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ABSTRACT

Preserving the quality of a positron beam in a plasma-based accelerator, where a wakefield suitable for positron transport and acceleration is
generated by means of an electron filament, is challenging. This is due to the nature of the wakefields, characterized by focusing fields that
vary nonlinearly in the transverse direction, and by accelerating fields that are non-uniform. These fields also change slice-by-slice along the
beam. Maintaining a high beam quality is pivotal for application of positron beams in a plasma-based collider. In this paper, we show that an
initial background plasma temperature can help mitigate the positron beam quality degradation in plasma-based accelerators that rely on
electron filaments. We show that temperature effects broaden the electron filament and smooth radially both the non-linear transverse and
the non-uniform longitudinal wakefields. Using warm plasmas opens up new possibilities to improve beam quality in several plasma-based

positron acceleration concepts.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155489

I. INTRODUCTION

Plasma-based accelerators are promising candidates as drivers for
a future linear electron—positron collider due to the large accelerating
fields they can produce. For a linear collider, high beam quality is
crucial to achieve sufficient luminosity. While high-quality electron
acceleration has been demonstrated in plasma accelerators using the
so-called blowout regime,"” the acceleration of high-quality positron
bunches is more challenging owing to the asymmetric plasma
response.” ® To generate fields within a plasma that are both accelerat-
ing and focusing for positrons, an area of high electron density is
needed. Due to the high mobility of the plasma electrons, these areas
of high electron density usually feature slice-dependent, transversely
non-linear focusing, and non-uniform accelerating wakefields, which
can degrade the positron beam quality. In this work, we show that the
beam quality degradation is mitigated by the plasma temperature.

Various schemes have been proposed to generate the high-
density electron filaments required for positron acceleration, e.g., using

plasma columns,” * utilizing the posterior region of a blowout
wake,'’""” employing quasi-hollow plasma channels,'* or hollow core
plasma channels operating in the nonlinear regime.'” Most of these
schemes use plasma targets that are either generated by optical
field ionization (such as plasma columns'® ' or hollow core plasma
channels'’) or homogeneous plasmas that are generated by electrical
discharges. In both methods, the plasma electrons can have a tempera-
ture of a few to tens of eV."””"*" In general, a plasma temperature is
known to reduce the wave-breaking field amplitude.””** In the blow-
out regime, temperature effects were found to reduce the spike of the
longitudinal wakefield at the back of the bubble.”**” This reduction in
the electron density spike amplitude did not affect the energy gain or
energy spread of the accelerated electron beams™” since the spike at the
back of the bubble itself cannot be used for electron acceleration.
Owing to the lack of impact in the context of electron acceleration,
plasma temperature has often been neglected when modeling plasma
wakefleld accelerators (i.e., the background plasma is modeled as
cold). However, as discussed in this work, for most plasma-based
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positron acceleration schemes, the influence of an initial background
plasma temperature is found to be significant.

The importance of temperature effects for plasma-based positron
acceleration has already been identified in two positron acceleration
schemes that explicitly rely on temperature to generate the suitable
positron-accelerating field structure. One of the schemes utilizes the
thin, warm, quasi-hollow plasma channels that arise during the long-
term plasma dynamics in the aftermath of a blowout wake'* to gener-
ate the required electron density filament. The other one uses the tem-
perature of tens of eV and an electron witness bunch to elongate the
electron density spike at the back of the blowout."” In the latter, the
temperature was also reported to broaden the electron filament,
thereby increasing the transverse extent of the linear focusing field for
positron beams.

In this work, we demonstrate the crucial role of the plasma tem-
perature in different positron acceleration schemes that rely on nar-
row, high-density electron filaments, which has been previously
overlooked. The temperature-induced transverse broadening of the
narrow electron filaments leads to a transverse smoothing of the non-
linear focusing and the non-uniform accelerating fields within these
structures. In turn, the smoothing mitigates the beam quality degrada-
tion of accelerated positron bunches.

