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Positron acceleration in plasma waves driven by non-neutral fireball beams
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Plasma-based positron acceleration is still an open question, as the most efficient regimes for electron
acceleration (quasilinear and blowout) are not directly applicable to positrons. Nevertheless, positron
acceleration is a stepping stone on the path toward a plasma-based lepton collider. In this work, we propose
a scheme for positron acceleration based on the spatial overlap of a driver (electron or laser) beam and a
positron beam, also known as a fireball beam. Under appropriate conditions, these beams can self-
consistently evolve toward a hollow driver and focused positron beam on-axis, driving plasma waves
suitable for positron acceleration. This evolution seems to be a manifestation of the current filamentation
instability. We discuss how the self-consistent dynamics affect the beam quality and perform a preliminary

tolerance study.
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I. INTRODUCTION

Plasma accelerators are promising candidates for the
next generations of particle colliders [1]. The breakdown of
the accelerator components limits the electromagnetic
fields supported by conventional rf technology. In contrast,
plasmas, being an ionized medium, can sustain electric
fields that can be orders of magnitude higher than conven-
tional machines [2]. In theory, this allows for more compact
machines and facilities [3].

The quality of the accelerated electron beams has
improved substantially over the last decade. Thus,
plasma-based accelerators now routinely deliver relativistic
electron and x-ray beams for high-energy-density science
[4], quantum electrodynamics [5], biology [6], and material
science [7]. Furthermore, as these accelerators began pro-
viding sub-percent energy spread electron bunches, pioneer-
ing experiments demonstrated lasing in a free-electron laser
driven by electron beams from plasma accelerators [8—10].

The ultimate goal of plasma accelerator research in the
context of high energy physics is to project an electron-
positron plasma-based collider [1,11]. Here, demonstrating
stable, high-quality positron acceleration is a key step
[12-20]. Positron acceleration is not as straightforward
as for electrons because the most common acceleration
regimes, when the driver is sufficiently intense to drive
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nonlinear waves, are not proper for positron focusing. Due
to the ion and electron mass discrepancy, the two plasma
species react at different timescales; consequently, plasma
waves tend to defocus positively charged particles almost
everywhere if the driver is sufficiently intense. To circum-
vent this issue, one needs to shape the plasma wave to
create focusing regions for positrons. One approach uses a
long positron beam as the driver, leading to an energy
transfer from the beam head to the tail [12]. Other schemes
rely on shaping the plasma wave driver [13,14], the
plasma itself [15,16], both [17-19], direct laser acceler-
ation by ultraintense lasers [21], or lower intensity drivers
(linear waves) [20].

For example, Refs. [13,14] explored non-Gaussian drivers
using lasers with orbital angular momentum or hollow
electron beams, where the driver has null intensity or density
on the symmetry axis. In these cases, the plasma waves
driven present a dense electron filament on the axis, resulting
in a focusing force for positrons. These contrast with usual
regimes of plasma acceleration [22,23], where the driver
profile is close to a Gaussian, with the peak density or
intensity maximum at the symmetry axis; thus, the plasma
electrons are completely repelled (either by the particle beam
fields or the laser ponderomotive force) away from the axis,
leaving a near-spherical ion cavity on the wake of the driver.

In addition to positron acceleration, the interplay
between electron and positron beams propagating in
plasmas has another potential in studying plasma micro-
instabilities. These instabilities can play a crucial role in the
astrophysical environment, which led to the proposition of
many schemes to probe it in the laboratory [24-32]. Among
them is the propagation of neutral beams composed of
spatial overlap of electrons and positrons [33-36],
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sometimes referred to as fireball beams, in analogy with
cosmic fireballs (cf., [37]).

In this paper, we show that the propagation of fireball
beams in plasmas can result in energy transfer from the
electron to the positron beam under appropriate conditions.
In particular, non-neutral fireball beams with Gaussian
profiles may self-consistently evolve toward a hollow
electron beam and a focused positron beam on-axis.
Similar results are also observed by replacing the electron
beam with a laser beam. Thus, using Gaussian beams, more
readily available in laboratories, one can accelerate posi-
trons using a configuration analogous to the proposed in
Refs. [13,14], relaxing the requirements to shape the driver.
We use theory and particle-in-cell simulations to demon-
strate the main features of the configuration. Additionally,
we perform a preliminary tolerance study to understand
how different beam parameters and imperfections can
impact the configuration.

The paper is organized as follows: in Sec. II, we present
the dynamics of non-neutral fireball beams in plasma and
show how the self-consistent dynamics leads to a hollow
electron beam circumventing a focused positron beam; in
Sec. III, we perform a tolerance study for imperfections
and beam parameters that allow the positron acceleration
process to be stable over long propagation distances; in
Sec. IV, we show results for the analogous scheme when
the driver is a laser beam; in Sec. V, we briefly discuss our
results and their consequences for positron acceleration
and filamentation in the laboratory; in Sec. VI, we present
our conclusions.

II. NON-NEUTRAL FIREBALL BEAM DYNAMICS

Hollow electron or laser beams can drive plasma waves
proper for positron acceleration [13,14], characterized by
an on-axis focusing force for positively charged particles.
Here, we propose to combine an electron bunch or a laser
pulse with a positron bunch to create such a hollow
structure in the driver. We consider the spatial overlap of
a Gaussian driver (electron or laser beam) and positron
beams; we primarily focus on an electron beam driver, but
we demonstrate the analogous configuration for a laser
driver in Sec. IV.

