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Compact, all-optical positron production and collection scheme

Davide Terzani ,1,* Carlo Benedetti ,1 Stepan S. Bulanov ,1

Carl B. Schroeder ,1,2 and Eric Esarey1
1Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

2Department of Nuclear Engineering, University of California, Berkeley, California 94720, USA

(Received 27 February 2023; accepted 9 October 2023; published 2 November 2023)

In this paper we discuss a compact, laser-plasma-based scheme for the generation of positron beams
suitable to be implemented in an all-optical setup. A laser-plasma-accelerated electron beam hits a solid target
producing electron-positron pairs via bremsstrahlung. The back of the target serves as a plasma mirror to in-
couple a laser pulse into a plasma stage located right after the mirror where the laser drives a plasma wave (or
wakefield). By properly choosing the delay between the laser and the electron beam the positrons produced in
the target can be trapped in the wakefield, where they are focused and accelerated during the transport,
resulting in a collimated beam. This approach minimizes the ballistic propagation time and enhances the
trapping efficiency. The system can be used as an injector of positron beams and has potential applications in
the development of a future, compact, plasma-based electron-positron linear collider.

DOI: 10.1103/PhysRevAccelBeams.26.113401

I. INTRODUCTION

Over the past few decades, a great interest has grown
around laser-plasma accelerators (LPAs) owing to the
possibility of generating accelerating gradients that are
several orders of magnitude larger than that obtainable in
conventional, radio-frequency-based accelerators [1,2].
This makes them attractive candidates as compact drivers
for free-electron-lasers [3,4] or for a high-energy linear
collider [5,6]. In an LPA, an intense laser pulse propagates
in a plasma and separates the electrons from the back-
ground ions via the action of the ponderomotive force
generating a plasma wave (or wakefield). A particle beam
injected into the wakefield at a suitable phase can be
focused and accelerated to ultrahigh energies. Laser-plasma
acceleration of electrons has been demonstrated [7–11] and
the research focus is now shifting toward applications,
high-quality beam production, and shot-to-shot reproduc-
ibility [12]. On the other hand, high-quality, high-efficiency
plasma-based positron acceleration remains a critical chal-
lenge that needs to be addressed in order to enable the
design of a plasma-based eþe− collider [13].
The development of a plasma-based scheme for posi-

tron acceleration presents several difficulties, and the
development of schemes allowing for high-gradient and

high-efficiency acceleration represents an area of active
research. Recently, many plasma-based positron acceler-
ation schemes have been proposed [14–17], but the
production of a positron beam with collider-relevant
parameters (i.e., high-energy and ultra-low emittance)
has still not been demonstrated. In addition, there are
currently no facilities that can produce positron beams for
experiments, which limits the research possibilities. In
order to start future plasma-based positron acceleration
experiments, researchers are currently investigating sev-
eral techniques to generate a positron beam, including pair
production caused by either the passage or the generation
of an electron beam in a solid target [18–23], and pair
creation from the interaction of an electron beam with an
ultraintense laser pulse in the strong-field quantum
electrodynamics regime [24–29]. However, trapping a
positron beam of significant charge remains challenging.
Accumulation rings generate very long particle beams
ð∼mm-scaleÞ that are not suitable to be injected into a
plasma wave since the characteristic wake size, which
depends on the plasma density, is on the order of
10–100 μm for plasma densities in the range
1019–1017 cm−3. The goal of a positron beam injector
is to be able to produce a high-charge and short positron
beam in a single shot. It is desirable to use laser-plasma
accelerated electron beams as a source to generate
positrons as they are available in compact setups and
they naturally comply with the requirement to generate an
ultra-short and high-current particle beam.
In this paper we propose a compact generation and