The article is structured as follows: In Sec. I, the implementation
of a background plasma with an initial temperature in the quasi-static
particle-in-cell (PIC) code HiPACE++ is discussed. In Sec. 111, the
effect of a plasma temperature is presented for two positron accelera-
tion schemes that are based on high-density electron filaments,
namely, positron acceleration in a plasma column and positron accel-
eration in a hollow core plasma channel. Section IV concludes this
work.

Il. NUMERICAL IMPLEMENTATION

The implementation of a plasma temperature in a quasi-static
PIC code has been discussed in Jain et al.”” for the 2D (cylindrical)
quasi-static PIC code WAKE.”® Here, we briefly revisit the core idea to
motivate its implementation in the 3D quasi-static, GPU-accelerated,
PIC code HiPACE++.”

A quasi-static PIC code utilizes the disparity of time scales that
typically characterizes the physics in a plasma-based accelerator: ultra-
relativistic beams or laser pulses evolve slowly compared to the plasma
response and can, therefore, be advanced with large time steps. The
plasma response is calculated in the co-moving coordinate { = z — ct,
where z is the longitudinal coordinate, ¢ is the time, and c is the speed
of light. The normalized Hamiltonian H for a plasma electron in the
co-moving variable is given by the following equation:**"’

H=y\/1+|U+a —¢p—-U.=y— ¢ —u, 1)

with the normalized canonical momentum U = u — a, u and a being
the normalized particle momentum and vector potential, respectively,
and the pseudo-potential y = ¢ — a,.

If the quasi-static approximation is valid, the Hamiltonian is con-
stant in time, ie., d H/dt = 0, such that y — }y — u, is a constant of
motion for the plasma particles. For an initially cold and unperturbed
plasma (ie., Y, = 0, u,o = 0, y, = 1), the constant of motion equals
1. For a warm plasma, however, the particles have an initial thermal
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momentum. The constant of motion for a warm, unperturbed (i.e.,
Y, = 0) plasma particle is then given by

V*¢*MZ=V0*HZ,07 (2)

with y, = /1 + u? being the initial Lorentz factor of the plasma par-
ticle. Thus, the constant of motion of each plasma particle depends on
its thermal momentum at initialization. For a Maxwellian temperature
distribution, the initial plasma particle momenta are normally distrib-
uted with a variance kzT/(Mc?) in each dimension, where M is the
particle mass, kg is the Boltzmann constant, and T is the isotropic tem-
perature. For convenience, the temperature kT is henceforth given in
eV. To model a plasma temperature in a quasi-static PIC code, the
plasma must be initialized with the corresponding momentum, and
the correct constant of motion must be used throughout the code, e.g.,
in the particle pusher or current deposition (see Jain et al.”’ for more
details). In the following studies, the ions are assumed to be cold and
immobile.

We implemented the quasi-static temperature model above in
HiPACE++ and benchmarked it against the fully electromagnetic 3D
PIC code WarpX.”' For the comparison, a wake in the blowout regime
is considered. The test setup consists of two Gaussian electron beams,
a driver and a witness beam, propagating in a uniform plasma with a
density of 1y = 10" cm ™. The drive beam has a peak density of
nq4/ny = 10, a transverse rms size of Oxfya = 0.3 k;l, and a longitudi-
nal rms size of 6,4 = 1.41k; 1. The witness beam has a peak density
of n,,/ny = 100, a transverse rms size of 7./, ,, = 0.1 k!, and a longi-
tudinal rms size of 5, = 0.2 k;l. Thereby, k, ' = ¢/w, is the plasma
skin depth, which is the characteristic length scale in the plasma, and
w, = ~/4mnge? /m, is the plasma frequency, with e being the elemen-
tary charge and m, the electron mass, respectively. The plasma is mod-
eled with 1 macro-particle per cell, and the beams are modeled with 1
macro-particle per cell (the spatial profile is captured by adjusting
the macro-particle weights). The computational domain is (—8,8)
x (—8,8) x (=7,5) k;3 in x X y x {, where x and y are the trans-
verse coordinates. The mesh resolution is 0.016 x 0.016 x 0.012 ;3.

