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Recently, a filamentation instability was observed when a laser-generated pair cloud interacted
with an ambient plasma. The magnetic field it drove was strong enough to magnetize and accelerate
the ambient electrons. It is of interest to determine if and how pair cloud-driven instabilities can
accelerate ions in the laboratory or in astrophysical plasma. For this purpose, the expansion of a
localized pair cloud with the temperature 400 keV into a cooler ambient electron-proton plasma is
studied by means of one-dimensional particle-in-cell simulations. The cloud’s expansion triggers
the formation of electron phase space holes that accelerate some protons to MeV energies.
Forthcoming lasers might provide the energy needed to create a cloud that can accelerate protons.
Published by AIP Publishing. https://doi.org/10.1063/1.5026568

Dense clouds of positrons and electrons were created in
recent laser-plasma experiments1,2 and their evolution was
examined. Such studies allow us to explore the physics of
exotic plasmas found in the interior of imploding supermassive stars, close to accreting black holes and in the jets emitted by them.3–6 The x-ray precursor of the pair cloud created
in Ref. 2 ionized a background gas, which was contained in
the experimental vessel prior to the laser shot ensuring the
interaction with a pre-existing ambient plasma. The number
of electron-positron pairs in this cloud was large enough to
let the pairs behave as a plasma; a filamentation instability
grew between the cloud and the ambient plasma.7,8 The limited size of the cloud implied that the electromagnetic field it
carried could interact only during a short time with the ambient plasma, which ruled out any significant acceleration of
the ions in the ambient plasma.
Forthcoming experiments will generate larger and more
energetic pair clouds that could potentially also accelerate
ions. It is of interest to identify structures that unfold on electron time scales and can accelerate ions to large energies and
to determine how large the pair clouds have to be in order to
sustain these structures.
Consider an electron-ion plasma with a small localized
positive excess charge. The electrons oscillate in the positive
potential of this space charge and a fraction of the electrons
is trapped by it. Certain combinations of the distributions
of the electric field, of the trapped electrons and of the
untrapped electrons result in a stable solitary nonlinear wave
known as electron phase space hole (EH).9–12 It forms and
survives on electron time scales for the plasma conditions
found in laser-generated plasma.13 The electrostatic potential
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that sustains an EH might be capable of accelerating ions to
high energies.
Here we determine with particle-in-cell (PIC) simulations (See Ref. 14 for a description of the code) the energy,
up to which protons can be accelerated by an EH, and the
spatio-temporal scales over which the acceleration unfolds.
We select initial conditions for the pair cloud and for
the background plasma that are relevant for laser-plasma
experiments. Restricting the simulation to one spatial
dimension suppresses the growth of the competing filamentation instability, which simplifies our study of electrostatic instabilities. A restriction to one spatial dimension
also stabilizes the EHs15 and we can obtain an estimate for
the maximum energy the protons can reach under idealized
conditions. We perform several simulations, in which we
vary the density ratio between the pair cloud and the ambient plasma in order to determine how it affects the proton
acceleration.
The one-dimensional simulation box with length Lx and
reflecting boundary conditions resolves the spatial interval
–0.3 Lx  x  0.7 Lx. The pair cloud consists of electrons
with density n0 and equally dense positrons and is located in
the interval x < 0. The number density n0 yields the electron
plasma frequency xp ¼ ðn0 e2 =me 0 Þ1=2 (e, me, 0: elementary charge, electron mass, and dielectric constant) that normalizes time (t ! txp) and the electron skin depth ks ¼ c/xp
(c: speed of light) that normalizes space (x ! x/ks). The initial temperature of both species is Tc ¼ 400 keV. The ambient
plasma consists of electrons with the density n0/R and
equally dense protons with the mass mp ¼ 1836me. The
temperature of the electrons and protons is Ta ¼ 2 keV. All
electromagnetic fields are set to zero at the simulation’s
start. We examine the cases R ¼ 8, 4, 1, 1/4. We resolve
Lx ¼ 7520 with 4  104 grid cells and each particle species