Let

Z2 }"2
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be the total charge density of all beam driver species (the
index a sums over the beam species e~ for electrons and e™
for positrons), where ¢, is the species charge, n,, is the peak
density, z and r are the longitudinal and radial coordinates,
and o, and o, , are the beam size in the propagation and
transverse directions, respectively. Assuming an electron
and a positron beam such that the peak density and
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FIG. 1. Transverse charge density at the beam center z = 0 for
the fireball (black, solid line), the individual positron (blue,
dotted), and electron beams (red, dashed).

longitudinal sizes are equal (n,- =n, =n,, 6, , =0,,+),
but the electron beam is larger than the positron radially
(6ye- > 0,,.+), then p=0 at r=0 and r — oo, and p
has a minimum at r=20,,0,,[l0og(c,.,/0,.)/
(07~ — 07, )]'/?, effectively reproducing a hollow density
profile as used in Ref. [14]. We display an example in Fig. 1,
which shows the transverse profile of the individual positron
(blue, dotted line) and electron (red, dashed line) beams and
the resulting doughnut-like sum [Eq. (1), black, solid line] at
z =0 for a case where o, ,- = 17 pm and o, .+ = 12 pm,
and n, = 1 x 107 cm™. These and 0, ,- = 6.+ = 17 pm
are the fiducial parameters that we use to demonstrate the
main features of the proposed configuration throughout
the paper. For these parameters, the charge of the
electrons and positron beam is 1.2 and 0.6 nC, respectively.
Note that simulations were performed with normalized
units; thus, these numbers appear when we assume
no = 1x 10" cm™, to have beam parameters close to
FACET-II [38]. In practice, our results are valid for a wide
range of parameters.

A. Linear regime

We use linear wakefield theory [39—41] to understand the
linear plasma response to the propagation of the non-neutral
fireball beam. Hereafter, we assume the plasma density (n)
is the same as the individual peak beam density, i.e.,
ng = np,. Assuming cylindrical symmetry and a separable
charge density profile for the beams [Eq. (1)],
p = enpp,.(r)p. (&), the transverse wakefield is given by

eW,(&.7) :fl_lf /5 " P& sinfk,(E- ). (2)

m,co,

where
R(r) = K2 Ko (k,7) / P p (o, )dr
0

+ k3 1o(k,r) /oo Y'p,(r')Ko(k,r')dr,

r
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K and [ are the zero-order modified Bessel functions of the
first and second kind, k, = w,/c, c is the speed of light
in vacuum, w, = (4znge’/m,)"/? is the electron plasma
frequency, e is the elementary charge, m, is the electron
mass, £ = z — ct is the longitudinal coordinate that follows
the beam (£ = 0 is the beam center), and ¢ is the time. The
transverse wakefield W, measures the transverse electro-
magnetic fields W, = E, — By acting on relativistic beams.
Figure 2(a) shows the resulting W, for our fiducial param-
eters; the orange and cyan lines are the electron and positron
beam density contour, respectively, at the 1/e? density of the
peak value. We note a negligible transverse force at the head
of the beam (£ Z 15 pm); however, the force around the
beam center and the tail (£ < 10 pm) is sufficiently strong
that one may expect the beam to undergo significant
dynamics. In particular, the force is focusing (defocusing)
for positrons (electrons) near the axis, i.e., r < 15 pm, and
vice versa for r > 15 pm (note this value can be calculated
from dR/dr = 0); thus, the beams tend to separate spatially
as electrons tend to focus around r = 15 pm and positrons
around the axis. Figure 2(b) shows the focusing fields for our
fiducial parameters obtained from two-dimensional cylin-
drical symmetric particle-in-cell simulations soon after the
fireball beam enters the plasma (grid parameters and
simulation details are presented in the Appendix). We
observe a good agreement in both simulated field shape
and amplitude when compared with the theoretical result in
Fig. 2(a). While linear theory is not expected to capture the
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FIG. 2. Transverse wakefield linear response to the fireball
beam propagating in the plasma. (a) Theoretical result obtained
from Eq. (2). The dashed lines are the contour of the electron (red,
larger radius) and positron (blue, smaller radius) beams density at
the 1/¢e? of the peak value. (b) Simulation result (E, — B,) for the
same parameters as in (a).

interaction of either positron or electron beam with the
plasma because n,/ny =1, the effective fireball beam
density, as shown in Fig. 1, is about ~ny/4, closer to the
validity of the linear approximation. This leads to the good
agreement observed in Fig. 2.

B. Nonlinear evolution toward a hollow beam driver

We performed 2D cylindrical particle-in-cell simulations
to follow the non-neutral fireball beam dynamics for long
propagation distances (see Appendix for simulation
details). We consider beams with 10 GeV, no energy
spread, and no initial emittance to focus on the fundamental
processes governing the dynamics; the emittance role will
be examined in Sec. III B. We have compared full 3D
simulations with lower energy (1 GeV), enabling faster
transverse dynamics, with the 2D cylindrical simulations,
resulting in an excellent agreement, which makes us
confident in the validity of the results presented henceforth.
Figure 3 shows the electron and positron beam densities,
the plasma density, and the electromagnetic fields at several
points over their propagation. The lineouts in the fourth
column of Fig. 3 are the longitudinal electric field at r = 0;
we only show positive values because our main interest will
be identifying positron accelerating regions (E, > 0). As
mentioned earlier, the wakefield driven by the non-neutral
fireball tends to separate the electron and positron beam
spatially; furthermore, the modifications in the beam profile
drive even stronger plasma waves that reinforce the beam
separation tendency. This feedback loop seems a manifes-
tation of the current filamentation instability, which was
one of the main motivations that led to the idea of studying
fireball beam propagation in plasmas [33-36].

One can observe the initial beam dynamics by compar-
ing the initial conditions in Figs. 3(a) and 3(b) with
Figs. 3(e) and 3(f). Beam electrons accumulate near
r~15pm, and the positrons near the axis. The plasma
wave evolves significantly [compare Figs. 3(c) and 3(g)], and
the fields become stronger [compare Figs. 3(d) and 3(h)].
Plasma electrons form a dense filament on-axis, tending to
neutralize the high density of positrons in the region. For
larger radii, at positions where the electron beam focuses,
we have regions completely void of plasma electrons,
indicating that the plasma wave is strongly nonlinear. The
plasma wave in Fig. 3(g) resembles the regime studied in
Refs. [13,14] for hollow beams.

