitant degradation of the wakefield, oc-
cur for temperatures up to 500 eV, with significant ad-
ditional degradation continuing through 5 keV. Further
simulation data suggest that such degradation becomes a
smaller fraction of the initial amplitude with increasing
beam charge, but radically different wakefield behavior
for the largest charges suggests running experiments at
Q̃ ≤ 30. Effects of conducting boundary conditions on
trapping were examined by including a region of vacuum
preceding the plasma, with the primary result that some
unexpected effects observed in the second wake for the
no-vacuum case disappeared. The first wake amplitudes
remained relatively unchanged with the addition of vac-
uum, while the second wake amplitudes decreased mod-
erately, indicating additional trapping due to insulation
from the conductor.

Simulations investigating the evolution of plasma elec-
tron temperature with time indicate that considerable
heating (up to 4 keV for Q̃ = 7) occurs after the driving
beam exits the plasma, as wavebreaking removes energy
from the wakefield, and remains long afterward. In ad-
dition, such heating appears to scale linearly with beam
charge, potentially placing further limits on the beam
charge. Fortunately, more of this heat is transferred to
radial motion than transverse motion, reducing the po-
tential amount of future thermal trapping. In addition,
a minimum in temperature is obtained soon after the
driving beam leaves; taking advantage of this by sending
the witness beam through the plasma during this time
would alleviate problems arising from thermal trapping,
especially in an experiment using multiple driving beams.
Taken as a whole, these simulations indicate that initial
temperature, beam charge, and timing must be carefully
managed to maximize the effectiveness of a PWFA in the
blowout regime.
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