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Creation and direct laser acceleration of positrons in a single stage
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Relativistic positron beams are required for fundamental research in nonlinear strong field QED, plasma
physics, and laboratory astrophysics. Positrons are difficult to create and manipulate due to their short
lifetime, and their energy gain is limited by the accelerator size in conventional facilities. Alternative
compact accelerator concepts in plasmas are becoming more and more mature for electrons, but positron
generation and acceleration remain an outstanding challenge. Here, we propose a new setup where we can
generate, inject, and accelerate them in a single stage during the propagation of an intense laser in a plasma
channel. The positrons are created from a laser-electron collision at 90°, where the injection and guiding are
made possible by an 800-nC electron beam loading which reverses the sign of the background electrostatic
field. We obtain a 17-fC positron beam, with GeV-level central energy within 0.5 mm of plasma.
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I. INTRODUCTION

Plasma-based compact particle sources hold great poten-
tial for future applications. While conventional accelerators
are limited to a maximum acceleration gradient of
10 MV/m due to the material damage threshold, using a
plasma allows for sustaining stronger fields (10 GV/m),
enabling short acceleration distances. In addition to the
high damage threshold, plasmas self-generate fields that are
suited to focus electrons [1]. Combining the acceleration
and focusing forces, plasmas naturally provide both the
acceleration and beam transport for the accelerated elec-
trons. It is, however, arduous to extend this to positrons, as
the accelerating structure developed for electrons is usually
defocusing for a positron beam and can lead to beam
breakup. This makes the acceleration of positrons a
particularly challenging problem. Since the first proof of
the principle of positron guiding in plasma [2-5], only a
limited number of experiments on positron acceleration
followed [6-9]. Theoretical works proposed ideas to
accelerate positrons by tailoring the driver [10-13] or by
tuning the plasma profile [14-21]. This postacceleration of
positrons in a plasma enables the creation of high charge
and high quality beams. However, it is not a compact
solution as it requires creating and transporting a positron
beam in a kilometer-long accelerator.
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The upcoming 10-200 PW [22-31] laser infrastructures
will bring us closer to answering the question “What is the
best way to accelerate positrons in a plasma?”’ The
scattering of a relativistic electron beam with a multi-
PW laser pulse is predicted to generate gamma rays and
electron-positron pairs (through nonlinear Compton scat-
tering and Breit Wheeler pair creation [32]). Numerical
studies have explored gamma-ray emission [33-36] or
positron creation [37—40] but still miss an in-depth inves-
tigation of positron acceleration. To date, very few schemes
have been proposed for positron creation and acceleration
[41-45] and they all rely on qualitative 2D and/or staged
modeling. Consistent modeling of all important steps
(creation, injection, and acceleration) in 3D geometry is
still missing.

In this work, we propose a new setup to obtain relativistic
positron beams using next-generation laser systems (see
Fig. 1). Positrons are created and accelerated during the
interaction of an intense laser pulse (~5 x 10%* W/cm?,
80 PW, and 12 kJ of energy) with a relativistic electron beam
at 90° of incidence, as first introduced in Ref. [43]. Even
though most pairs are generated in the direction of the
electron momentum, a fraction can be deflected by the laser
field toward its propagation direction. These positrons are
then accelerated in vacuum, but their maximum energy is
limited by laser defocusing [43]. Here, we derive a semi-
analytical model for the number of positrons created and
show a few percent is deflected and available for acceleration.
We propose to extend the acceleration distance of the pairs
using a plasma channel, where the laser can be self-guided
and the pairs can experience Direct Laser Acceleration
(DLA) [46-54]. We demonstrate that for intense lasers
propagating in a plasma channel, a dense central electron
beam (~800 nC) is self-injected and copropagates with the