Another step in the evolution of the beams is the
development of the fishbonelike structures, shown in
Figs. 3(1)-3(j). The structures arise from betatron oscil-
lations with different frequencies along the beam [14].
These oscillations can be detrimental for hollow beams, as
described in Ref. [42], which leads to the beam collapsing
on-axis. Here, this effect seems to be mitigated by the
presence of the positron beam near the axis. However, we
do observe the collapse of the electron beam driver under
certain conditions (cf., Sec. III A). We also note that some
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FIG. 3. Nonlinear evolution of the fireball beam and the plasma. (a) Electron beam density, (b) positron beam density, (c) plasma

electron density, and (d) focusing fields (colors) and longitudinal field at » = O (line) after 0.2 cm propagation in plasma. Panels (e)—(h),

(1)—(), and (m)—(p) show the same quantities after 0.8, 2.5, 67.2

positrons escape radially because they are in a defocusing
region for positively charged particles; this does not
significantly impact the configuration. Figure 3(1) shows
regions where accelerating gradients are on the order
of 10 GV/m.

Figures 3(m)-3(p) show the system after 67 cm propa-
gation in plasma. The configuration self-consistently
evolved to be similar to the one studied in Ref. [14]. As
a result, a large fraction of the positrons were accelerated,
detailed next.

C. Positron acceleration

The non-neutral fireball beam self-consistently evolves
toward a near-hollow electron beam circumscribing a
positron beam. Thus, as described in Refs. [13,14], one
may expect the positron beam to accelerate. We confirm
this by following the evolution of the positron beam in
our fiducial simulation. The positron charge trapped in
accelerating and focusing fields is 240 pC, 40% of the

0913

cm propagation in plasma, respectively.

initial charge in the fireball beam. Figure 4(a) shows the
average energy and the energy spread evolution over 67 cm
propagation in plasma. Within the beam, the accelerating
gradient can be as large as > 10 GV/m [see Fig. 3(p)], but
on average, it is 6.6 GV/m; this variation of the accel-
erating field along the beam leads to the RMS energy
spread growth observed in Fig. 4(a). Figure 4(b) displays
the normalized emittance

1

mc

= —(()(p3) = (xp))"? (3)
evolution, which shows an appreciable growth during the
nonlinear evolution described in Sec. I B. After 10 cm, the
emittance stabilizes, and it remains nearly constant during
the rest of the propagation.

€ n

III. TOLERANCE STUDIES

The acceleration of positrons using non-neutral fireball
beams requires the spatial overlap of an electron and a
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FIG. 4. (a) Energy (black, solid line) and correlated energy
spread (red, dashed line) positron beam evolution as it propagates
in plasma. (b) Normalized emittance evolution.

positron beam. One should assume that the beams likely
will present imperfections and variations from shot to shot
for a possible experimental application. In this section, we
perform a preliminary tolerance study that helps to evaluate
the tolerances under different circumstances.

A. Beam transverse size requirements

After an initial period when the fireball beam evolves
into a hollow electron and a focused positron beam, the
positron acceleration process becomes stable in our fiducial
simulation until the electron bunch loses a significant part
of its energy. However, the hollow electron beam may
collapse on-axis earlier than energy depletion depending on
the relation between the electron and positron beam trans-
verse sizes. The collapse was first described in Ref. [42]
for a hollow electron beam propagating in plasma. The
electron and the positron beam radii control the equilibrium
position that the electron beam evolves toward [W, = 0 in
Fig. 2(a)]; if this position is sufficiently close to the axis, the
electron beam may collapse on-axis after a few betatron
oscillations [42]. Nevertheless, we expect the collapse to be
slightly different from the one described in Ref. [42], where
the collapse occurs due to a significant accumulation of
electrons near the axis as a result of the fishbonelike
structures. Figure 3(i) shows that the fishbone structure
reaches the axis in our example, but due to the presence of
the positron beam, the collapse does not occur.

According to our numerical simulations, the collapse of
the electron beam driver can be prevented when the density
in the fishbone structure is lower than the positron density
near the axis. Figure 5 displays two examples showing the
total charge density of the fireball beam [Eq. (1)]; in the first
(left column), the positron beam radius is o, ,+ = 10 pm;
in the second (right column), ¢, ,+ = 13 pm. In the first
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FIG. 5. Fireball beam charge density [Eq. (1)] for o, .+ =
10 pm (left column) and o, .+ = 13 pm (right column) keeping
the other parameters the same as the fiducial. Results after (a),
(b) 17 cm; (c), (d) 33.6 cm; (e), (f) 50.4 cm; and (g), (h) 67.2 cm
propagation in plasma.

example, we observe the differential shift of the electron
beam toward the axis described in Ref. [42], which even-
tually leads to the collapse of the electron beam on-axis and
defocusing of the positron beam. In the second example, the
configuration is stable, with negligible changes over 67.2 cm
propagation in plasma.

Our results show that the collapse occurs if the positron
beam transverse size is sufficiently smaller than that of the
electron beam. Thus, the charge is also smaller (since we
kept the peak density constant), and there are fewer
positrons to neutralize the electrons oscillating in the
fishbone structure. However, we note that the closer the
positron bunch radius is to that of the electron driver,
the lower the accelerating fields because the charge
separation will not be as predominant. Therefore, we have
a trade-off between the accelerating gradient and the long-
time stability of the positron acceleration. Nevertheless,
nonzero emittance may help avoid beam collapse under
appropriate conditions, as it will be discussed in Sec. 111 B.
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B. Beam divergence role

The relation between the electron and positron beam
divergences plays a significant role in having long-term
stable acceleration. As shown in Fig. 2, the beam front
propagates almost as in the vacuum since the focusing
forces are negligible in that region, and this part of the
beams will diverge with time. If the positron beam diverges
slower than the electron, positron acceleration can happen
over large propagation distances.

