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Abstract.
Owing to their large accelerating gradients, plasma-based accelerators have

attracted considerable interest as potential drivers for future, compact electron-
positron colliders. Despite great progress achieved in plasma-based electron
acceleration, positron acceleration still remains a challenging task, with an efficient
positron source being the prerequisite for such acceleration. Here a concept for a
compact, two-stage plasma-based positron source is discussed. In the first stage
the positrons are created by a multi-GeV electron beam produced by a laser-
plasma accelerator interacting with a solid density foil. In the second stage the
positrons are captured and accelerated in a plasma wave driven by either an
electron beam or a laser pulse. Three potential configurations of such a source
are considered: (i) A single electron beam is used for both the creation of positrons
in the foil and for driving the wakefield in the second stage; (ii) A train of two
electron beams is used: the positrons produced by the trailing beam in the foil are
captured and accelerated in the second stage by the plasma wave generated by
the leading beam; and (iii) A single electron beam is used to produce positrons in
the foil and an independent laser pulse is coupled to the second stage to drive the
plasma wave. These three configurations show different degrees of effectiveness
with positron capture efficiency, varying from less than a percent to almost half
of all produced positrons.
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1. Introduction

Particle colliders are unique tools for advancing
fundamental and high-energy physics research at the
energy and luminosity frontiers worldwide [1]. Plasma-
based accelerators [2, 3] can sustain accelerating
gradients of tens to hundreds of GeV/m, which are
several orders of magnitude higher than those produced
in standard Radio-Frequency cavities, making them
promising candidates as drivers for future compact
colliders [4–7].

While high-energy [8], high-efficiency [9], and
low-energy-spread [10] plasma-based electron acceler-
ation was demonstrated experimentally, high-quality
positron acceleration is significantly more challenging.
So far, positron acceleration in a self-driven nonlinear
plasma wakefield [11] and in a hollow plasma chan-
nel [12] has been demonstrated experimentally, but
with a beam quality lower than what has been achieved
for electrons. Moreover, one of the main challenges of
plasma based positron acceleration lies in efficient cre-
ation, capture, and acceleration of high-quality (i.e.,
with high-charge and energy, and with low emittance
and energy spread) positron beams in compact struc-
tures, i.e., a compact plasma-based positron source.

In conventional accelerators positrons are usually
produced via collisions of high energy electrons or pho-
tons with solid density high-Z foils (see, e.g., proposed
[13–15] and operational [11] designs), accumulated in
a damping ring, and then transported into the accel-
erator. Compact, plasma-based accelerators, however,
present a set of unique requirements for accelerating
positron beams efficiently [16]. The most challeng-
ing ones are achieving a low energy spread and diver-
gence, as well as the short duration of the beam so
the positrons can be efficiently captured in the plasma
wakefield. Some progress on overcoming these chal-
lenges has recently been achieved [17–28] (see also [29]
and references cited therein). Experiments [30, 31]
also demonstrated that the electron beams used for
positron production in conventional accelerators can
be substituted by electron beams produced in a laser-
plasma accelerator (LPA).

In this paper we investigate a compact laser-
plasma-based positron source based on a two-stage
design, which produces, captures, and accelerates
positrons. A schematic of the system is shown in
Fig. 1. In the first stage positrons are produced as
a result of the interaction of an LPA-generated, multi-

GeV electron beam with a solid density foil. Then
the positrons are coupled to the second stage, where
they are captured and accelerated by a plasma wave.
We consider three configurations: (i) A single electron
beam produces the positrons in the foil, then both
the initial electron beam and the electron-positron
pairs enter the second stage, where the electron beam
creates a plasma wave which is able to capture and
accelerate a fraction of the positrons. (ii) A train of
two LPA-produced electron beams interacts with the
foil, producing two positron beams. In the second
stage the positrons produced by the trailing electron
beam are captured into the accelerating and focusing
phase of the wakefield produced by the leading electron
beam. (iii) A single LPA-produced electron beam
is used to produce positrons in the foil, then these
positrons are transported and accelerated into an LPA
stage powered by an independent laser pulse. This
laser-driven wakefield scheme is shown to be the most
efficient out of all three configurations for capturing
and accelerating most of the positrons produced.