Published by the American Physical Society


https://orcid.org/0000-0003-4344-7657
https://orcid.org/0000-0001-8863-9471
https://orcid.org/0000-0003-3764-0645
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.26.011301&domain=pdf&date_stamp=2023-01-30
https://doi.org/10.1103/PhysRevAccelBeams.26.011301
https://doi.org/10.1103/PhysRevAccelBeams.26.011301
https://doi.org/10.1103/PhysRevAccelBeams.26.011301
https://doi.org/10.1103/PhysRevAccelBeams.26.011301
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

MARTINEZ, BARBOSA, and VRANIC

PHYS. REV. ACCEL. BEAMS 26, 011301 (2023)

a . nﬂG‘
@ e /e creation L in plasm? chal

. 10
and injection o+ acceler®
-/

p\l\se

K
Q'
%, (b)
M
Pulse envelope Laser iy
@ ¢ /e’ pairs pulse Ny-ray beam

FIG. 1. (a) Setup: electron-positron pairs (in green/orange) are
created during the interaction of an intense laser pulse (blue/red)
with a relativistic electron beam (green) at a 90° incidence angle.
A fraction of the pairs is injected and propagates with the pulse
through the plasma channel, experiencing direct laser acceler-
ation. (b) Quasi-3D modeling of this setup. A slab of y-ray
photons from the electron-laser collision is initialized at ¢ = 0.

laser on-axis [55-57]. This beam attracts positrons toward
the channel center, enabling their acceleration to GeV
energies. We present an analysis of the energy gain induced
by different field components and show that a collimated
(50 mrad) positron beam of 17 fC can be obtained within
400 pm of laser propagation. This work represents a proof-
of-concept that positrons can be created, injected, and
accelerated over 0.5 mm of plasma. Higher charge, energy,
and positron beam quality are expected by optimizing initial
conditions, and it will be a subject of future study.

I1. POSITRON GUIDING IN A PLASMA CHANNEL

The setup in Fig. 1 can be modeled using a Particle-In-
Cell (PIC) code coupled with a Monte-Carlo module that
accounts for pair creation and hard photon emission. A
reliable description of laser guiding in a plasma channel
requires modeling electromagnetic fields in 3D geometry.
However, this is out of reach of modern supercomputers as
we estimated it would require 100 million cpu. hours and a
total memory of 10 petabytes. Quasi-3D modeling with the
OSIRIS [58] framework is possible: an approach where the
fields are represented in cylindrical coordinates (z, 7, ¢)
using a Fourier decomposition in angular modes [59,60].
The first two modes account for the axisymmetric self-
generated channel fields (mode m = 0) and for the non-
axisymmetric linearly polarized laser field (m = 1). With
this geometry, we cannot represent the electron beam at
90°, but we can represent the photons it radiates. The
assumptions we made and all simulation parameters are in
the Supplementary Material [61].

We consider a laser duration of 150 fs, a peak intensity of
5 x 10 W/cm?, and a plasma channel with a radial density
profile of parabolic shape (density ~10'°-10%' /cm?). As the

laser propagates in the channel, its ponderomotive force
repels electrons toward the channel walls, forming a positive
radial electric field E, = +|E_|r. This electric field remains
positive and persists as long as ion motion is negligible [57].
In addition, the laser electric field extracts electrons in its
polarization direction from the channel walls. The magnetic
component of the laser can rotate these electrons along the
channel axis enabling their injection and making them
available for direct laser acceleration. The tenuous electron
beam formed drives a negative azimuthal magnetic field
B, = —|B.|¢h. The resulting transverse Lorentz force |E.| +
|B.| pulls the copropagating electrons toward the axis. The
same force pulls positrons in the opposite direction, acting
against their guiding.

In the context of DLA driven by a high-intensity laser
pulse (> 10 W/cm?), the central electron beam density
increases with the propagation distance. lons can be injected
and accelerated along the channel axis [55,62], thus reducing
the positive radial electric field |E.| [56,57]. In addition, the
electron beam loading is enhanced by a radiative trapping
[55,56]. An excess of negative charge is thus progressively
built up at the channel center, inducing a negative charge
separation field E,_ = —|E,_|r, which can overcome the
positive, self-generated field E. formed by the initial
expulsion of the electrons |E,_| > |E,.|. This superposition
results in a radial channel electric field amplitude |E.| —
|E,_| < 0 guiding positive charges on axis.