collection scheme for positrons entirely based on readily
available laser and plasma technology that maximizes the
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positron beam charge trapped in a plasma wave. This
scheme is based on the interaction of a high-energy electron
beam with a solid density foil to produce positrons, which
are subsequently captured and accelerated in the plasma
wave generated by a laser pulse that is in-coupled in an
underdense plasma using a plasma mirror. In Fig. 1 we
show a schematic of the proposed scheme. A 10 GeV LPA-
generated electron beam (also called primary beam)
impinges upon a thick tungsten target rotated by 45°
around the vertical axis and placed close to a supersonic
gas-jet. During the interaction with the solid target, the
electron beam produces eþe− pairs via bremsstrahlung that
exit the target along with the primary beam. The particle
cloud produced in such a process is characterized by quasi-
charge neutrality (i.e., Qe− ≃Qeþ, where Qe− and Qeþ are
the charge of the produced electrons and positrons, respec-
tively) and a large RMS divergence. For a target size of
several radiation lengths, defined as the distance traveled by
a particle when its energy is reduced by a factor 1=e ≃ 0.37
[30], the primary beam is heavily perturbed during the
interaction, resulting in a substantial energy loss and
divergence increase when it reaches the back of the target.
A laser pulse is reflected by a plasma mirror [31,32] located
on the back side of the target along the propagation line of
the incoming particle beam, ionizes the gas ejected from a
gas-jet, and excites a (linear) plasma wave in the plasma.
By properly delaying the beam arrival, the positrons
extracted from the target are directly injected into an
accelerating and focusing plasma wave phase. This phase
of the plasma wave is defocusing for electrons and, hence,
all the primary and secondary electrons are defocused and
lost. Any transport distance between the positron source
and the plasma wave contributes to the loss of a significant
fraction of the positron charge produced [33]. In fact, the
large divergence and broad energy spectrum of particles
generated via bremsstrahlung makes it challenging for
these particles to be transported using conventional

focusing optics. For this reason, it is of paramount
importance to take into account a realistic placement of
the experimental components, as failing to do so could
overestimate the trapping efficiency of the scheme [34].
Conversely, the possibility, unlocked by the plasma mirror,
to generate an accelerating and focusing plasma wakefield
right after the target maximizes the amount of trapped
charge.
This article is organized as follows. In Sec. II, we

describe the bremsstrahlung process and the numerical
tool used to model it. In Sec. III, we discuss the parameters
of the LPA stage. Simulation results for various laser and
plasma parameters are discussed in Sec. IV, with a
particular emphasis on how one can maximize the positron
charge in the final beam. In Sec. V, we draw conclusions for
this work.

II. MONTE CARLO SIMULATION OF THE
BEAM-TARGET INTERACTION

Wemodeled the interaction of an LPA generated electron
beam with a thick tungsten target using a custom code
based on the GEANT4 toolkit [35–37]. The electron beam
parameters are the ones expected in an LPA stage driven by
the BELLA PW laser [38]. We consider a Eb ¼ 10 GeV
electron beam with 0.5% energy spread, normalized emit-
tance εn ¼ 1 μm, and RMS divergence σθ ¼ 0.2 mrad. We
take into account the beam divergence in the GEANT4

simulations as it has an impact on the final positron beam
quality. The beam is modeled via a ballistic propagation of
the particles that travel along the −z direction for 2 cm from
the end of the LPA stage to the tungsten target (radiation
length X0 ¼ 3.5 mm), that is rotated by 45° around the y
axis, as is shown in Fig. 2.
An high-energy electron can generate positrons in a two-

step process when traversing an high-Z solid target. First,
the electron loses energy by emitting a high-energy photon
in the direction of propagation when scattering on a heavy

Plasma

Gas-jet

Laser
pulse

Electron
beam

Solid
target

Plasma
mirror

FIG. 1. Schematic of the positron generation and collection
scheme. An electron beam (coming from the left) hits a thick
tungsten target and eþe− pairs are generated via bremsstrahlung.
A laser pulse (coming from the top) impinges on the back surface
of the target and is reflected by a plasma mirror to the right, where
it excites a plasma wave. Positrons exiting the target (green) are
trapped and accelerated in the wake. The primary beam and
secondary electrons after the target are not represented in the
picture for the sake of clarity.