To demonstrate this, we consider the transverse envelope
equation for each species a. The transverse envelope (o, ;)
measures the RMS position of the beam particles, and its
evolution is governed by [43]

2 2
d Ora ga _

dz> 0.4

) <p3,a>1/2
“\pla

is the RMS beam divergence. Equation (4) describes the
propagation of the beams in the absence of focusing forces,
thus it is only valid here for the fireball beam front. Electron
and positron beams available in many accelerator facilities
have emittance on the order of a few to tens of pm
[38,44,45]. We use these values as a reference to calculate
the initial divergence in the following analysis.

Even though o, ,-(z = 0) > 6, .+ (z = 0), if the positron
beam diverges faster than the electron, the positron
envelope may eventually be larger than the electron.
While the fireball beam front does not play a significant
role in the positron acceleration, it does seed the process
that modifies the electron beam profile from a Gaussian to a
hollow beam. Figure 6 shows two examples of solutions of
Eq. (4) for our fiducial parameters but considering distinct
divergences. In Fig. 6(a), the positron and electron beam
divergences are the same, with (p? .) = (p7.-) = 0.4m,c,
resulting in initial emittances of ¢,,+ =4.7 pm and
€,..~ = 0.7 pm. We notice that the positron envelope tends
closer to the electron, and it will eventually surpass it. In
Fig. 6(b), we use a larger value for (p?,) = 0.6m,c,
resulting in €,, = 10 pm. In this case, the electron
envelope is always larger than the positron.

We performed particle-in-cell simulations considering
the conditions above for the beam divergence.
Figures 7(a)-7(d) show results for the first example [the
same parameter as in Fig. 6(a)] and Figs. 7(e)-7(h) for the
second [same as Fig. 6(b)]. We first focus on early
propagation, i.e., 16.8 cm in plasma. The comparison of
Figs. 7(a) and 7(e) and Figs. 7(b) and 7(f) show nearly
identical results, which we argue are due to negligible
changes to the envelopes at that point [note that all the

0, (4)
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FIG. 6. Electron and positron envelope evolution [Eq. (4)].
(a) Both beams start with same transverse momentum spread
0.4m,c. (b) The electron beam has a larger momentum spread
0.6m,c than the positron 0.4m,c. All the remaining parameters
are the same as the fiducial.

curves in Fig. 6 are approximately at the same value as their
initial condition at z = 16.8 cm]. Nevertheless, the long-
term propagation is considerably different: in the first
example, as the front of the positron beam envelope
increases faster than the electron, the plasma waves driven
become less suitable for positron focusing, leading to the
collapse of the hollow electron beam on-axis [Fig. 7(c)] and
the defocusing of the positrons until nearly all the positrons
escape radially [Fig. 7(d)]; in the second example, the
hollow electron and the positron beam remain with their
appropriate shape for positron acceleration after 67.2 cm
propagation in plasma [Figs. 7(g) and 7(h)]. These results
indicate that Eq. (4) can estimate if the formation of the
hollow electron beam and the long-term positron propa-
gation are stable due to nonzero emittance.

C. Time jitter

To understand how the time jitter may affect the scheme,
we define Az, = z.,- (1 = 0) — z. .+ (t = 0) as the electron
and positron beam center initial jitter. Note that if Az, > 0
(Az. < 0), the electron (positron) beam is ahead of the
positron (electron). If Agz.> 0, the system becomes
equivalent to a positron beam in the wake of an electron
beam in a quasi-linear or nonlinear regime, which is
predominantly defocusing for positrons. On the other hand,
if Az, <« 0, the positron beam is driving the wakefield, and
one may accelerate a fraction of the positrons in the self-
loaded wakefield [12].

In between these two limits, we have the configuration
studied thus far when Az, = 0. We performed several
simulations changing Az, (the other parameters are the
same as our fiducial case) to grasp the transition between
the different regimes. Figure 8 displays the accelerated
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FIG.7. Panels (a)—(d): electron (left column) and positron (right
column) density for the initial conditions used in Fig. 6(a). Panels
(a) and (b) are after 16.8 cm propagation in plasma, while (c) and
(d) after 67.2 cm. Panels (e)—(h) present equivalent results for the
initial conditions used in Fig. 6(b).

positron charge and the average accelerating gradient after
67 cm propagation in plasma. For comparison, the red
dashed lines are the values obtained in the absence of the
electron beam, i.e., in the self-loaded wakefield regime. We
note in Fig. 8(a) that the charge steeply drops to zero when
Az. > 0; when Az. <0, there is a smoother transition
between the maximum charge (for Az, = 0) to values close
to the self-loaded regime. Figure 8(b) reveals that the
accelerating gradient is also maximum for Az, = 0, and the
value also changes rather quickly to the self-loaded regime
when Az, < 0 (on the order of Az, ~ —1 pm).

D. Transverse misalignment

When the beams are aligned, they drive a symmetric
mode that leads to the nonlinear evolution toward a
hollow-shaped electron beam. However, when the beams
are misaligned, we found that they tend to tilt in opposite
directions when one reaches the nonlinear regime.
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FIG. 8. (a) Positron beam accelerated charge after 67.2 cm
propagation in plasma as a function of the initial time jitter. The
symbols represent simulation results. For comparison, the red,
dashed line shows the value calculated in the absence of the
electron beam, i.e., the self-loaded regime. (b) Equivalent results
for the accelerating gradient measured in simulations.

In that case, the waves driven can be decelerating for
most positrons.