We demonstrate the existence of a region focusing on
positrons using PIC simulations. In the upper panel of
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FIG. 2. Positron guiding and injection. (a) Electron beam
loading after 280 pum of propagation. Upper panel: channel fields
contribution to the transverse Lorentz force on the positrons
(m = 0). Lower panel: net plasma charge density. (b) The number
of generated positrons; (c) The fraction of positrons injected in
the laser propagation direction as a function of the electron beam
energy for a laser field amplitude 5 x 102 W/cm? (circles).
Panel (b) shows the number of positrons generated using an
electron beam of 10 pC and can be directly scaled to different
beams (e.g., Q,_ = 100 pC would give 10 times more positrons).
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Fig. 2(a), we represent the transverse Lorentz force induced
by the channel fields (mode 0) on positrons (white circles).
After 280 pm of propagation, the force is negative in the
blue region (275 < z < 300 pm and r < 10 pm). The lower
panel of Fig. 2(a) displays the total charge density (includ-
ing all plasma species) where we observe an excess of
negative charges associated with electron beam loading
(=800 nC). The spatial structure of this beam generates a
region of space where positrons are stably guided over 100s
of micrometers.

III. POSITRON CREATION AND
DIRECT LASER ACCELERATION

Now that we established the feasibility of positron
guiding, we focus the discussion on positron creation,
injection, and acceleration. The number of positrons
generated at the laser focus can be evaluated by adapting
a semianalytical model [39,63,64] for our specific inter-
action geometry. In Ref. [39], the authors derive the
probability of a single photon decay P, in a head-on
collision with a plane wave with a temporal envelope. In the
Supplementary Material [61], we generalize this model to
an arbitrary angle of incidence. We further enriched this
model to account for a focused pulse interacting with a
photon beam, which has a Gaussian shape in the z direction
(3 pm FWHM) and is uniform in the radial direction. Each
photon in the beam experiences an effective peak field
amplitude denoted a, which is smaller than the maximum
pulse amplitude [63]. The photons can be binned according
to the maximum field they interact with, which defines a
new distribution dN/da. The total number of positrons is
thus obtained by integrating the probability P, over the
distribution dN/da. Assuming that the interacting photons
have a Quantum synchrotron spectrum dNc/dy,dt of a
monoenergetic electron beam with energy &,_ [65], we get

o= [ [ (Gsrars) /() o
147

where P is our generalized theoretical decay probability
for one gamma ray in a plane wave [61].

The semianalytical estimate in Eq. (1) provides the
number of positrons that one could create within a plasma
channel. The accuracy for different electron beam energies
is confirmed via PIC simulations displayed in Fig. 2(b).
The peak laser amplitude is 5 x 10> W/cm?. We consid-
ered electron beam energies &£,_ between 1 and 20 GeV to
cover the range available either from plasma or conven-
tional sources. The theory is valid in the limit where most
pairs are created as a result of the decay of initial photons
(no secondary pairs are accounted for). As expected,
Fig. 2(b) shows that the number of positrons is an
increasing function of the electron beam energy. The
number of pairs in the simulation is well approximated
by Eq. (1), which can therefore be used to quickly identify

optimal incident electron beam energies for future experi-
ments. Our modeling indicates that the number of positrons
(created and deflected) linearly depends on the charge of
electrons interacting with the laser focal volume. For
instance, using a 100-pC laser-driven beam would generate
10 times more positrons than obtained in Fig. 2(b).

Following their creation, positrons have a momentum
perpendicular to the laser propagation direction. Simulations
show that only a fraction of these can be deflected toward
the laser propagation direction and later accelerated, see
Fig. 2(c). These PIC simulations account for secondary pair
production. The efficiency of deflection is maximized (4%)
for the lowest value of incident electron beam energy
E._ ~ 1 GeV. Such beams produce on average lower energy
positrons, which are more prone to be redirected in the laser
propagation direction [43]. This trend is confirmed in the
Supplementary Material [61], where we derived an estimate
of the number of low-energy positrons created.