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by Np ¼ 8  107 computational particles (CPs). The simulation evolves the plasma during the time tsim ¼ 3250.
Figure 1 shows the time evolution of the proton velocity
distributions for all four simulations. Protons are accelerated
to MeV energies during a few 102 time units in the case of
the dense clouds and during about 103 in the case of the
dilute clouds. These proton energies exceed the thermal
energy of the pair cloud by almost an order of magnitude.
Protons are accelerated primarily along the expansion direction of the cloud.
We analyze the particle’s phase space density distributions for the case R ¼ 4 in order to determine how the protons
are accelerated. Figure 2 shows the total electron distribution
and those of the positrons and protons at the time t ¼ 1000.
The cloud’s front reached x  1000. Its mean speed corresponds approximately to the cloud’s initial thermal speed.
The pairs with x, vx < 0 move to lower x and are reflected by
the boundary.
We observe periodic trains of phase space holes in Figs.
2(a) and 2(b) at 40 < x < 140, which coincide spatially with
accelerating protons in Fig. 2(c). The proton acceleration
takes place at the boundaries of the EHs and the protons are
accelerated primarily along increasing x. An EH corresponds
to a localized positive excess charge, which is attractive for
electrons and forms a barrier for positrons. The large EH at
x  180 in Fig. 2(a) blocks the low-energy positrons that
flow to larger x in Fig. 2(b) and their phase space density is
strongly reduced in 150 < x < 230. The reduced current contribution of the low-energy positrons in 150 < x < 230 and
the large current from the combined ambient and cloud electrons in this interval must be balanced by a faster motion of
positrons; the positrons that overcome the EH potential are
accelerated by it and the velocity distributions of electrons
and positrons do not match in this interval. Similar processes
are observed at x  270 and x  600.
The EHs far behind the cloud front form in a plasma
that is composed of cool background electrons and of cloud
electrons with a thermal spread that is larger than the relative
speed between both populations. The electron acoustic instability16 can form under such conditions. Linear instabilities
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tend to result in wave trains like the one in the interval
40 < x < 140 in Figs. 2(a) and 2(b). We observe also solitary
phase space holes in the electron distribution. These can
either form when trains of phase space holes coalesce10 or in
the presence of a net current, which could be caused by a
local mismatch of the electron and positron currents.17
The two-stream instability grows only if both electron
species are cool18 and move at a large relative speed. Such
conditions exist at the cloud’s front between the cloud electrons and those of the ambient plasma and this instability
could be responsible for the train of phase space vortices in
the interval 800 < x < 103. Figures 2(a) and 2(b) shows that
the effect of the electrostatic two-stream instability, which
grows at the cloud’s front at 800 < x < 1000, is to slow down
the cloud electrons and to accelerate the positrons. On average, the faster positrons will outrun the electrons at the cloud
front, which results in a positive net current in this interval.
This current can in the considered geometry only be balanced by a return current due to motion of the ambient electrons. Protons are hardly accelerated by the fast-moving
phase space holes because they are exposed to their electric
field only during a short time interval.
Figure 3 shows the phase space density distributions at
time t ¼ 3200. The fastest cloud particles have advanced to
x  3200 and some of them have reached a relativistic factor
C > 20. They have been accelerated by their repeated interaction with the turbulent electric fields at the cloud’s front.
Positrons are faster than the electrons in the interval x > 2500,
which allows them to compensate the current of the denser
combined distribution of the ambient and cloud electrons.
Figure 3(a) reveals solitary EHs for all x < 2700. The electric
fields of the EHs at x  700 and x  1400 strongly modify the
positron and proton distributions. Protons are accelerated to
speeds up to vx  2.5  107 m/s and these protons thus constitute the dilute population of energetic protons in Fig. 1(b).
Protons are hardly accelerated for x > 2500 (not shown) due to
the relativistic flow speed of the electrostatic structures close
to the cloud front.
Figure 4 shows the particle and electric field distribution
in the interval 650 < x < 750 at the time t ¼ 3200. Two EHs