While this seems prohibitive, we found parameters that
enabled positron acceleration over shorter distances.
Simulations showed that the effect of transverse misalign-
ments is less important for shorter beams, as the beam tilting
becomes less predominant. Also, wider transverse density
profiles for the electron beam (e.g., super-Gaussian instead
of Gaussian) can help mitigate the effects of the misalign-
ment. Figure 9 shows the result of one three-dimensional
simulation in which the positron beam is still accelerating
after significant nonlinear evolution. In this simulation, both
beams start with 1 GeV, thus reducing the betatron period to
have faster transverse dynamics. The longitudinal profile of
both beams is Gaussian with 6, = 8.4 pm, half of the value
used in the fiducial simulations. The positron beam still has a
Gaussian transverse profile with ¢, .+ = 15.1 pm; the elec-
tron beam has a super-Gaussian profile p o exp(—r*/o? ,-)
with o,, =25.2 pm. The initial beam misalignment
is 0.84 pm.

As shown in Fig. 9, the electron beam still resembles a
doughnut shape at £ = 0, and the positron beam is com-
pressed in a region of accelerating fields. At this time, 370
of the initial 490 pC positron beam charge is in accelerating
fields, with an average accelerating gradient of 1 GV/m
over 16 mm propagation in plasma. However, the electron
beam presents a strong compression for x > 0 (Fig. 9), and
drives strong wakefields. Thus, the regime is not as efficient
as the symmetric mode since the electron beam loses
energy at a rate almost one order of magnitude higher
than the positron gains. Additionally, the long-term stabil-
ity of the system is not guaranteed as the beams are still
evolving at that point.
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FIG. 9. Electron beam, positron beam, and longitudinal fields
after 16 mm propagation in plasma for a case in which the beams
had an initial misalignment.

An initial misalignment proved to be the most chal-
lenging imperfection to overcome, particularly when
compared with other schemes [16,17,46,47]. As the beam
profile evolution occurs due to an unstable feedback loop,
minor misalignments can seed a different mode that will
be substantially different when reaching the nonlinear
regime. As these three-dimensional simulations are
costly, we could not thoroughly explore many ideas, such
as beams with asymmetries, different energies, tailored
profiles, or the use of external magnetic fields, which we
intend to do in future work. Further numerical studies will
be required if one wishes to demonstrate robustness. The
analogous scheme using a laser beam, described next in
Sec. 1V, could also be less sensitive to a misalignment;
however, it would be even more computationally demand-
ing given the need to resolve the laser wavelength and the
initial misalignment.

IV. LASER BEAM

Thus far, we focused on a configuration with an electron
and a positron beam that self-consistently evolved into a
hollow electron beam and a focused positron beam on-axis.
We now devote our attention to an analogous scheme,
replacing the electron with a laser beam. Since the laser
ponderomotive force tends to repel the background plasma
electrons, the positron beam must be sufficiently dense
(4 Z n,) to counteract this effect and attract the electrons
to the axis to form a high-density filament. In addition, the
ponderomotive force should dominate for large radii to
create an electron sheath away from the axis. When these
conditions are met, the laser beam will tend to self-focus
away from the symmetry axis, evolving toward a hol-
low beam.

Figure 10 shows three-dimensional particle-in-cell sim-
ulation results that corroborate the evolution of the positron
and laser beams. We consider a laser with 4 = 800 nm
wavelength, 7 = 100 fs pulse duration, a; = 4 normalized
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FIG. 10. Plasma density, positron density, and laser envelope
for simulations overlapping a positron beam with a laser beam.
Panel (a) is the initial condition. Panels (b) and (c) are after 2.8
and 5.6 mm propagation in plasma, respectively.

vector potential, and wy = 22 pm beam waist on the focal
spot at the plasma entrance. The positron beam has 5 GeV
energy, 2 nC charge, 6, .+ = 6 pm, and 0, .+ = 22 pm, and
the plasma has a uniform profile with a density of
8.6 x 10'7 cm™3. Figure 10(a) displays the initial condition
with the positron and laser (represented by its envelope)
beams overlapping before entering the plasma. After a few
mm propagation [Fig. 10(b)], we note a strong compression
of the positron beam and the formation of an electron
filament on-axis. After further propagation, as shown in
Fig. 10(c), the laser’s peak intensity moves away from the
axis and forms a doughnut-like shape. The intensity at this
point is lower than at the start due to the beam’s divergence;
this effect could be mitigated using a parabolic density
profile, like in standard laser-plasma accelerators [48]. In
this example, the average accelerating gradient after 5.6 cm
of propagation in plasma is 50 GV/m, and 47% (=950 pC)
of the initial positron charge is accelerated. The emittance
and energy spread grow to around e, , ~ 80 pm and 3%,
respectively.
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V. DISCUSSION

Plasmas accelerators could be a high-gradient alter-
native to linear electron-positron colliders. As argued
earlier, plasma-based acceleration is much harder for
positrons than for electrons. In our work, we show that
the scheme can accelerate positrons; however, due to the
nonlinear beam evolution, the beam quality is degraded.
Future developments for the scheme will focus on ideas
for better stability and beam quality. One of the main
advantages of the scheme is that it was able to accelerate a
significant amount of charge over large distances, some-
thing that is not trivial in other schemes that are more
fragile to beam loading.

Another outstanding question regards staging, which
is likely required to achieve the energy goal for colliders.
The positron beam is highly focused in both the beam
[Sec. II B] and optically [Sec. IV] driven schemes. It is an
open question how these focused beams would interact
with similar drivers in another stage. This question will be
the subject of future work. Yet, we argue that even a single
stage could be beneficial to accelerate beams to significant
energies before using a different acceleration scheme
(e.g., [15,16]), as long as there are ways to mitigate the
emittance degradation previously observed.

Our results may also be relevant in the context of current
filamentation for laboratory or astrophysical plasmas. A
neutral fireball beam propagation in plasma can lead to the
generation of small-scale filaments, up to the plasma skin
depth [35]. We have shown that imperfections such as
charge unbalance or misalignments may result in qualita-
tively different regimes where filamentation has long-scale
filaments on the order of the beam size.