Once injected within the channel, positrons can be
affected by the laser field and the nonlinear plasma
response. Both laser and channel fields have longitudinal
and transverse electric components (with respect to the
laser axis), shown in Figs. 3(a) and 3(b). We note that due to
electron beam loading, the transverse electric field gen-
erated in the channel has a negative sign in a large region,
attracting positrons on axis (~10 TV/m). As it propagates,
the laser pulse undergoes self-focusing [66]. Depending on
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FIG. 3. Positron direct laser acceleration. (a) Transverse electric
field (x direction). White circles represent a sample of injected
positrons. Mode m = 1 is associated with the laser component,
while m = 0 represents the channel field. (b) Longitudinal
electric field (z direction). (c) Energy gain of injected positrons
in transverse (W) and longitudinal directions (W)). (d) Energy
gain of noninjected positrons. The energy gains W represent the
accumulated work in the channel fields (m = 0, red squares) and
the laser fields (m = 1, blue circles) after a propagation distance
of 340 pm.
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the background plasma density, the self-focusing dynamics
can be affected by parametric plasma instabilities. In
addition, our study is in the relativistic regime, where also
radiation reaction effects can become important due to the
high laser intensity. Even though the nonlinear interplay of
all these effects is not possible to predict analytically, they
are all naturally incorporated in the QED-PIC simulations,
which we can use to model the laser pulse guiding. We
observed that the laser field amplitude is still strong
(2200 TV/m) even after 340 pm of propagation due to
relativistic self-focusing. Apart from strong transverse
fields, both the longitudinal channel field (due to local
charge separations) and the longitudinal laser field (due to
relativistic self-focusing) are significant.

The total contribution of each field component for the
positron energy gain (W) is studied in Fig. 3(c). We show a
scatter plot for 500 injected positrons, where the x axis
denotes their final energy (£,,) and the y axis shows the
total work of different E field components. We consider
positrons injected if they remain inside the plasma channel
after 420 pm of laser propagation. The energy gains W are
decomposed in the perpendicular/longitudinal direction
Wi = fv- E /| dt. They are further split between the
contribution of the channel fields (;m = 0) and the laser
(m = 1). This analysis is repeated in Fig. 3(d) for 500
noninjected positrons. The first result is that injected
positrons in Fig. 3(c) achieve energies of 4 GeV, whereas
the noninjected positrons in Fig. 3(d) are limited below
2 GeV. By definition, noninjected positrons are not trapped
in the guiding structure in Fig. 2(a). They experience a
partial acceleration in the laser pulse, but they cannot be
collected on a detector after the plasma channel because
they leave the interaction region sideways. Overall, the
direct contribution of transverse channel fields for accel-
eration is small (though it is responsible for guiding). The
parallel component of the laser plays a role for all positrons,
but the work performed is purely negative for positrons
deflected outside the channel. For injected positrons in
Fig. 3(c), we observe that the energy gain from the
transverse laser field component W, can be as high as
4 GeV, while the longitudinal energy gains both from the
laser and the channel fields are limited below 1.5 GeV. This
indicates that DLA prevails over other possible mecha-
nisms (e.g., laser or beam-driven wakefield acceleration).
We also observed the forking structure characterizing DLA
[67,68]. The two beam sections are ejected at an angle
+10° with a divergence of 50 mrad.