FIG. 2. Beam-target collision setup simulated in GEANT4. The
incoming electron beam travels along the −z axis (blue arrow)
and hits one side of the tungsten target, rotated by 45°. Secondary
particles are produced and exit the target from the other side.
Electrons trajectories are shown in red, positrons trajectories in
blue. (a) Side view. (b) Top view.
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nucleus. Then, when such photon recoils on one of the
nuclei of the target it may decay into a lepton pair, in
particular a eþe− pair with the highest probability. Such
mechanism is called Bethe-Heitler process and it is the
most probable channel for the production of positrons using
an high-energy electron beam interacting with a thick high-
Z target. An analogous process, named the trident process,
predicts the emission of a eþe− pair when an electron
scatters on the nucleus. However, it was shown [39,40] that
for ultrarelativistic electron beam energies and large target
thicknesses, i.e., Δψ ≳ X0, the probability of such process
is negligible compared to the Bethe-Heitler.
We performed several simulations varying the thickness

of the target in the range 2.8 mm ≤ Δψ ≤ 7.7 mm, i.e.,
0.8X0 ≤ Δψ ≤ 2.2X0 in terms of the radiation length. We
point out that the thickness Δψ is the thickness of the
tungsten target, and the effective distance traveled by one
particle inside the target is ∼

ffiffiffi
2

p
Δψ . The 6D phase space of

the particles exiting the back of the target was then used as
an input to simulate their dynamics in the wakefield
generated by the laser pulse reflected by the plasma mirror.
We emphasize that the positron generation process in the
solid converter is linear with respect to the incoming
electron beam charge, and the number of initial particles
used in GEANT4 is only relevant for a statistical purpose.
Therefore, in this paper, rather than referring to a positron
charge, we will use a dimensionless number, namely the
capturing efficiency Y defined as the ratio of the charge of
the positrons,Qeþ, over the charge of the incoming electron
beam, Q0. Such number defines the capturing efficiency of
the scheme. The definition here presented is the combina-
tion (product) of the efficiencies of the two subprocesses
involved. In fact, particles are generated in the target with
an efficiency Y0 that depends on both the beam and target
parameters. Of all the positrons exiting the target, only a
fraction Y1 have the suitable initial conditions that allow
trapping into the wakefield. Thus, we define the capturing
efficiency as Y ¼ Y0Y1. We point out that the overall
performance of the scheme is not necessarily optimal when
both the number of generated positrons and the wakefield
amplitude at the capturing point are independently opti-
mized. Due to the bremsstrahlung process, an increase in
the overall number of positrons corresponds to a degrada-
tion of the quality of their distribution. Therefore, the
fraction of the produced positron that is trapped into
the plasma is not independent from the characteristics of
the target itself. A definition of capturing efficiency that
takes into account both the charge conversion into the solid
target and the trapping power of the wakefield enables the
optimization of the overall process, that would otherwise
be more challenging if the two separate stages were to be
addressed.
The cloud of secondary particles that is produced in the

target is characterized by the same temporal structure as
that of the incoming electron beam. The transverse size of

the secondary particle distribution increases with the target
thickness due to multiple scattering and, for the values of
Δψ considered for our setup, is in the range
10 μm≲ σr ≲ 100 μm, while the RMS divergence is usu-
ally on the order of σθ ≃ 0.1 rad.
We point out the importance of modeling the positron

production using a Monte Carlo code. Particle generation
via bremsstrahlung in thick targets is an highly complex
process and, to date, no analytical models for the final
particle distributions are available. Simulating realistic
initial beam distribution and positron production exiting
the solid target is the only approach that guarantees
meaningful results. For instance, the assumption consid-
ered in [34] of an initial relativistic anisotropic Maxwellian
distribution inflates the final performance of the scheme as
it models the positron beam having parameters more
advantageous for subsequent capture and acceleration than
can be acquired in experiments.
In the next section we will present simulations of the

dynamics of the produced positrons into the wakefield and
the optimization process that maximizes the trapped posi-
tron charge.