This paper is organized as follows. In Sec. 2 we
discuss the interaction of the electron beam, henceforth

LPA

PW laser

APL

PWFA

multi-GeV 
e- -beam

photons
electrons
positrons

accelerated 
e+ -beam

Stage 1: positron generation
Stage 2: positron capture and acceleration

foil

Figure 1. Schematic of the laser-plasma-based positron source.
The first stage is constituted by the LPA producing the multi-
GeV electron beam, the optics to transport the beam (APL is
an active plasma lens [32–34]), and the high-Z foil inside which
the electrons emit photons and these photons are converted into
electron-positron pairs. The second stage is constituted by a
plasma target where the positrons are trapped and accelerated
in a plasma wave (in the example depicted the plasma wave is
generated by a plasma wakefield accelerator, or PWFA).
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called primary beam, with the foil and determine
the optimal conditions for positron production and
characterize the corresponding quality degradation of
the primary beam. In Sec. 3 we investigate the
evolution of the primary electron beam and of the
electron-positron pairs created by it in the foil (to
which we refer to as secondary particles) in the plasma
stage where a wakefield is generated by the primary
beam alone. In Sec. 4 we explore the second proposed
configuration, where a train of two primary electron
beams first interact with the foil and is then injected
in a plasma together with the secondary particles. The
third configuration, where secondary positrons created
in the foil by the primary beam are injected and
trapped in the wake generated by an independent laser
pulse is analyzed in Sec. 5. Conclusions are presented
in Sec. 6.

2. Characterization of the secondary particles
produced in the interaction of the primary
beam with the high-Z foil

In this section we study the process of electron-positron
pair production associated with the interaction of the
primary electron beam with a solid density foil. The
interaction with the foil is modeled with the code
GPos [35] (see also the Appendix for more details),
based on the Geant4 simulation toolkit [36–38].

The primary electron beam, propagating along the
z axis, was spatially described by an axis-symmetric
bi-Gaussian distribution with RMS sizes σx,p = σy,p =
0.7 µm, (transverse) and σz,p = 0.4µm (longitudinal)
at the focal position, an initial energy of 10.1 GeV
(the relative RMS energy spread was 0.9%), a RMS
divergence θx,p = θy,p = 0.3 mrad, and a beam charge
of 55 pC (results can be easily rescaled to other values
of the charge). The chosen primary electron beam
parameters are the ones anticipated for LPA stages
driven by current PW-class lasers such as BELLA
PW [39]. In the GPos runs, the primary beam was
sampled with 2 × 106 particles to ensure negligible
statistical fluctuations. A solid density Tungsten (W )
foil of varying thickness was placed at 1.5mm distance
from the primary beam. A virtual particle detector
registered the phase space of the particles exiting from
the back of the target.

Production of electron-positron pairs takes place
in a two-step process. First, photons are produced
via bremsstrahlung as the high-energy electrons of
the beam are scattered by the target nuclei. The
photon spectrum is very broad, with the maximum
photon energy extending up to the incident electron
energy. Second, electron-positron pairs are produced
by the decay near a nucleus of photons with an energy
Eγ > 2mec

2 = 1.022MeV (me is the electron mass and

c the speed of light in vacuum). For a target thickness
of 1mm, GPos simulation results show that out of
the electrons and positrons produced that reached the
end of the foil, 91% of the electrons and 100% of the
positrons originated in the decay of the bremsstrahlung
photons. The remaining electrons originated from
other processes, such as above threshold ionization,
Compton scattering, and photoelectric effect. If we
compare the final absolute charges of the secondary
electron and positron beams with the primary one,
then the former is 19%, while the latter is 17%
of the primary one. The secondary electrons and
positrons had axis-symmetric profiles, and the core
of both distributions overlapped with that of the
primary beam, as can be seen in Fig. 2, where we
plot the two-dimensional spatial distribution of the
primary beam electrons (green), secondary electrons
(blue), and positrons (orange) after the interaction
with the foil. The secondary beams lower energy and
higher divergence particles fell behind and transversely
further away from the primary beam.