The resulting on-axis longitudinal wakefield E,/E, is plotted
against the co-moving variable { in Figs. 1(a)-1(c) for a plasma tem-
perature of 0, 50, and 500 eV, respectively. The electric fields are nor-
malized to the cold, non-relativistic ~wave-breaking field
Ey = meczkp /e. A reasonable agreement between HiPACE++ (solid
blue lines) and WarpX (dashed orange lines) is found, verifying the
temperature implementation in HIPACE++.

lll. TEMPERATURE EFFECTS

Having benchmarked the implementation of temperature in the
quasi-static PIC code, we now investigate via simulations the tempera-
ture effects in two positron acceleration schemes that rely on high-
density electron filaments: positron acceleration in a plasma column
and positron acceleration in a hollow core plasma channel.

A. Positron acceleration in a plasma column

Plasma columns are a promising candidate for high-quality, sta-
ble positron acceleration.” " In the scheme, an electron drive beam
propagates along the axis of a finite-radius plasma column. When the
electron beam drives a wake in the blowout regime, where the blowout
radius exceeds the radius of the plasma column, the plasma electron

trajectories of the electron sheath are altered due to lack of ions outside
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FIG. 1. On-axis longitudinal wakefield, E, /Ey, vs co-moving variable, k¢, for a (a)
cold plasma, (b) plasma at 50 €V, and (c) plasma at 500 eV. The codes show rea-
sonable agreement for all presented temperatures.

the column. Then, the focusing force acting on the plasma sheath elec-
trons is reduced, and the electrons return back to the axis in an elon-
gated filament at some distance behind the driver. The electron filament
provides both accelerating and focusing fields for positron beams.

The following reference setup is used to demonstrate the scheme
via simulations using HiPACE++. The setup consists of a Gaussian
drive beam and a plasma column with a radius of R, = 2.5k, ". The
drive beam has a peak current of I,/I4 = 1, with I4 = m.c*/e
~ 17 kA being the Alfvén current. The drive beam is modeled with
10® macro-particles. The plasma electrons are modeled with 49
macro-particles per cell. In the simulations, the computational domain
is (—16,16) x (—16,16) x (~14,6) k,* in x x y x {. The mesh res-
olution is 0.0078 x 0.0078 x 0.002 k,, 3. Note that the fields within
the electron filament converge slowly; therefore, a fine resolution is
needed. The scheme is illustrated in Fig. 2, where the normalized elec-
tron density is shown in the x-(-plane in (a). The ion background and
the electron drive beam are denoted in gray and red, respectively. The
resulting transverse wakefield and a lineout of the on-axis longitudinal
wakefield (black line) are shown in Fig. 2(b). The on-axis electron fila-
ment between —14 < k,{ < —10 generates both accelerating and
focusing fields for positron beams. For a cold plasma, the resulting
transverse wakefield in the electron filament is close to a step-like pro-
file along the transverse coordinate.” Despite being non-linear, a
Gaussian witness bunch can be quasi-matched to these non-linear
focusing fields to limit the emittance growth to a few percent.”

We now investigate the effect of temperature on the fields within
the electron filament by simulations using HIPACE++-. Starting from
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FIG. 2. Schematic of positron acceleration in a plasma column. (a) Electron drive
beam (red), normalized plasma density (blue), and ion background (gray) in the x-
(-plane. The drive beam excites a plasma wake with a blowout radius larger than
the column radius, thereby generating an intense on-axis electron filament at
—14 < k,{ < 9. (b) Transverse wakefield in the x-(-plane (red-blue) and on-
axis longitudinal wakefield (black line) along the co-moving variable ¢. The electron
filament generates an accelerating and focusing field structure for positrons.