III. DEFINITION OF LASER
AND PLASMA PARAMETERS

Particles generated in an electromagnetic shower typi-
cally present an exponential-like energy spectrum and a
very large divergence due to the multiple scattering they
undergo passing through the solid target. For this reason,
particle capturing in conventional systems is done using
tapered solenoidal magnetic fields that reduce the final
beam divergence by adiabatically increasing the transverse
beam size up to several mm [30]. However, the transverse
acceptance of a plasma accelerator stage is limited by the
waist of the laser driver, typically w0 ≲ 100 μm. The
capturing efficiency of such technique is therefore drasti-
cally reduced and alternatives must be considered to inject
positrons into an LPA stage.
In order to mitigate the particle loss due to the large

production angles, ideally the plasma stage should be
located in the immediate vicinity of the positron source,
so that the produced particles are subject to an accelerating
and focusing field right after leaving the solid target. We
therefore consider using a plasma mirror placed on the back
of the target (realized, e.g., by means of a tape drive) so that
an high intensity laser pulse can be reflected from the target
and generate a plasma in its proximity. In fact, plasma
mirrors reflect substantial amount (> 70%) of the incoming
pulse energy with an intensity I ≃ 1016 W=cm2 [31,32,41],
where we can express I½W=cm2� ≃ 1.4 × 1018a2=λ20½μm� as
a function of the peak normalized laser strength a ¼
eA=mec2 (A is the peak laser vector potential, e is the
unit charge, me is the electron mass, and c is the speed of
light in vacuum) and the laser wavelength λ0. A laser pulse
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coming from a 90° angle, as shown in Fig. 1, impinging on
the plasma mirror is reflected along the propagation axis of
the incoming electron beam. The gas expelled from a gas-
jet nozzle, placed after the solid target, is ionized by the
pulse, a plasma is formed, and a wakefield is generated if
the laser strength and pulse duration are such that a ∼ 1 and
TFWHM½fs� ∼ 42=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0½1018 cm−3�

p
, where n0 is the plasma

density. If the delay between the laser pulse and the electron
beam is properly tuned, it is possible to trap the positrons
produced in the solid target, while all the electrons are
deflected by the defocusing transverse fields.
Assuming a laser waist at focus w0 ¼ 85 μm, yielding a

Rayleigh range ZR ¼ πw2
0=λ0 ¼ 2.8 cm for λ0 ¼ 0.8 μm,

and a pulse intensity on the plasma mirror IPM ¼
3 × 1016 W=cm2, the laser focal point is positioned at
about 4.5 Rayleigh ranges (corresponding to 12.5 cm) from
the mirror, and the laser pulse intensity at focus is
I0 ¼ 6.6 × 1017 W=cm2, which corresponds to normalized
laser strength at focus a0 ¼ 0.55. We consider a plasma
having number density n0 ¼ 1 × 1017 cm−3 and a double-
Gaussian laser with full-width-at-half-maximum (FWHM)
duration TFWHM ≃ 80 fs. Using this set of parameters, the
required laser power and energy are, respectively, P ¼
73 TW and E ¼ 6.2 J.

A. Modeling the dynamics of particles
in a linear wakefield

A laser pulse with intensity I0 < 1018 W=cm2 excites a
plasma wave in the linear regime [1,42]. Such regime is
favorable for positron capturing because a quarter of the
plasma wave is accelerating and focusing for positrons.
LPAs operating in the nonlinear regime provide, in prin-
ciple, larger accelerating gradients than that operating in the
linear regime. However, in the nonlinear regime the wake
region suitable for positron acceleration is small, and,
hence, positron trapping becomes challenging.
We point out that the concept introduced in this paper is

intended as an injection and collection schemes for posi-
trons. Once the positron beam is formed, more advanced
positron acceleration techniques, such as hollow channels
[16] or plasma columns [43], could be used to further boost
the beam energy.
Assuming the space charge effects from the beam to be