Propagation distance, z [mm]
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Figure 2. Two-dimensional spatial distribution of the primary
beam electrons (p, green), and secondary electrons (e−, blue)
and positrons (e+, orange) at the end of the interaction with
the 1mm-long foil.

The energy spectra after the interaction with the
foil for primary and secondary particles are shown
in Fig. 3. The secondary electrons (blue line) and
positrons (orange triangles) are characterized by a
monotonically decreasing spectrum with a total of less
than 7% of the charge lying above 3GeV. Due to the
energy loss consequent to each interaction, the primary
beam spectra attained a long, low-energy tail (solid
green line).

In order to optimize positron production in
terms of charge and divergence, and characterize
the degradation of the primary beam, we conducted
parameter scans varying the primary beam and foil
parameters. It was found that the positron and
primary electron beams properties after the foil are
mainly sensitive to the foil thickness and material, and
the primary beam initial mean energy. In particular,
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Figure 3. Energy spectra of the primary beam (p) before
(black line) and after (green line) the interaction with the 1mm-
long Tungsten foil. Spectra of the secondary electrons (e−, blue
line) and positrons (e+, orange triangles) after the interaction.

increasing the foil thickness results in an increase of
the produced secondary particles [40]. This is shown
in Fig. 4, where we plot (blue line) the positron
throughput ηe+, defined as the ratio of the number
of positrons that exit the foil over the number of
primary electrons that enter it, as function of the foil
thickness. This is due to the increase in the number
of interactions, which also results in the growth of the
primary electrons beam divergence (orange line).

0 2 4 6 8
Foil thickness [mm]

0

20

40

60

80
0.1×ηe+
θx,p [mrad]

Pr
op
er
tie
s

Figure 4. Positron throughput 0.1 × ηe+ (blue line), defined
as the ratio of the number of positrons that exit the foil over the
number of primary electrons that enter it, and RMS divergence
of the primary beam after the interaction with the foil (θx,p,
orange line) as function of the foil thickness.

Increasing the foil thickness also results in the
increase of the divergence of the secondary particles.
This is shown in Fig. 5, where we plot the RMS
divergence of the secondary electrons (blue and green
lines) and positrons (orange and red lines) as a function
of the foil thickness for two values of the energy
cutoff for particle detection, Ec = 5MeV, and Ec =
180MeV. For small target thicknesses and a cutoff
energy of Ec = 5MeV electrons at low energies are,
as mentioned before, mostly produced by processes
other than pair production. This explains the charge

imbalance between secondary electrons and positrons
and the difference in the final RMS divergence that
can be seen in the blue and orange lines, respectively.
By increasing the energy cutoff for secondary particle
detection to Ec = 180MeV, the difference in the final
divergence between positrons and electrons is greatly
reduced (green and red lines) as most of the high energy
electrons are generated in pair with the positrons,
which yields a symmetric angular distribution.
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Figure 5. RMS divergence of the secondary electrons and
positrons as a function of the foil thickness for different cutoff
energies (Ec). For Ec = 5MeV, the difference betreen the e−
(blue line) and e+ (orange line) RMS divergence is due to the
electrons produced in processes other than pair producion (e.g.,
ionization, Compton scattering, etc.). These contribute to the
spectrum at low energies, i.e., high divergence. For a cutoff
Ec = 180MeV, the difference in the final divergence between e−
(green line) and e+ (red line) is greatly reduced.

These results highlight the presence of a trade-off
between maximizing the positron beam charge while
minimizing the final primary beam and positron beam
divergence. The configuration considered in this work
used a 1mm thick Tungsten foil and a primary beam
energy of 10.1GeV to produce enough positrons while
keeping the low-divergence required for maximizing
the capture of the positrons in the subsequent plasma
accelerator stage.

3. Positron source driven by a single
LPA-produced electron beam

In this section we examine the positron source
realized with a single LPA-produced primary electron
beam. Positrons are produced by the primary beam
interacting with the foil, then both the primary beam
and the secondary electrons and positrons enter the
second stage, where the primary beam creates a plasma
wave which captures and accelerates a fraction of the
positrons.