The charge content and energy spectrum of the positron
beam are summarized in Fig. 4. The number of positrons is
shown as a function of the laser propagation distance within
the channel. Most positrons are created in the first
~100 pm of propagation. From 100 to 220 pm, the
electrons are injected, forming a tenuous beam of increas-
ing density. The channel fields are still defocusing posi-
trons during this time, thus explaining the large decrease in
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FIG. 4. The number of injected positrons as a function of the
laser propagation distance for different channel sizes. The black
circle marks the central interaction point of the laser pulse with the
photon beam. Inset: Positron energy spectrum for r. = 26 pm at
creation time (black). The total charge is 1.3 pC and
Nuax = 6 pC/GeV. Positron spectrum at z = 340 pm. The total
charge is 17 fC and N, = 12 fC/GeV. The normalization
facilitates the scaling of the result to a higher electron beam charge.

N,.. From 220 to 420 pm, the number of positrons is
constant since the electron beam loading is large enough to
create the field structure guiding positrons. Beyond
420 pm, the guiding structure cannot be maintained as
the laser gets depleted (230% energy loss). The acceler-
ation distance in experiments should therefore be limited
below 400 pm to avoid reduction of the injected charge.

The plasma channel size influences the injection process.
For the channel with a small radius (13 um), ions are
loaded at the channel center on top of the positrons. This
motion reduces the negative charge separation field and
defocuses positrons. However, for larger channel widths,
the positrons can be guided efficiently as the ions lag
behind the positrons. Please note that the plasma is
assumed to be a fully ionized nitrogen gas, with a
charge-to-mass ratio of 1/2. If one were to use a lighter
species (e.g., protons, with a charge-to-mass ratio of 1), the
time scale for acceleration would be smaller, and a wider
channel would be required to form a similar guiding
structure. For the case of a nitrogen plasma with a radius
r. = 26 pm, the total charge of the positron beam after
340 pm of propagation is 17 fC. Its energy spectrum shown
as an inset in Fig. 4 evidences positron acceleration from
0.22 GeV at creation time, up to 1.3 GeV after 340 pm of
laser propagation. Higher energies ~5-10 GeV could be
reached in future work, based on scaling laws for electron
DLA with multi-PW lasers [51].

IV. DISCUSSION AND CONCLUSION

We now compare our findings with other schemes one can
find in the literature. Postacceleration setups provide a
higher charge and beam quality [6-21], but they are not
compact as they require a kilometer-long accelerator. The
strength of our method is that positrons are both created and
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accelerated to a GeV level in a single, sub-millimeter stage.
Other setups that consider multi-PW lasers, either focus only
on pair creation without acceleration [37—40] or use 2D
geometry which does not allow for reliable quantitative
predictions for the number and energy of the accelerated
positrons [41-45]. For the first time, our quasi-3D approach
allows obtaining quantitative estimates for a compact single-
stage positron creation and acceleration scheme.

In conclusion, our work opens the possibility for direct
laser acceleration of positrons in a plasma. We demonstrate
thatitis possible to create, inject, and accelerate positrons ina
single-stage experiment by laser-electron scattering at 90°.
We develop an analytical model to estimate the number of
created positrons in this geometry and determine with
simulations that about 4% of these particles are injected
and accelerated. The essential feature for positron guiding is
the self-injected electron beam in the channel center
(~800 nC). It enables positron acceleration to multi-GeV
energies in less than a millimeter of laser propagation.

The presented positron acceleration scheme can be
realized with the next generation of laser facilities that
will reach 75-200 PW [27-31]. A minimum power of
~80 PW, is required to drive a copious pair production
and an efficient positron injection. Increasing the power
further would enhance the number of injected positrons.
The incident electron beam considered (10 pC at 2 GeV)
can already be produced experimentally [69-72]. For
the preformed plasma, we suggest to use a commercially
available, dense (10?! /cm?), and short (400 pm) plasma jet
[73] and to control the channel radius as in Ref. [74]. The
femtosecond and micrometer synchronization was already
achieved [33] and could be less restrictive using larger-
scale, laser-driven DLA electron beams [67,68,75-79].
Our setup generates a broadband beam of GeV-class
electrons, positrons, and gamma-rays, which opens a
new avenue of opportunities for QED cascade seeding
or the study of the propagation of a fireball jet within a
plasma in a laboratory setting.
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