negligible, particle dynamics in a linear wakefield can be
modeled using a particle tracker code that evaluates the
analytical solution of the plasma fields. We built a particle
tracker that computes the evolution of the initial particle
phase space subject to the linear wakefield generated by a
linearly-polarized, double-Gaussian laser pulse assuming a
perfect reflection from the plasma mirror and negligible
transient fields. The laser longitudinal profile is ΠðζÞ ¼
exp ð−ζ2=2L2Þ, where L ¼ cTFWHM=2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
logð2Þp

is the laser
duration, ζ ¼ z − cβgt is the comoving coordinate, cβg is
the group velocity of the laser pulse in the plasma, and

ωp ¼ ckp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πe2n0=me

p
is the plasma frequency.

Behind the laser driver, the accelerating and focusing fields
are, respectively,

Ezðr; ζ; tÞ ¼
a2ðtÞ
2

ΘðLÞ exp ½−2r2=w2ðtÞ� cos ðkpζ þ φ0Þ;
ð1Þ

Frðr; ζ; tÞ ¼ Erðr; ζ; tÞ − Bϕðr; ζ; tÞ
¼ −2a2ðtÞ r

kpw2ðtÞΘðLÞ

× exp ½−2r2=w2ðtÞ� sin ðkpζ þ φ0Þ; ð2Þ

where r2 ¼ x2 þ y2, φ0 the initial wakefield phase, and
ΘðLÞ ¼ ffiffiffi

π
p

kpL exp ð−k2pL2=4Þ=2. The electric and mag-
netic fields are normalized to the cold wave breaking limit
E0 ¼ mec2kp=e. In the linear regime, the group velocity of

the laser pulse is βg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ω2

p=ω2
0 − 2c2=ω2

0w
2
0

q
[1],

where ω0 is the laser frequency. Assuming that the ratio
of the laser power over the critical power
P=Pc ¼ ðkpw0a0Þ2=32 ≪ 1, the laser pulse follows the
Rayleigh diffraction, with a normalized strength aðzÞ and
waist wðzÞ given respectively by

aðzÞ ¼ a0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz − z0Þ2=Z2

R

q
; ð3Þ

wðzÞ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz − z0Þ2=Z2

R

q
; ð4Þ

with z0 the location of the laser focus. The field Eqs. (1)–(2)
are evaluated on each particle position that is evolved using
a 4th-order Runge-Kutta temporal integrator. Particles are
propagated in the plasma for D ¼ 25.5 cm ≃ 9ZR.
We point out that, since we are interested in studying the

positron capturing in the linear regime, the laser strength is
limited to values a0 ≲ 0.6, after which the linear wakefield
approximation starts to deviate from the nonlinear result.
Study of the performance of this scheme with more intense
lasers, where the laser-plasma interaction enters the
(mildly) nonlinear regime, requires a numerical expression
for the wake structure. In such mildly nonlinear regimes,
there might exist a favorable working point where the
positron capturing efficiency is increased compared to the
linear regime. We anticipate carrying this exploration and
analysis in a future work.

IV. SIMULATION RESULTS

A. Unguided laser pulse

We computed the evolution of the phase space of the
primary beam and of the secondary positrons and electrons
in the linear wakefield generated by the laser pulse for
several values of the target thickness. For every choice of

DAVIDE TERZANI et al. PHYS. REV. ACCEL. BEAMS 26, 113401 (2023)