The positrons parameters are the ones discussed in
Sec 2. The plasma stage was modeled with the particle-
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in-cell (PIC) code WarpX [41, 42] using the quasi-
cylindrical r − z geometry employing one azimuthal
mode. The background density in the plasma stage,
n0, was chosen to match the primary beam length
in order to maximize the accelerating wakefields [43],
i.e., such that kpσz,p =

√
2, where kp is the plasma

wavenumber, namely kp = (n0q
2
e/ε0mec

2)1/2, where qe
is the electron charge, and ε0 the vacuum permittivity.
That matching condition corresponds to n0 = 3.5 ×
1020 cm−3, yielding a plasma wavelength λp =
2π/kp = 1.7 µm. The ratio of the beam density to
the ambient plasma density is 0.1, hence we expect
the plasma stage to operate, at least initially, in a
linear regime. The plasma electron density profile
was radially uniform and longitudinally composed by
100 µm linear up and down ramps encompassing a
constant density plateau. The background ions were
considered immobile. For self-consistent beam space-
charge field initialization, the beams were propagated
forward ballistically inside WarpX until they reached
the end of the foil and an artificial electromagnetic
field dumping module (mirror) was used to remove
the fields close to the back of the foil. The
(r, z) dimensions of the computational domain were
(23.8, 10.3) µm (the domain initially contained 84%
of the produced positrons), with a longitudinal and
transverse resolution of ∆z = σz,p/60 = 6.7× 10−3 µm
and ∆r = σx,p/51 = 1.4 × 10−2 µm, respectively. The
plasma was sampled with 2 particles per cell.

In Fig. 6 we show the lineouts of the longitudinal,
Ez, and transverse, Er − cBϕ, wakefileds taken close
to the axis of propagation at the beginning of the
plasma plateau. The phase region where the wakefield
is accelerating and focusing for positrons, hereafter
named AFP region (red line in Fig. 6), fell behind
the primary beam (green line) and, hence, behind the
core of the positron beam (purple line). The few
positrons that fall behind the beam right after exiting
the foil are too transversely dispersed to be captured
by the plasma wave (the characteristic transverse size
of the plasma wave is ∼ λp). For this reason, after
propagating about 0.5mm, less than 0.03% of the
positrons remained within the simulation box. We also
note that most of the positrons that remain close to the
axis experience defocusing fields (positive part of the
orange curve in Fig. 6). As a result, the longitudinal
positron beam profile no longer follows that of the
electron beam. The transverse evolution (focusing)
of the primary beam, occurring over a propagation
distance on the order of the betatron wavelength,
resulted in the transition of the wakefield structure
from the linear into the non-linear regime, further
narrowing and also shifting the AFP region making this
scheme unsuitable to capture and accelerate positrons
efficiently.
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Figure 6. Lineout of the plasma accelerating, Ez (blue);
focusing, Er − cBϕ, (orange) wakefields; primary and positron
beams normalized density, np/n0 and ne+/n0; and the AFP
region closest to the beams; plotted along the co-moving variable,
ξ = z − ct after the beams reached the plasma plateau.
Propagation direction is from left to right side of the plot.

To allow for a higher fraction of the positrons that
exit the foil to fall within the AFP phases of the plasma
wakefield, a vacuum drift section was introduced
between the foil and the plasma stage: by changing the
length of the drift, Ldrift (we considered drift distances
of up to 2mm) it is possible to change the relative
delay, Tdelay, between the secondary positrons and the
primary beam, which, ideally, should be equal to the
phase distance between the primary electron beam and
the AFP region divided by the speed of light. Let us
consider a model case of a primary electron beam with
relativistic factor γ1, and a secondary positron beam
with γ2 < γ1. Then, considering ballistic motion,
we have Ldrift ≃ 2γ2

2cTdelay/(1 − γ2
2/γ

2
1), assuming

γ1, γ2 ≫ 1. Thus, the higher the energy of the
positrons that need to be captured and accelerated,
the longer should the vacuum drift be. However,
due to the fact that the positrons are produced with
broad spectrum the effect of the drift section should be
studied in simulations.