FIG. 1. Proton velocity distributions log10 fp(vx, t) normalized to their respective peak values: panel (a) shows the distribution for R ¼ 8, (b) for R ¼ 4, (c) for
R ¼ 1, and (d) for R ¼ 0.25. The color scale is clamped to –6. The horizontal lines in (b) indicate the times t ¼ 1000 and 3200.

064502-3

Dieckmann et al.

Phys. Plasmas 25, 064502 (2018)

FIG. 2. Phase space density distributions for R ¼ 4 at t ¼ 1000: panels (a)
and (b) show the distributions of the
electrons and positrons normalized to
the peak value in (a). Panel (c) shows
the proton distribution normalized to
its peak value. All color scales are 10logarithmic. Multimedia view: https://
doi.org/10.1063/1.5026568.1

FIG. 3. Phase space density distributions for R ¼ 4 at t ¼ 3200: panels (a) and (b) show the distributions of the electrons and positrons normalized to the peak
value in (a). Panel (c) shows the proton distribution normalized to its peak value. The displayed spatial interval in (c) is reduced compared to that in (a, b) in
order to improve the resolution of the proton structures. All color scales are 10-logarithmic. The vertical lines denote x ¼ 650 and 750.

are located in Fig. 4(a) at x  670 and at x  720. Both phase
space vortices have a mildly relativistic velocity width. Their
electric fields [See Fig. 4(d)] trap the electrons in a vortex.
The bipolar electric field pulse at x  670 is asymmetric. The
negative electric field spike is sufficiently strong to reflect
the low-energy positrons that flow from x ¼ 650 to larger
values of x. The high-energy positrons are slowed down by it
and they are re-accelerated when they leave the potential of
the EH at x  675. The phase space distribution of the electrons and positrons resembles that in Ref. 17.
The positive electric field spike at x  670 accelerates
the protons. Figure 4 (Multimedia view) shows that the mean
velocity of the EH is positive. The moving electric field is
strong enough to reflect a small fraction of the ambient

protons. The proton structure at x  670 resembles an electrostatic shock,19 which is here driven by the moving EH.
The symmetric electric field distribution of the broader stationary EH at x  770 modulates the proton distribution but
its vanishing mean speed implies that it cannot reflect
protons.
The proton reflection by EHs is fast enough to explain
the rapid formation of the dilute energetic proton population
in Fig. 1. The peak energy the protons can reach by a single
specular reflection is limited by the mean speed of the EH.
The speed of the reflected protons remains constant after the
reflection [See Fig. 4(c)]. The long-term stability of the EH
implies that protons are continuously accelerated to this high
energy. The number of accelerating protons remains constant
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FIG. 4. Phase space density distributions and the electric field along the
simulation direction for R ¼ 4 at
t ¼ 3200: panels (a) and (b) show the
distributions of the electrons and positrons normalized to the peak value in
(a). Panel (c) shows the proton distribution normalized to its peak value.
All color scales are 10-logarithmic.
The electric field component along x in
panel (d) is normalized to mecxp/e.
Multimedia view: https://doi.org/
10.1063/1.5026568.2

but the number of accelerated protons increases in time,
which explains the energetic band at vx  2  107 m/s in
Fig. 1(c).
The mean speed of an EH in the rest frame of the electrons depends on its shape and size and it can vary within a
limited velocity range close to the cloud’s mean speed. The
preferential speed of EHs in the simulation frame thus
depends on the mean velocity of the electrons. The mean
speed of the combined electron distributions of the cloud and
of the ambient plasma is positive, which implies that on
average EHs will propagate to increasing values of x.
Reflection by EHs that move towards increasing x explains
the asymmetric proton distributions in Fig. 1. The mean
speed value of the electrons and, hence, of the EHs is the
largest if the ambient plasma is dilute, which explains why
protons are accelerated to the largest speeds in the simulations with R ¼ 4 and 8.
The simulation shows that the size of the cloud along its
propagation direction has to be larger than 100 ks for proton
acceleration and for the selected initial conditions. We compare this estimate to the cloud size that might be within reach
for forthcoming lasers.
Pairs are created in the experiment by letting a primary
electron beam collide with a target. The beam with the
energy 600 MeV and charge 0.4 nC, which was produced by
the Gemini laser with its energy 14 J in Ref. 1, generated
109 pairs with sub-MeV energies and the number of pairs
scaled almost linearly with the charge of the primary beam.
The lasers at the Extreme Light Infrastructure (ELI-NP) will
be able to deposit 200 J of energy in 20 fs, which can create
a primary electron beam with the charge 2 nC and energy
20 GeV. The larger energy per electron of this beam triggers a more efficient pair production cascade, which could
potentially generate 1011 pairs. Pairs are generated during
about 1013 s (Refs. 1 and 2) and propagate at a speed close

to c. The length of the cloud is thus 30 lm. Let us assume
that its lateral size is comparable and that the 1011 pairs are
distributed uniformly across the box with the side length
30 lm. The resulting n0  4  1018 cm3 gives the electron
skin depth ks  2.7 lm. The side length of the box is 12 ks.
It might be possible to observe the acceleration of protons on such an experiment and for the initial conditions we
used in the simulation if the lateral extent of the pair cloud
could be reduced to about 1–2 ks while keeping the EH stable and the cloud charge neutral. Pair clouds that are large
enough to match the length criterion exist in energetic astrophysical environments.5
In conclusion, we have examined the expansion of a hot
pair cloud into a cooler ambient plasma, which consisted of
electrons and protons. The electrons of the cloud and of the
ambient medium mixed via EHs. The presence of slowmoving protons implied that on average, the positrons must
flow faster than the electrons in order to enforce charge- and
current-neutrality. The electrostatic potential of the EHs
adjusted the currents. The low speed of EHs implied that
their electric field was practically stationary in the rest frame
of the protons. Some slow-moving EHs reflected protons and
accelerated them to energies that exceeded the initial thermal
energy of the pair cloud by factor 5.
More realistic 2D simulation studies have to test how
efficiently protons can be accelerated if electrostatic and
magnetic instabilities compete and if the EHs become unstable.15 A 2D simulation, which resolves y, could follow the
initial growth phase of the filamentation instability and
reveal how the filament formation and the associated magnetic fields affect the EHs.
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