113401-4



laser and plasma parameters, the phase φ0 was chosen to
maximize the final number of captured positrons. We then
introduced a metric that determines an optimal thickness by
counting the number of positrons that at the end of the
simulation gained at least ΔE ¼ 50 MeV. As discussed in
Sec. II, the efficiency of the scheme is given by Y ¼
Qeþ=Q0, and the actual final positron charge scales linearly
with the primary beam charge as long as beamloading
effects are negligible.
In Fig. 3 we show the efficiency Y versus the target

thickness. There is a maximum around Δψ ¼ 4.9 mm,
where the positron charge amounts toQeþ ≃ 9.2 × 10−2Q0,
although the efficiency is weakly dependent on the thick-
ness in the range 4 mm≲ Δψ ≲ 6 mm.
For any given incoming beam parameters, the optimal

target thickness is determined by two competing processes.
A thicker target yields more positrons as long as their
absorption probability remains low, i.e., Δψ ≲ 5X0 for
E ¼ 10 GeV, at the same time determining an higher final
RMS divergence due to the multiple scattering. On the
other hand, a smaller thickness produces higher quality
positron beams with a reduced charge. An optimal working
point can therefore be found in between the two extremes,
when an high number of positron is produced with a low
enough divergence that allows the particle to be trapped
into the wakefield without escaping from the sides.
In the following, we choose Δψ ¼ 4.9 mm and analyze

the corresponding dynamics of the secondary particles in
the wakefield. Note that all the electrons, either from the
primary beam or produced in the target, are deflected
away by the defocusing transverse force of the plasma
wakefield, so none are detected within the plasma wave at
the end of the simulation. On the other hand, a significant

fraction of the positrons experience a focusing and accel-
erating field, with a net energy gain that is visible in the
difference between the initial and final energy spectra
depicted in Fig. 4.
It is of interest to look at a single positron energy slice

rather than the whole spectrum, because we can optimize
a subsequent magnetic transport line for the accelerated
positrons. To minimize the chromatic effects of the
transport line on the beam we limit the energy spread
of the slice to 5%. This is an arbitrary choice aimed at
finding a balance between the final beam charge and the
requirements of a transport line. Thus, we selected the
5% energy slice of the final spectrum that contains
the maximum positron charge and, for the rest of the
paper, we will refer to those particles as a positron beam.
Considering only positrons with final energies E0 ¼
205� 5 MeV, we obtain Y ¼ 8 × 10−3, e.g., a positron
charge Qeþ ¼ 0.8 pC for an initial electron beam charge
Q0 ¼ 100 pC. We point out that this value is orders of
magnitude higher than the ones achieved by other LPA-
based schemes discussed in the literature [20,23,29], and
it is obtained employing currently available PW-class
laser technology. The main reason of such boost in the
capturing efficiency of our scheme is the spatial over-
lapping of the plasma stage with the bremsstrahlung-
produced positrons that is enabled by the use of the
plasma mirror. In Fig. 5 we show the evolution of the
longitudinal momentum of the positron beam.
Throughout the propagation, the energy gain of the
particles is ΔE ≃ 50 MeV, demonstrating an average
accelerating gradients Eg > 0.2 GeV=m.
It is possible to boost the accelerating gradient by

operating in a regime where the laser pulse self-focuses
during the propagation. The maximum amplitude of a

FIG. 3. Capturing efficiency of the scheme in function of the
thickness of the solid target. Positrons are counted at the end of
the propagation length D ¼ 25.5 cm, by selecting only particles
that gained an energy ΔE ≥ 50 MeV. The efficiency Y ¼
Qeþ=Q0 is defined as the ratio of the measured positron charge
over the initial electron beam charge. The efficiency reaches its
maximum Y ≃ 9.2 × 10−2 at Δψ ¼ 4.9 mm; however, the effi-
ciency varies slowly over target thicknesses of several mm.

FIG. 4. Comparison of the energy spectrum of the positrons
right after they leave the tungsten converter (gray) and after the
propagation into the plasma (black) having total length
D ¼ 25.5 cm. We can see a net energy gain that shifts the
energy peak from ∼40 MeV to ∼200 MeV. To compute the
spectra we only consider particles with a minimum total energy
gain ΔE ≥ 50 MeV.