The results of simulations with various drift
distances showed that the capture of positrons
remained well below 1% of the total generated charge.
In fact, although the drift allows more of the slower
positrons to fall further behind the primary beam,
those positrons tend to diverge transversely and are
not captured in the wake.

Modeling of the positron source driven by a
single electron beam showed that, for a wide range of
parameters, less than 1% of positrons is captured and
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accelerated. We conclude that a robust and reliable
plasma-based high-energy positron source using this
configuration is problematic.

4. Positron source driven by a train of two
LPA-produced electron beams

In this section we analyze the positron source driven
by a train of two LPA-produced primary electron
beams. During the interaction with the foil both
electron beams produce positrons, then all primary
and secondary particles are injected into a plasma
stage. While the leading primary beam drives a plasma
wave, the positrons from the trailing primary beam are
captured and accelerated in it. This configuration is,
in principle, similar to the one proposed in Refs. [17,
18], but in our case we assume the two primary
beams are produced in a compact LPA setup by
using some triggered injection scheme (e.g., laser-
induced ionization injection inside a plasma target
tailored with two separate high-Z gas sections [44–
46]). As an example, in this section we consider two
electron beams, one with 10.1GeV energy and 0.9%
energy spread (leading beam), the other with 8.6GeV
energy and 1.1% energy spread (trailing beam). The
two beams have the same charge (55 pC) and equal
longitudinal and transverse sizes. The longitudinal
separation between the beams is 8.8 µm.

After the interaction with the Tungsten foil
(modeled, as before, with GPos, and where we
sampled both primary beams with 2 × 106 particles
each), primary and secondary beams propagate
ballistically in vacuum for 2mm before entering the
plasma stage. The plasma has a density of n0 =
1.1× 1019 cm−3 (λp = 10.2 µm), a length of 1 cm (with
100 µm-long linear entrance and exit ramps), and is
transversely uniform.

As before, the plasma stage was modeled with the
quasi-cylindrical r− z geometry of WarpX employing
one azimuthal mode. The (r, z) dimensions of the com-
putational domain were (62.9, 13.1) µm (the domain
initially contained 56% of the produced positrons),
with a longitudinal and transverse resolution of ∆z =
σz,p,1/100 = 4 × 10−3 µm and ∆r = σx,p,1/130 =
5.4 × 10−3 µm, respectively. The plasma was sampled
with 2 particles per cell. Simulations were run in a
Lorentz boosted frame with γboost = 2 with all the
output diagnostics in the laboratory frame.

The advantage of this scheme is that, for any
given separation between the primary electron beams,
by tuning the plasma density it is possible to control
the phase in the plasma wave where the positrons
generated by the trailing beam will be located and,
hence, maximize their capture and acceleration. In
the example considered here, the phase of the trailing
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Figure 7. Lineouts of the plasma accelerating, Ez (blue);
focusing, Er − cBϕ, (orange) wakefields; leading primary and
trailing positron beams normalized density, np1/n0 (green)
and ne+2/n0 (purple) shown as a function of the co-moving
variable, ξ = z − ct, after the beams propagated 5mm in the
plasma plateau. The AFP region of interest is denoted in red.
Propagation direction is from left to right side of the plot.

positrons was such that their core would experience
stronger focusing fields, but weaker accelerating fields.
This choice enables more charge to be captured. In
Fig. 7 we show lineouts of the density of the leading
primary beam, np,1 (green line), and that of the
trailing positrons, ne+,2 (purple line), together with
the longitudinal, Ez (blue line), and transverse, Er −
cBϕ (orange line), wakefields (in red is the AFP
region) taken close to the axis of propagation after a
5.1mm propagation distance. Even though the leading
primary beam still performed betatron oscillations (the
betatron period of the beam is λβ ≈ 1.8mm), owing to
the different density of operation the excited wakefiled
is more stable than the one in Sec. 3, and the quasi-
linear wakefield structure allows the positron beam
core to stay within the AFP for the whole acceleration
length.