the base configuration, we scan the temperature from 10 to 100eV.
Lineouts of the on-axis longitudinal wakefield E,/E, along the co-
moving variable { and of the transverse wakefield (E, — B,)/E, along
the transverse coordinate x at { = —10.5k; ! are shown in Figs. 3(a)
and 3(b), respectively, for different values of the temperature. The
acceleration phase for positrons between —14 < k,{ < —10 is only
slightly decreased by temperatures above 50 eV. On the other hand,
the transverse wakefield is significantly altered already at 10eV. The
slope of the transverse wakefield at the zero-crossing decreases with an
increasing temperature. Furthermore, the maximum field amplitude at
the sides is reduced. Overall, the non-linear transverse wakefield is
smoothed by the temperature. The reason is that due to the initial
thermal transverse momentum of the plasma electrons, they do not
return exactly on the propagation axis of the beam, but instead only in
the vicinity of the axis. Therefore, the electron filament is transversely
broadened, leading to a less sharp on-axis density profile. As a conse-
quence, the non-linear transverse wakefield is smoothed.

The broadening of the electron filament due to the temperature
also has a significant effect on the numerical convergence. In a cold
plasma, when all electrons return precisely on the propagation axis,
the sharp density spike is difficult to resolve and the fields converge
slowly. Due to the broadening of the electron filament by the tempera-
ture, the on-axis density spike can be resolved more easily, and the
fields converge more rapidly. In fact, a small temperature is needed to
ensure convergence at a reasonable resolution. The temperature-
dependent convergence is discussed in more detail in the Appendix.

We now examine the effect of the temperature on the transverse
wakefleld in the presence of a strong positron witness bunch. Thereby,
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FIG. 3. (a) Longitudinal wakefield E,/Ey vs co-moving variable k,{ and
(b) transverse wakefield amplitude (Ey — By)/Eq vs transverse position ko, at k¢
= —10.5 for various plasma temperatures. A temperature of 50€eV and above
reduces the accelerating gradient only slightly. However, even small temperatures
reduce the transverse wakefield amplitude and significantly broaden the region
where the wakefield varies linearly with the transverse coordinate.

the positron witness beam is located in {,, = —11.57 k; ! and has a bi-
Gaussian shape with rms sizes o, /,,,, = 0.025 k;l and o, = 0.5k, 1
It has a peak density of n,/ny = 500 and an initial emittance of
€x/y = 0.1k, '. The positron beam is modeled with 7.5 x 107 macro-
particles. The transverse and longitudinal wakefields are shown in
Figs. 4(a) and 4(b), respectively, at three different longitudinal loca-
tions for a cold plasma (0eV, dashed lines) and a warm plasma
(50 eV, solid lines). Both the transverse and the longitudinal wakefields
are significantly smoothed by the temperature. Notably, the smoothing
effect of the temperature is particularly prominent toward the head of
the beam (green lines), ie., at phases around {,, + 20,. There, the
amplitude of both fields is reduced in the warm plasma. The slope of
the transverse wakefield around the zero-crossing is reduced and, con-
sequently, the head-to-tail variation of the transverse wakefield is
reduced. The longitudinal wakefield is more uniform around the zero-
crossing at a plasma temperature of 50 eV. At the center of the beam
(orange lines) and at the tail of the beam (blue lines), defined as
¢,y — 20, the smoothing of the wakefield around the zero-crossing is
still observed, but the effect is significantly smaller than at the head of
the beam. The transverse beam size exceeds the smoothed area of the
wakefields, as shown by the black arrow in Fig. 4, which indicates the
characteristic beam width.
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FIG. 4. Transverse (a) and longitudinal (b) wakefields along transverse coordinate
ko at tail (blue lines), center (orange lines), and head (green lines) of the witness
bunch for a plasma with 0eV (dashed lines) and 50€eV (solid lines), respectively.
The smoothing of both the transverse and the longitudinal wakefield around k., =0
due to the temperature is more pronounced at the head of the beam.