COMPACT, ALL-OPTICAL POSITRON PRODUCTION … PHYS. REV. ACCEL. BEAMS 26, 113401 (2023)

113401-5



laser pulse impinging on a plasma mirror is limited by the
technology of the mirror itself. On the other hand, we can
freely increase the laser waist and make use of the pulse
self-focusing to enable higher intensities at focus. For a
given distance between the plasma mirror and the focal
point, the capturing efficiency scales as Y ∝ w2

PM, where
wPM is the laser waist at the plasma mirror, for a laser size
smaller that the size of the particle beam, and it saturates
to a maximum value when the laser size is larger than the
particle beam size. In the case under consideration, the
laser impinging on the mirror is much larger than
the positron cloud at the back of the target, therefore
we do not expect any increase in capturing efficiency
when increasing the laser waist. However, future plasma
mirror technologies could enable reflection of laser pulses
with higher intensities, allowing the focal point to be
moved closer to particle source and improving the
capturing efficiency.
In addition to the laser parameters considered in Sec. III

A, as an additional example we also simulated the evolution
of a laser having duration TFWHM ¼ 80 fs, waist at focus
w0 ¼ 120 μm and strength a0 ¼ 0.6 in a uniform plasma of
density n0 ¼ 1 × 1017 cm−3 using the fluid modality of the
code INF&RNO [44,45]. For these parameters, pulse self-
focussing is not negligible, although we verified that,
throughout the evolution, the generated wakefield is repro-
duced by the linear formulas in Eqs. (1) and (2) within a
< 5% error. The final energy slice E0 ¼ 438� 11 MeV,
contains a charge Qeþ=Q0 ¼ 8 × 10−3. Compared to the
case presented previously, the higher pulse intensity at
focus results in an higher average accelerating gradient that
reaches Eg > 0.6 GeV=m. During the beam evolution, the
captured beam normalized emittance saturates to a final
value εn ≃ 90 μm and is kept constant throughout the
propagation. In fact, the beam spot size is much smaller

than the laser waist, thus particles experience a linear
focusing field which preserves emittance.

B. Increasing the interaction length using
a plasma channel

In the configuration discussed in the previous section the
positron energy gain was limited by laser diffraction. The
beam energy gain can be increased by guiding the laser
over distances much longer that its Rayleigh diffraction
length. Here we consider the performance of the scheme
when a parabolic plasma channel starting at the location of
the laser focus is used. Within the plasma channel the
transverse density profile is given by nðrÞ=n0 ¼ 1þ αr2,
with the matched value of the channel depth α ¼ αM ¼
4=k2pw4

0. Hence, the laser waist evolves according to Eq. (4)
when propagating from the plasma mirror to the focal point,
and it remains constant to the focal value w0 ¼ 85 μm once
in the channel. The positron beam is trapped into the
wakefield undergoing a prolonged acceleration phase, thus
reaching higher energies that are only limited by the beam
dephasing (in this regime the laser depletion length is of the
order of ∼102 m [46]). In Fig. 6 we compare the final
energy spectrum obtained propagating the same laser
pulse defined in Sec. III A (a0 ¼ 0.55, w0 ¼ 85 μm and
TFWHM ¼ 80 fs) in a uniform plasma (unguided, black line)
and in a parabolic plasma channel (guided, red line),
respectively. It can be seen that in the latter case the energy
gain is greatly increased owing to the longer interaction
length D ¼ 51 cm. We selected a 5%-energy spread slice
around the final energy E0 ¼ 734 MeV, measuring an
efficiency Y ¼ 8 × 10−3, and compared the dynamics of
the same set of particles in the guided and in the unguided
case. As it is shown in Fig. 7, after the laser focal point
the accelerating gradient remains close to its maximum
value and the positron beam accelerates until it reaches

FIG. 5. Evolution of the longitudinal momentum of the
positrons with a final energy E0 ¼ 205� 5 MeV. The shaded
red region contains the pz � σpz=2 values. This particular
set of particles experiences an average accelerating gradient
Eg > 0.2 GeV=m.