The quasi-linear nature of the wakefield is evident
from Fig. 8, where we plot a 2D map of the longitudinal
wakefield (red-blue colormap) at the end of the 1 cm-
long plasma, as well as the density distribution of the
leading primary beam (green) and trailing positron
beam (purple). Note that the trailing primary beam
and secondary electrons and the leading secondary
electrons and positrons were not shown in the plot since
they were all quickly defocused or decelerated. This is
shown in Fig. 9, where we plot the charge within the
AFP region (the radial extent of the AFP region is
set by the condition r < 4 µm) as a function of the
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propagation distance in the plasma for the trailing
primary beam (green line), the trailing secondary
electrons (blue line), and the trailing positrons (orange
line). The initial focusing of the trailing positrons
leads to the initial increase in charge. The loss of
the lower energy and higher divergence positrons leads
to the slow reduction of charge after the first 4mm
of propagation, when the plasma wakefields became
stable. The overall capture efficiency of this scheme
(defined as the charge in the AFP region at the end
of the plasma, 1 pC, divided by the total positron
charge generated in the foil, 9 pC) is 11%. We
note that recent advanced concepts of beam driven
positron acceleration [26, 28], which use transversely
tailored plasmas to optimize the acceleration, could,
in principle, be employed. However, we do not
expect these schemes to provide a significantly different
capture efficiency compared to the scheme considered
here.
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Figure 8. 2D plot of the leading primary (green color-map)
and trailing positron (purple) beams densities normalized to the
peak plasma background density, overlapping the longitudinal
plasma wakefield (red-blue colormap).

As discussed above, the two LPA-produced
electron beams configuration is similar to the one
proposed in [17, 18]. Despite the lower electron beam
energies and total charge used in our simulations,
the positron beam production yields similar results.
The energy transformation efficiency from the electron
beams to the positron beam is 1.3×10−4 in [17,18] and
0.9 × 10−4 in our scheme. In terms of the number of
positrons, the efficiencies are 7.5× 10−3 and 9× 10−3,
respectively.
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Figure 9. Plots of the trailing primary (green), positron
(orange) and secondary electron (blue) charges inside the AFP
region (r < 4 µm).

5. Positrons from an LPA-produced electron
beam trapped and accelerated into an LPA
stage driven by an independent laser pulse

In this section we study the positron source that
uses an LPA-generated electron beam to create the
positrons in a foil, as described in Sec. 2, and
capture and accelerate them in a subsequent LPA stage
powered by an independent laser driver.

We consider a laser pulse with a duration τl =
20 fs (Full-Width-Half-Maximum), a wavelength λl =
0.815 µm, a spot at focus wl = 30 µm (defined as
the radius of 1/e2 of the intensity), and a peak field
amplitude El = 5.91TV/m (resulting in a normalized
vector potential amplitude of a0 = qeA0/mec = 1.5,
where A0 is the peak laser vector potential), focused
on the entrance ramp of a 1 cm-long plasma channel. In
order to provide an idealized modeling of the dynamics
of the positrons captured by the wakefield generated by
the laser pulse, the LPA stage is located right after the
solid target. A more realistic decription should take
into consideration the distance required to in-couple
the positrons and the laser driver into the plasma stage.
Although we expect the performance of the scheme to
depend on the details of the in-coupling, the current
study aims at exploring the maximum performance
of this scheme. Details on a potential scheme to in-
couple the laser and the positrons stage are discussed
in Ref. [47]. The longitudinal density profile of the
plasma features 100 µm-long linear entrance and exit
ramps (the laser is focused in the middle of the entrance
ramp) encompassing a plateau with density of 3.55 ×
1017 cm−3. The transverse profile is parabolic with a
matched radius of 30 µm in the plateau region.

Modeling was performed using the azimuthal
mode decomposition modality of WarpX, using two
modes (this is required to represent the linearly polar-
ized laser). The (r, z) dimensions of the computational
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domain were (112.1, 98.1) µm (the domain initially con-
tained 87% of the produced positrons), with a longi-
tudinal and transverse resolution of ∆z = λl/51 =
1.6 × 10−2 µm and ∆r = wl/205 = 1.5 × 10−1 µm, re-
spectively. The plasma was sampled with 4 particles
per cell. Simulations were run in a Lorentz boosted
frame with γboost = 2 with all the output diagnostics
in the laboratory frame.