To study the effect of temperature on the positron beam quality,
the beams are propagated through the plasma column. In the simula-
tions, both the drive and the witness beams are advanced with an
adaptive time step, which resolves the betatron oscillation of the lower
energy beam with 60 time steps per betatron period.

The results concerning the evolution of the projected emittance
of the positron witness beam for plasma temperatures of 0eV (blue
line), 10 eV (green line), 50 eV (orange line), and 100 eV (red line) are
shown in Fig. 5. In all cases, the emittance grows initially and then sat-
urates. The emittance growth saturates at lower values for increasing
temperatures. While the emittance increases for a plasma with a tem-
perature of 0eV by ~10 %, it only grows by 9%, 7%, and 6% for a
plasma temperature of 10, 50, and 100 eV, respectively. Thus, a tem-
perature of tens to a hundred eV significantly reduces the emittance
growth at saturation. To better understand the origin of the emittance
decrease, the final slice emittances along the co-moving variable { are
shown in the inset of Fig. 5. The biggest difference in the emittance is
observed at the head of the bunch, while the emittance at the tail is
minimally affected by the increasing temperature. The decrease in slice
emittance at the head and unaffected slice emittance at the tail of the
beam for increasing temperatures is consistent with the effect of the
temperature on the transverse wakefields shown in Fig. 4(a). Although
it is possible to reduce the emittance growth in the cold plasma with
slice-by-slice matching,”"” the reduced slice-by-slice variation of the
transverse wakefield due to the temperature improves the matching
even for a longitudinally uniform beam profile.

The effect of the temperature on the slice energy spread is shown
in Fig. 6. The final slice energy spread is significantly reduced for a
warm plasma in the front part of the beam, which is in agreement
with the transversely flattened longitudinal wakefield at the head of
the beam shown in Fig. 4(b). The overall energy spread is not much
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FIG. 5. Positron beam emittance as a function of the propagation distance for differ-
ent temperatures. The emittance growth saturates at lower values for higher tem-
peratures. The inset shows the final slice emittance along the bunch. Temperature
effects mitigate the growth of the slice emittance at the head of the bunch. This
agrees with the observation that temperature has a stronger effect on the trans-
verse wakefield toward the head of the bunch, as shown in Fig. 3(a).

affected by a temperature in this setup, as the total energy spread is
dominated by the longitudinal variation of the accelerating field due to
imperfect beam-loading. However, in the case of an optimally loaded
wake, the total energy spread is dominated by the slice energy spread”
and, thus, the temperature can help in maintaining high beam quality.

In conclusion, temperature effects play a crucial role in positron
acceleration in a plasma column: they significantly mitigate the emit-
tance degradation and reduce the slice energy spread of an accelerated
positron bunch in a plasma column by smoothing the wakefields
transversely.

B. Positron acceleration in a hollow core plasma
channel in the nonlinear regime

Hollow core plasma channels have been a promising candidate
for high-quality positron acceleration,'””**” but they suffer from
intrinsic instability due to the absence of focusing fields for symmetric