VI. CONCLUSIONS

In this work, we have proposed a scheme for plasma-
based positron acceleration. We have shown that, under
appropriate conditions, an overlap of a positron with an
electron or laser beam can self-consistently evolve toward
conditions proper for positron acceleration, namely hollow
electrons or laser beams with positrons focused on-axis.
This seems to be a manifestation of the current filamenta-
tion instability.

A key factor here is that the initial shape of the beams is
Gaussian, something more readily available in laboratories
when compared to starting with a hollow electron or laser
beam. One drawback is that both beams undergo significant
changes as there is a feedback loop between the beam
dynamics and the plasma response; therefore, the beams
can lose quality during their evolution, and the scheme can
have some stringent tolerances.

We have predicted conditions for stability under certain
imperfections. However, transverse misalignments proved
to be challenging to overcome, and future work will focus
on ideas to demonstrate if the scheme can be robust.

Additionally, the scheme with a laser instead of the electron
beam requires a more systematic study since it is a
configuration that might be less sensitive to imperfections.
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APPENDIX: PARTICLE-IN-CELL
SIMULATIONS DETAILS

All simulations were performed using the particle-in-cell
(PIC) code osIris [49,50]. We use a custom-built electro-
magnetic field solver to mitigate the numerical Cherenkov
instability [51,52]. Except for Secs. IIID and IV, all
simulations shown are two-dimensional with cylindrical
symmetry. The grid comprises square cells with 0.33 pm
sides; the electron beam, the positron beam, and the plasma
electrons start with 64, 64, and 16 particles per cell,
respectively. The PIC loop time-step is 0.56 fs. The
simulation shown in Sec. IIID is three-dimensional
with cubic cells with 0.84 pm with edges; all species start
with 8 particles-per-cell, and PIC time-step is 1.40 fs.
Finally, the simulation shown in Sec. IV is three-
dimensional and requires a higher longitudinal resolution
to resolve the laser wavelength. The cells are edges
are 38 nm x 0.72 pm x 0.72 pm; all species start with
4 particles-per-cell, and PIC time-step is 1.40 fs.

[11 FE Albert er al., New J. Phys. 23, 031101 (2021).

[2] V. Malka, Phys. Plasmas 19, 055501 (2012).

[3] R.W. Assmann, M. K. Weikum, T. Akhter, D. Alesini,
A.S. Alexandrova, M.P. Anania, N.E. Andreev, L
Andriyash, M. Artioli, A. Aschikhin et al., Eur. Phys. J.
Spec. Top. 229, 3675 (2020).

[4] J.C. Wood, D.J. Chapman, K. Poder, N. C. Lopes, M. E.
Rutherford, T. G. White, F. Albert, K. T. Behm, N. Booth,
J.S.J. Bryant et al., Sci. Rep. 8, 11010 (2018).

[5] J.M. Cole, K. T. Behm, E. Gerstmayr, T. G. Blackburn,
J. C. Wood, C. D. Baird, M. J. Duff, C. Harvey, A. Ilderton,
A.S. Joglekar et al., Phys. Rev. X 8, 011020 (2018).

[6] J.M. Cole, J. C. Wood, N. C. Lopes, K. Poder, R. L. Abel,
S. Alatabi, J.S.J. Bryant, A. Jin, S. Kneip, K. Mecseki
et al., Sci. Rep. 5, 13244 (2015).

[7] Z.-H. He, B. Beaurepaire, J. A. Nees, G. Gallé, S. A. Scott,
J.R.S. Pérez, M.G. Lagally, K. Krushelnick, A.G.R.
Thomas, and J. Faure, Sci. Rep. 6, 36224 (2016).

091301-9


https://doi.org/10.1088/1367-2630/abcc62
https://doi.org/10.1063/1.3695389
https://doi.org/10.1140/epjst/e2020-000127-8
https://doi.org/10.1140/epjst/e2020-000127-8
https://doi.org/10.1038/s41598-018-29347-0
https://doi.org/10.1103/PhysRevX.8.011020
https://doi.org/10.1038/srep13244
https://doi.org/10.1038/srep36224

THALES SILVA and JORGE VIEIRA

PHYS. REV. ACCEL. BEAMS 26, 091301 (2023)

(8]

(91

[10]

(11]
[12]
[13]
[14]

[15]

[16]

[17]
(18]
[19]

(20]

(21]
[22]

(23]

[24]

[25]
[26]
(27]

(28]

[29]

(30]

(31]

(32]

W. Wang, K. Feng, L. Ke, C. Yu, Y. Xu, R. Qi, Y. Chen,
Z. Qin, Z. Zhang, M. Fang et al., Nature (London) 595,
516 (2021).

R. Pompili, D. Alesini, M. P. Anania, S. Arjmand, M. Behtouei,
M. Bellaveglia, A. Biagioni, B. Buonomo, F. Cardelli, M.
Carpanese et al., Nature (London) 605, 659 (2022).

M. Labat, J. C. Cabadag, A. Ghaith, A. Irman, A. Berlioux,
P. Berteaud, F. Blache, S. Bock, F. Bouvet, F. Briquez
et al., Nat. Photonics 17, 150 (2023).

B. Cros and P. Muggli, arXiv:1901.08436.

S. Corde et al., Nature (London) 524, 442 (2015).

J. Vieira and J. T. Mendonga, Phys. Rev. Lett. 112, 215001
(2014).

N. Jain, T. M. Antonsen, and J. P. Palastro, Phys. Rev. Lett.
115, 195001 (2015).

S. Diederichs, T.J. Mehrling, C. Benedetti, C.B.
Schroeder, A. Knetsch, E. Esarey, and J. Osterhoff, Phys.
Rev. Accel. Beams 22, 081301 (2019).

T. Silva, L. D. Amorim, M. C. Downer, M. J. Hogan, V.
Yakimenko, R. Zgadzaj, and J. Vieira, Phys. Rev. Lett. 127,
104801 (2021).