The delay between the drive laser pulse and the
primary electron beam was chosen so that the positrons
would remain in the AFP region after propagating
through a cm-long plasma. In Fig. 10 we show
lineouts of the longitudinal, Ez (blue), and transverse,
Er − cBϕ (orange), wakefields taken close to the axis
of propagation after a propagation distance of 1.7mm
(dotted line) and 9.9mm (solid line). We also show
lineouts of the density of the primary beam, np (green
line), and that of the trailing positron beam, ne+

(purple) after 9.9mm of propagation. We see that
in the first 2.0mm of propagation the laser excited
wakefields compete with that generated by the primary
electron beam, leading to irregularities in the wake
structure near the positrons (dashed blue line near
ξ ≃ −70 µm). After that, the primary beam is
strongly defocused and the wakefields become regular
and stable.

The defocusing of the primary beam as well as the
focusing of the positron beam is clear when inspecting
the two-dimensional plot in Fig. 11, where the beam
densities (green for the primary beam, purple for the
positron beam) are shown together with a map of
the longitudinal wakefield (red-blue colormap, blue is
accelerating for the positrons). The charge of the
secondary electrons, which were strongly defocused,
dropped to below 0.2% within the AFP region and
is not plotted. The peak accelerating and focusing
wakefields are, on average, 28.5GV/m, and -8.1GV/m,
respectively. Those values are weaker than the ones
observed in the scenario of Sec. 4, but in this case most
of the positrons experience values close to them.

As the positron beam gets focused, its density
increases and it begins to flatten (beamload) the
accelerating wakefield, as can be seen in Fig. 10 (solid
blue under the red lines near ξ ≃ −70 µm). This
beamloading effect allows more uniform acceleration
throughout the beam.

Given the stability of the wakefields, the charge
of the positrons in the AFP region varied less than
0.1% after the initial 2mm. The propagation of the
positrons in the LPA stage leads to the formation of a
positron bunch, resulting from the loss of low-energy
(there are no positrons below 180MeV at the end
of the cm-long plasma) and high-divergence particles,
with an energy core between 3.5GeV and 5GeV, and
with a charge of 4.2 pC, corresponding to a capture
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Figure 10. Lineouts of the plasma accelerating, Ez (blue);
focusing, Er − cBϕ, (orange) wakefields; primary and positron
beams normalized densities, np/n0 (green) and ne+/n0 (purple),
close to the axis and as a function of the co-moving variable,
ξ = z − ct. The AFP region of interest is denoted in red.
Lineouts were taken after the laser and positrons propagated
1.7 mm (dashed lines) and 9.9 mm (solid line) in the plasma.
Propagation direction is from left to right side of the plot.
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Figure 11. 2D plot of the primary electron (green color-map)
and positron (purple) beam densities normalized to the peak
plasma background density, overlapping the longitudinal plasma
wakefield (red-blue).

efficiency ηe+ = 44.5%, the highest among the schemes
considered in this paper. The evolution of the energy
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Table 1. Initial (z = 0 mm) and final (z = 10.20 mm into the
plasma) properties of the positrons within the AFP (r < 20 µm)
region: charge Q, average beam energy, ⟨E⟩, RMS sizes σx,y,z ,
RMS divergence θx,y , and normalized emittance, εx,y . Since the
values in x and y are similar, the average result is presented for
simplicity.

Initial Final

Q [pC] 5.7 4.2
⟨E⟩[GeV] 1.1 1.6
σx,y [µm] 5.59 3.48
σz [µm] 0.47 0.50
θx,y [mrad] 10.1 3.4
εx,y [µm] 32.1 20.7

distribution of the positrons is shown Fig. 12. The
parameters of the positrons in the AFP (r < 20 µm)
are summarized in Table 1, where the initial (z = 0
mm) and final (z = 10.20 mm into the plasma) charge,
average energy, RMS longitudinal and transverse sizes,
divergence, and normalized emittance are given.
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Figure 12. Initial (z = 0 mm, left) and final (z = 10.20 mm
into the plasma, right) positron energy spectra along the radial
direction.