1.00
— 0eV

0754 —— 10eV
X — 50eV
ﬁ 0.501 —— 100eV
=
S

0.25 1

0.00 1

130 —125 —120 —115 —110 —105
k¢

FIG. 6. Final relative slice energy spread of the positron bunch. The temperature
reduces the slice energy spread more prominently at the head of the bunch, which
is in agreement with the more flattened accelerating field at the head shown in Fig.
3(b).
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particle beams.”"*® A stable regime can be reached by using asymmet-
ric drive beams."” Then, the asymmetric beam excites a quadrupole
transverse wakefield within the hollow channel that determines the
evolution of the asymmetric drive beam. As the beam is focused along
its narrow transverse axis and defocused along its wider axis, it hits the
channel wall in a controlled manner, providing stability. In the nonlin-
ear regime, a sufficiently strong drive beam pushes the plasma elec-
trons further into the channel wall. Then, the electrons are pulled back
by the exposed ions, overshoot, and flow into the hollow plasma chan-
nel, forming an electron filament. By loading the filament with a posi-
tron bunch, more plasma electrons can be attracted, strengthening the
filament. The scheme is illustrated in Fig. 7, where the normalized
electron density is shown in the x-(-plane in (a). The ion background,
the electron drive beam, and the positron witness beam are denoted in
gray, red, and purple, respectively. The resulting transverse wakefield
and a lineout of the on-axis longitudinal wakefield (black line) are
shown in (b). As one can see, the on-axis electron filament between
—10 < ky{ < —7 generates both accelerating and focusing fields for
positron beams.

In the original study, the plasma was assumed to be cold. Here,
we show by 3D PIC simulations that a temperature has a significant
effect on the nonlinear wake structure within the electron filament,
and that a temperature mitigates the beam emittance degradation.

The effect is investigated by a similar setup to the one in the origi-
nal study. The electron drive beam is of Gaussian shape with rms sizes
0xd = 0.66k,", 0,4 =0.33 k;l, and g;4 = 0.5 k;l, a peak density
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FIG. 7. Schematic of positron acceleration in a hollow core plasma channel. (a)
Electron drive beam (red), positron witness beam (purple), normalized plasma den-
sity (blue), and ion background (gray) in the x-(-plane. The drive beam excites a
plasma wake that pushes the plasma electrons into the channel wall. The electrons
are pulled back by the ions such that the electrons flow into the hollow core channel
and, supported by the attractive force of the positron witness bunch, generate an
on-axis electron filament between —10 < k,{ < —7. (b) Transverse wakefield in
the x-(-plane (red-blue) and on-axis longitudinal wakefield (black line) along the
co-moving variable ¢. The electron filament generates an accelerating and focusing
field structure for positrons.
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FIG. 8. Transverse wakefields (E;
— By)/Ey [(@) and (c)] and (E, +
By)/Eo [(b) and (d)] at the center of the

positron witness beam at the plasma
entrance [(a) and (b)] and at the plasma

=021, = 0.26m

=021, = 0.26m

exit [(c) and (d)] for various plasma tem-
peratures. The effect of the temperature is
more pronounced at the beginning of the
plasma, before the drive beam evolves to
its equilibrium state.

05 0.0 0.5 05

kpx

of ny/ny=6.5, an energy of 511GeV, and an emittance of
€xd = 0.66k, "and ¢,4 = 0.44k,'. The positron witness beam is
also a Gaussian beam with o, = 0.17 k;l, oyw = 0.13k,", and
orw =05 k;l, a peak density of n,/ny =254, an energy of
10.2 GeV, and an emittance of ¢, = 2.0k, ! and ¢,,,, = 1.7k, . The
witness beam is located 7.5 k; ! behind the drive beam. The drive and
witness beam are modeled with 50 x 10® and 75 x 10° macro-
particles, respectively. The beams are advanced with an adaptive time
step using 60 time steps per betatron period.

The hollow core plasma has a background density of
ng = 3.11 x 10 cm™3, an inner and outer radius of 1.7 k;l and

5 k;l, respectively, and is modeled by 100 macro-particles per cell. In

the simulations, the computational domain is (—6.6,6.6) X (—6.6,
6.6) x (—10,4.5) kf in x x y x {. The mesh resolution is 0.006

x0.006 x 0.008 kP’S.