S. Zhou, J. Hua, W. An, W. B. Mori, C. Joshi, J. Gao, and
W. Lu, Phys. Rev. Lett. 127, 174801 (2021).

L. Reichwein, A. Pukhov, A. Golovanov, and LY.
Kostyukov, Phys. Rev. E 105, 055207 (2022).

S. Zhou, J. Hua, W. Lu, W. An, Q. Su, W. B. Mori, and C.
Joshi, Phys. Rev. Accel. Beams 25, 091303 (2022).
C.S. Hue, G.J. Cao, 1. A. Andriyash, A. Knetsch, M. J.
Hogan, E. Adli, S. Gessner, and S. Corde, Phys. Rev. Res.
3, 043063 (2021).

B. Martinez, B. Barbosa, and M. Vranic, Phys. Rev. Accel.
Beams 26, 011301 (2023).

W. Lu, C. Huang, M. Zhou, W. B. Mori, and T. Katsouleas,
Phys. Rev. Lett. 96, 165002 (2006).

W. Lu, M. Tzoufras, C. Joshi, F. S. Tsung, W. B. Mori, J.
Vieira, R. A. Fonseca, and L.O. Silva, Phys. Rev. ST
Accel. Beams 10, 061301 (2007).

C. M. Huntington, F. Fiuza, J. S. Ross, A. B. Zylstra, R. P.
Drake, D.H. Froula, G. Gregori, N.L. Kugland, C.C.
Kuranz, M. C. Levy et al., Nat. Phys. 11, 173 (2015).
E.N. Nerush, D. A. Serebryakov, and 1. Y. Kostyukov,
Astrophys. J. 851, 129 (2017).

C. Zhang, C.-K. Huang, K. A. Marsh, C. E. Clayton, W. B.
Mori, and C. Joshi, Sci. Adv. 5, eaax4545 (2019).

T. Silva, K. Schoeffler, J. Vieira, M. Hoshino, R. A. Fonseca,
and L. O. Silva, Phys. Rev. Res. 2, 023080 (2020).

G. Raj, O. Kononenko, M. F. Gilljohann, A. Doche, X.
Davoine, C. Caizergues, Y.-Y. Chang, and J. P. Couperus
Cabadag, A. Debus, H. Ding et al., Phys. Rev. Res. 2,
023123 (2020).

N. Shukla, K. Schoeffler, E. Boella, J. Vieira, R. Fonseca,
and L. O. Silva, Phys. Rev. Res. 2, 023129 (2020).
C.Zhang, J. Hua, Y. Wu, Y. Fang, Y. Ma, T. Zhang, S. Liu,
B. Peng, Y. He, C.-K. Huang et al., Phys. Rev. Lett. 125,
255001 (2020).

N. Shukla, K. Schoeffler, J. Vieira, R. Fonseca, E. Boella,
and L. O. Silva, Phys. Rev. E 105, 035204 (2022).

E. Boella, K. M. Schoeffler, N. Shukla, M. E. Innocenti, G.
Lapenta, R. A. Fonseca, and L. O. Silva, New J. Phys. 24,
063016 (2022).

(33]

(34]
(35]
(36]

(37]
(38]

(39]

[40]

[41]

(42]
[43]

[44]

[45]

[46]

[47]

(48]

[49]

(501

[51]

(52]

091301-10

G. Sarri, K. Poder, J.M. Cole, W. Schumaker, A. Di
Piazza, B. Reville, T. Dzelzainis, D. Doria, L. A. Gizzi, G.
Grittani et al., Nat. Commun. 6, 6747 (2015).

N. Shukla, J. Vieira, P. Muggli, G. Sarri, R. Fonseca, and
L. O. Silva, J. Plasma Phys. 84, 905840302 (2018).

N. Shukla, S.F. Martins, P. Muggli, J. Vieira, and L. O.
Silva, New J. Phys. 22, 013030 (2020).

C.D. Arrowsmith et al., Phys. Rev. Res. 3, 023103
(2021).

A. Shemi and T. Piran, Astrophys. J. 365, L55 (1990).
V. Yakimenko, L. Alsberg, E. Bong, G. Bouchard, C.
Clarke, C. Emma, S. Green, C. Hast, M.J. Hogan, J.
Seabury et al., Phys. Rev. Accel. Beams 22, 101301
(2019).

P. Chen, Part. Accel. 20, 171 (1987), https://cds.cern.ch/
record/166083.

T. Katsouleas, S. Wilks, P. Chen, J. M. Dawson, and J. J.
Su, Part. Accel. 22, 81 (1987), https://cds.cern.ch/record/
898463.

P. Muggli, in Proceedings of the CAS—CERN Accelerator
School: Plasma Wake Acceleration, edited by B. Holzer
(CERN, 2016), pp. 119-142, https://doi.org/10.5170/
CERN-2016-001.119.

N. Jain, Phys. Plasmas 26, 023107 (2019).

M. Ferrario, in Proceedings of the CAS—CERN Accelerator
School: Plasma Wake Acceleration, edited by B. Holzer
(CERN, Geneva, 2016), pp. 159-179, https://doi.org/10
.5170/CERN-2016-001.159.

P.F. Tavares, S.C. Leemann, M. Sjostrom, and A.
Andersson, J. Synchrotron Radiat. 21, 862 (2014).

A. Aschikhin, C. Behrens, S. Bohlen, J. Dale, N. Delbos,
L. di Lucchio, E. Elsen, J.-H. Erbe, M. Felber, B. Foster
et al., Nucl. Instrum. Methods Phys. Res., Sect. A 806, 175
(2016).

S. Diederichs, C. Benedetti, E. Esarey, J. Osterhoff, and
C.B. Schroeder, Phys. Rev. Accel. Beams 23, 121301
(2020).

S. Diederichs, C. Benedetti, E. Esarey, M. Thévenet, J.
Osterhoff, and C. B. Schroeder, Phys. Plasmas 29, 043101
(2022).

A.J. Gonsalves, K. Nakamura, J. Daniels, C. Benedetti, C.
Pieronek, T.C.H. de Raadt, S. Steinke, J. H. Bin, S.S.
Bulanov, J. van Tilborg et al., Phys. Rev. Lett. 122, 084801
(2019).