6. Conclusions

In this paper we analyzed, by means of self-consistent
simulations, the performance of different schemes to
realize a compact, laser-plasma-based positron source.
The schemes analyzed rely on a two-stage approach.
The first stage is an LPA that generates a multi-
GeV (primary) electron beam. Positrons are produced
via bremsstrahlung when the primary beam interacts
with a mm-scale high-Z foil. In the second stage
some of the positrons are captured and accelerated
in a plasma wave. These schemes employed laser-
plasma configurations that were either demonstrated
or expected to be demonstrated in the near future. We
considered three positron source setups: (i) a single
LPA-generated primary electron beam produces the

positrons in the foil, then both the primary beam and
the positrons enter the second stage where the beam
generates a wakefield that traps and accelerates some
of the positrons. (ii) A train of two LPA-generated
primary electron beams, which produce positrons in
the foil, are sent into the plasma where the first
beam excites the plasma wakefields that capture and
accelerate some of the positrons produced by the
trailing one on the foil. The positrons from the leading
primary beam as well as the trailing primary beam and
secondary electrons are defocused by this wakefield.
(iii) A single LPA-produced primary electron beam
creates positrons in the foil that are captured and
accelerated in the quasi-linear wakefields generated
by an independent laser pulse powering the plasma
stage. Modeling different beam-foil configurations
showed that there is a trade-off between increasing the
number of created positrons and preserving the quality
the primary electron beam and reducing the divergence
and the transverse size of the positron distribution
after the foil. These properties are mainly determined
by the thickness and the material of the foil, and by the
primary electron beam energy. Additionally, modeling
showed that the positron trapping efficiencies for the
three proposed source configurations is significantly
different. More specifically, for scheme (i) the large
divergence of both the primary electron beam and of
the positrons after the foil, as well as the evolution
of the primary beam in the second stage prevented
most positrons from falling within the AFP region, and
so less than 1% of positron were captured. The two
beam scheme (ii) allowed for approximately 11% of the
trailing positrons to be captured. Finally, the scheme
(iii) demonstrated, potentially, the greatest capture
efficiency, with 44% of the initially produced positrons
captured in the second stage. We point out that the
performance quoted for scheme (iii) should be consider
an upper limit. Realistic performance will need to take
into consideration a scheme to in-couple the laser pulse
and the positrons into the plasma stage. One possible
solution is proposed in Ref. [47], where the authors
discuss a scheme that employs a plasma mirror.

Our results emphasize the need for taking
into account multi-dimensional effects and coupling
between the stages that create, capture, and accelerate
positrons when considering the design of future
plasma-based positron sources suitable for collider
applications.
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Appendix: Details on the GPos code

The code processed the trajectories and interactions
of each of the primary electrons until they lost all
their energy or hit the end of the world using the
physics class QGSP_BERT, which models the physics
of bremsstrahlung and pair production. Only the
data from particles that did not leave the world
transversely, nor had energy as well as longitudinal
momentum below the minimum cutoffs of 5MeV and
5MeV/c, respectively (chosen such that positrons were
relativistic, but slow enough to fall behind the primary
beam after cm-long drifts), nor had distances greater
than 4.0RMS beam sizes from the beam centroid
for the spatial and momentum distributions in all
directions (i.e., that were not outliers), was stored
and processed. Particles were propagated backwards
ballistically by a few µm to reach the same (minimum)
final run time. The particles could also be transported
ballistically during a vacuum drift encompassing a
thin lens focusing the positrons, in the code. The
results, with or without the drift and lens, including the
physical process by which particles were created, were
stored in openPMD (openPMD-api version 0.12.0)
files–compatible with WarpX input format (release
version 21.05). The GPos simulations discussed here
typically run on 1 node (or up to 25 nodes, when using
thicker foils), resulting in a total of 20 (or 100) CPU
cores on the NERSC computer cluster Cori, during less
than 8 (or 30) minutes.
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