First, we investigate the influence of temperature on the structure
of the focusing field within the electron filament before evaluating its
impact on the witness beam emittance. The wake changes significantly
along the propagation in the plasma due to the evolution of the drive
bunch, which must first reach its equilibrium state in the channel wall.
Furthermore, due to the asymmetry of both the drive and the witness
bunch, the transverse wakefield is also asymmetric in x and y. The initial
(top plots) and the final (bottom plots) transverse wakefields are shown
at the center of the witness bunch for a cold plasma (solid blue line), a
plasma with 10eV (dashed-dotted green line), 50 eV (dashed orange
line), and 100 eV (dotted red line) in Fig. 8. The initial transverse wake-
fields are highly non-linear and similar to the field structure observed in
the plasma column. Again, the temperature leads to a significant
smoothing of the non-linear part of the field. In the final state, the trans-
verse wakefield in x exhibits close-to-linear behavior. The field is already
a smooth function, and the temperature does not show a visible effect.

0.0 0.5
kpy

On the contrary, the final transverse wakefield in y has two non-linear
bumps at ~*0.33 k;l, which are smoothed by temperature effects.

The smoothing of the non-linearity of the transverse wakefields
due to the temperature affects the emittance evolution of the witness
beam. The evolution of the emittance in the central slice of the bunch
is shown in Fig. 9. The emittance grows in x (solid lines) and y (dashed
lines) by ~26 % and ~18 %, respectively, in a cold plasma (blue lines).
In a plasma with a temperature of 10eV (green lines), the emittance
grows in x (y) by 23% (19%). For a temperature of 50eV (orange
lines), the emittance growth in x (y) is 20% (14%). Finally, for a tem-
perature of 100eV (red lines), the emittance growth in x (y) is 16%

3.00

— 0eV — 50 eV €

2.751 —— 106V —— 1006V -——- ¢,
2.50
292951
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0 2000 4000 6000 8000
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FIG. 9. Emittance of the central beam slice in x (solid lines) and y (dashed lines)
along the propagation distance for different temperatures. The emittance growth
saturates at lower values for higher temperatures.

Phys. Plasmas 30, 073104 (2023); doi: 10.1063/5.0155489
© Author(s) 2023

30, 073104-6

10:85:20 €202 AInr L1


pubs.aip.org/aip/php

Physics of Plasmas ARTICLE

(11%). Thus, in the given setup, a temperature of 50 and 100 eV can
mitigate the emittance growth in both dimensions by roughly 20%
and 36%, respectively. Similar to the plasma column scheme, the slice
energy spread is also affected by the temperature. In the hollow core
scheme, the final central slice energy spread is 0.31% in a cold plasma.
This is reduced by 3%, 6%, and 11% for a plasma with a temperature
of 10, 50, and 100 eV.

Thus, the plasma electron temperature also has an significant
effect on positron acceleration in a hollow core plasma accelerator
using an asymmetric mode. It mitigates both emittance growth and
slice energy spread at the central slice of the bunch.

IV. CONCLUSION

Temperature effects play an important role in both the modeling
and the physics of plasma-based positron acceleration schemes that
rely on high-density electron filaments. While a modest temperature
of tens of eV does not affect, in general, electron acceleration in the
blowout regime, in the case of positron acceleration, it broadens the
high-density electron filament used to generate the accelerating and
focusing fields. The broadening of the electron filament has significant
effects. In fact, the non-linearities of the transverse wakefields in the
two different positron acceleration schemes analyzed are smoothed,
leading to a significant mitigation of the emittance degradation for
quasi-matched positron bunches. Furthermore, the longitudinal wake-
field is also smoothed transversely, reducing the slice energy spread
obtained by the positron bunch in plasmas with a temperature. Thus,
a plasma temperature helps in the challenging task of preserving the
beam quality in plasma-based positron accelerators. In addition, as
discussed in the Appendix, a non-zero temperature helps with numeri-
cal convergence of the wakefields in the electron filament. We expect
the plasma temperature effect observed and analyzed in this work to
be relevant in other positron acceleration schemes relying on electron
filaments, such as utilizing the back of the blowout bubble.'"** From
the presented results, we conclude that is is important to include tem-
perature effects in all positron acceleration schemes based on high-
density electron filaments.
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APPENDIX A: TEMPERATURE-DEPENDENT
CONVERGENCE SCAN