R. A. Fonseca, L. O. Silva, F. S. Tsung, V. K. Decyk, W.
Lu, C. Ren, W. B. Mori, S. Deng, S. Lee, T. Katsouleas,
and J. C. Adam, in Computational Science—ICCS 2002,
edited by P. M. A. Sloot, A. G. Hoekstra, C.J. K. Tan, and
J.J. Dongarra (Springer Berlin Heidelberg, Berlin, Heidel-
berg, 2002), pp. 342-351, https://doi.org/10.1007/3-540-
47789-6_36.

R. A. Fonseca, J. Vieira, F. Fiuza, A. Davidson, F.S.
Tsung, W.B. Mori, and L. O. Silva, Plasma Phys. Con-
trolled Fusion 55, 124011 (2013).

F. Li, P. Yu, X. Xu, F. Fiuza, V. K. Decyk, T. Dalichaouch,
A. Davidson, A. Tableman, W. An, E.S. Tsung et al.,
Comput. Phys. Commun. 214, 6 (2017).

F.Li, K. G. Miller, X. Xu, F. S. Tsung, V. K. Decyk, W. An,
R. A. Fonseca, and W. B. Mori, Comput. Phys. Commun.
258, 107580 (2021).


https://doi.org/10.1038/s41586-021-03678-x
https://doi.org/10.1038/s41586-021-03678-x
https://doi.org/10.1038/s41586-022-04589-1
https://doi.org/10.1038/s41566-022-01104-w
https://arXiv.org/abs/1901.08436
https://doi.org/10.1038/nature14890
https://doi.org/10.1103/PhysRevLett.112.215001
https://doi.org/10.1103/PhysRevLett.112.215001
https://doi.org/10.1103/PhysRevLett.115.195001
https://doi.org/10.1103/PhysRevLett.115.195001
https://doi.org/10.1103/PhysRevAccelBeams.22.081301
https://doi.org/10.1103/PhysRevAccelBeams.22.081301
https://doi.org/10.1103/PhysRevLett.127.104801
https://doi.org/10.1103/PhysRevLett.127.104801
https://doi.org/10.1103/PhysRevLett.127.174801
https://doi.org/10.1103/PhysRevE.105.055207
https://doi.org/10.1103/PhysRevAccelBeams.25.091303
https://doi.org/10.1103/PhysRevResearch.3.043063
https://doi.org/10.1103/PhysRevResearch.3.043063
https://doi.org/10.1103/PhysRevAccelBeams.26.011301
https://doi.org/10.1103/PhysRevAccelBeams.26.011301
https://doi.org/10.1103/PhysRevLett.96.165002
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1038/nphys3178
https://doi.org/10.3847/1538-4357/aa9d1a
https://doi.org/10.1126/sciadv.aax4545
https://doi.org/10.1103/PhysRevResearch.2.023080
https://doi.org/10.1103/PhysRevResearch.2.023123
https://doi.org/10.1103/PhysRevResearch.2.023123
https://doi.org/10.1103/PhysRevResearch.2.023129
https://doi.org/10.1103/PhysRevLett.125.255001
https://doi.org/10.1103/PhysRevLett.125.255001
https://doi.org/10.1103/PhysRevE.105.035204
https://doi.org/10.1088/1367-2630/ac6ef1
https://doi.org/10.1088/1367-2630/ac6ef1
https://doi.org/10.1038/ncomms7747
https://doi.org/10.1017/S0022377818000314
https://doi.org/10.1088/1367-2630/ab60f0
https://doi.org/10.1103/PhysRevResearch.3.023103
https://doi.org/10.1103/PhysRevResearch.3.023103
https://doi.org/10.1086/185887
https://doi.org/10.1103/PhysRevAccelBeams.22.101301
https://doi.org/10.1103/PhysRevAccelBeams.22.101301
https://cds.cern.ch/record/166083
https://cds.cern.ch/record/166083
https://cds.cern.ch/record/166083
https://cds.cern.ch/record/166083
https://cds.cern.ch/record/898463
https://cds.cern.ch/record/898463
https://cds.cern.ch/record/898463
https://cds.cern.ch/record/898463
https://doi.org/10.5170/CERN-2016-001.119
https://doi.org/10.5170/CERN-2016-001.119
https://doi.org/10.5170/CERN-2016-001.119
https://doi.org/10.5170/CERN-2016-001.119
https://doi.org/10.5170/CERN-2016-001.119
https://doi.org/10.1063/1.5065375
https://doi.org/10.5170/CERN-2016-001.159
https://doi.org/10.5170/CERN-2016-001.159
https://doi.org/10.5170/CERN-2016-001.159
https://doi.org/10.5170/CERN-2016-001.159
https://doi.org/10.1107/S1600577514011503
https://doi.org/10.1016/j.nima.2015.10.005
https://doi.org/10.1016/j.nima.2015.10.005
https://doi.org/10.1103/PhysRevAccelBeams.23.121301
https://doi.org/10.1103/PhysRevAccelBeams.23.121301
https://doi.org/10.1063/5.0087807
https://doi.org/10.1063/5.0087807
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1007/3-540-47789-6_36
https://doi.org/10.1007/3-540-47789-6_36
https://doi.org/10.1007/3-540-47789-6_36
https://doi.org/10.1007/3-540-47789-6_36
https://doi.org/10.1088/0741-3335/55/12/124011
https://doi.org/10.1088/0741-3335/55/12/124011
https://doi.org/10.1016/j.cpc.2017.01.001
https://doi.org/10.1016/j.cpc.2020.107580
https://doi.org/10.1016/j.cpc.2020.107580