FIG. 6. Comparison between the final energy spectra obtained
respectively in the unguided and in the guided case. The final
particle energy is considerably increased owing to the longer
propagation in the plasma ðD ¼ 51 cmÞ and the higher accel-
erating gradient.
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dephasing, which for this particular set of parameters
happens farther than the simulated 51 cm, and, as expected,
the final energy is higher than in the unguided case.
Overall, we can estimate an average accelerating gradient
Eg ≃ 1 GeV=m. Furthermore, channeling the laser pulse
confines the beam for a longer distance lowering the final
positron divergence. In Fig. 8, we show the evolution of the
normalized emittance and of the spot size of the positron

beam trapped in the wakefield in the guided case. After a
transient phase during which the emittance increases due to
phase mixing and nonlinearities in the focusing fields, its
value εn ≃ 80 μm is preserved during the propagation.
Conversely, after the focal point the spot size σx slowly
decreases as the energy increases reaching σx ≃ 20 μm.

V. CONCLUSIONS

We presented a positron generation and collection
scheme that is based on currently available LPA technology
and that does not rely on any conventional focusing optics.
The setup includes a 45° rotated solid target to which a
plasma mirror is attached. This particular configuration
maximizes the number of positrons that are trapped in the
wakefield by minimizing the distance between the positron
source and the wakefield that traps them.
For a laser pulse exciting a wakefield in the linear regime,

namely characterized by a0 ¼ 0.55 and w0 ¼ 85 μm, trav-
eling in a uniform plasma of density n0 ¼ 1 × 1017 cm−3,
our modeling shows how the wakefield generated by such
pulse is able to accelerate a number of positrons up toQeþ ¼
8 × 10−3Q0 within a 5% energy spread around the final
energy E0 ¼ 205 MeV. Over a propagation length of
D ¼ 25.5 cm, the beam experiences an average accelerating
gradientEg ≈ 0.2 GeV=m. By increasing the laser waist and
strength to w0 ¼ 120 μm and a0 ¼ 0.6, respectively, the
average accelerating gradient reaches Eg ≈ 0.6 GeV=m.
Finally, we showed that a plasma channel placed at the laser
focal point improves the performance by increasing the total
interaction length and confining the positron beam into the
maximum accelerating field throughout the propagation. We
have shown how the average accelerating gradient using a
plasma channel reaches Eg ≈ 1 GeV=m, and yields a final
positron energy on the order of E0 ∼ 1 GeV, with a final
value limited by the beam dephasing.
The use of a plasma mirror significantly boosts the

capturing efficiency compared to laser or beam-based
positron generation systems. Additional improvement to
the final performance of the scheme is possible. For
example, improved plasmamirror technology could enable
reflection of laser pulses even closer to the focal point,
increasing the capturing efficiency of the wakefield at the
particle production source. The capabilities of this scheme
could also be explored in mildly nonlinear regimes, where
the stronger accelerating and focusing power of the wake-
field could yield a higher capturing efficiency, a higher
final energy, and improved beam quality preservation
during the propagation.
This method of laser-based positron beam generation

could be coupled with beam cooling methods to address the
intrinsic high emittance of the bremsstrahlung-generated
positron beam. Such a system would make available a
compact source of positron beams to test various plasma-
based positron acceleration schemes.

FIG. 7. Comparison between the evolution of the longitudinal
momentum of the same set of particles in the unguided and the
guided case. The vertical black dashed line represents the laser
focal point, where the plasma channel starts. Particles are selected
such that their final energy in the guided case is E0 ¼
734� 18 MeV. The shaded regions contain the pz � σpz=2
values. In the guided case, the accelerating gradient remains
almost constant throughout the evolution owing to the laser driver
not diffracting. Eventually, the maximum achievable energy is
limited by the beam dephasing. This particular selection of
particles contains a charge Qeþ ¼ 8 × 10−3Q0.

FIG. 8. Evolution of the normalized emittance and the spot size
of the positron beam when a matched plasma channel is used to
guide the laser pulse. The vertical black dashed line represents the
laser focal point, where the plasma channel starts. After a
transient phase, the emittance saturates to εn ≃ 80 μm and the
spot size slowly decreases to σx ≃ 20 μm.
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