It is well-known that the spike of the longitudinal wakefield at
the back of the blowout converges slowly in PIC simulations.””**
The reason is that the charge density of the returning electrons is
difficult to resolve at the zero crossing. While this has a negligible
effect on energy gain and energy spread for electron acceleration,
since there is no space to accelerate any electrons in the sharp field
spike at the back of the bubble, it is significant for many positron
acceleration schemes. The returning electrons form the filament in
a finite extent around the zero crossing that is used for positron
acceleration. Thus, it is of utmost importance to resolve precisely
the area that is difficult to converge, imposing significant computa-
tional demands to plasma-based positron acceleration schemes.
Similar to the field spike at the back of the blowout,”” the tempera-
ture helps alleviate the convergence issue of the wakefields in the
electron filaments, since the momentum spread of warm plasma
broadens the area of the zero crossing of the electrons.

We demonstrate this effect for the electron filament generated
in a plasma column. The plasma and drive beam parameters are the
same as in Sec. [II A. The wake is unloaded, i.e., no witness beam is
present. The longitudinal resolution is fixed at A; = 0.002k,". A
convergence scan is performed in the transverse directions by
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FIG. 10. Resulting wakefields for different transverse resolutions k,A,, where N, denotes the number of longitudinal grid points. On-axis longitudinal wakefield £, for a (a) cold
plasma, (b) plasma at 10 eV, and (c) plasma at 50 eV. Lineout of transverse wakefield E, along the transverse coordinate x at the longitudinal position of k,{ ~ —10.5 for a (d)
cold plasma, (e) plasma at 10 €V, and (f) plasma at 50 eV. At a cold plasma, convergence cannot be reached even for highest resolutions, while the fields converge at a rea-

sonable temperature quite quickly.

increasing the number of transverse grid points N, (= N,) from
1024 to 8192, corresponding to transverse resolutions of A, (= A,)
from 0.031k," to 0.004k,", respectively. Throughout the conver-
gence scan, a fixed number of 49 plasma particles per cell is used. A
high number of plasma particles per cell is needed to ensure conver-
gence in the presence of a plasma temperature, as the temperature
can otherwise induce numerical noise. The resulting on-axis longi-
tudinal wakefield E, /E, along { (top plots) and the transverse wake-
field (Ex — B,)/E, along x at { = —10.5k, ' (bottom plots) are
shown in Fig. 10 for various temperatures. The wakefields do not
converge for a cold plasma (left column plots). As one can see, both
wakefields at highest resolution (using 8192 grid points, dotted red
lines) differ from the next lower resolution (4096 grid points,
dashed green lines). When using 2048 grid points (dashed-dotted
orange lines) and 1024 grid points (solid blue lines), especially the
transverse wakefield differs significantly from the highest resolution
in the area around the zero-crossing at x = 0. Already at a tempera-
ture of 10 eV (center column plots) both the longitudinal and trans-
verse wakefields agree reasonably well at the two highest
resolutions. At a temperature of 50 eV (right column plots) neither
the longitudinal nor the transverse wakefield shows significant dif-
ference between the two highest resolutions. At 50eV, even the
wakefields at a medium resolution of 2048 grid points are close to
the converged fields at higher resolutions.

As anticipated from the spike at the back of the blowout, the
fields in the electron filaments converge slowly for a cold plasma.
Since this particular phase of the wakefields is crucial for positron
acceleration, achieving high convergence is essential. Introducing
temperature helps reduce the numerical requirements and enables
convergence. Nonetheless, a high resolution is still required for

accurate results. Our findings suggest that the fields in previous
studies of positron acceleration methods using cold plasmas”' """
may not be fully converged, making it challenging to reproduce the
results accurately, given their dependence on numerical subtleties,
such as the number of iterations in the field solver. Therefore, future
studies should include temperature effects when investigating posi-
tron acceleration in electron filaments.
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