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Creation of electron-positron plasmas in the lab
state-of-the-art: from conventional to laser-based e+ sources

• Conventional sources:

β+decay of radioactive isotopes (22Na, 58Co, 64Cu) 
e- beam stopped in a high-Z absorber 
undulator-based high-energy γ photons in a high-Z absorber

UHI lasers can be used to generate a large 
number of positrons:
- Cowan et al., Laser Part. Beams 17, 773 (1999)
- Ghan et al., Appl. Phys. Lett. 77, 2662 (2000)
- Chen et al., Phys. Rev. Lett. 102, 105001 (2009) e+ e+
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E lectron–positron (e! /eþ ) plasmas are emitted, in the form
of ultra-relativistic winds or collimated jets, by some of the
most energetic or powerful objects in the Universe, such as

black holes 1,2, pulsars3 and quasars4. These plasmas are
associated with violent emission of gamma-rays in the form of
short-lived (milliseconds up to a few minutes) bursts, which are
among the most luminous events ever observed in the Universe.
These phenomena represent an unmatched astrophysical
laboratory to test physics at its limit and, given their immense
distance from Earth (some more distant than several billion light
years), they also provide a unique window on the very early stages
of our Universe5–7. Arguably, one of the most intriguing
questions is how these gamma-ray bursts are produced. It is
generally accepted that gamma-ray bursts should arise from
synchrotron emission of relativistic shocks generated within an
electron–positron beam8,9. This radiative mechanism requires a
strong and long-lived (t # 1; 000o! 1

p , with op being the
electron–positron plasma frequency) magnetic field; however,
Weibel-mediated shocks generate magnetic fields that should
decay on a fast timescale ðt ’ o! 1

p Þ due to phase-space mixing9.
Also, diffusive Fermi acceleration, a proposed candidate for the
acceleration of cosmic rays9, requires magnetic field strengths that
are much higher than the average intergalactic magnetic field
(CnT)10. These and other questions could be addressed by ad
hoc laboratory experiments; however, the extreme difficulty in
generating e! /eþ populations that are dense enough to permit
collective behaviour11,12 is still preventing laboratory studies and
the properties of this peculiar state of matter are only inferred
from the indirect interpretation of its radiative signatures and
from matching numerical models. The intrinsic symmetry
between negatively charged (e! ) and positively charged (eþ )
particles within the plasma makes their dynamics significantly
different from that of an electron-ion plasma or from a purely
electronic beam. In the first case, the mass symmetry of the
oppositely charged species induces different growth rates for a
series of kinetic and fluid instabilities13, and significantly affects
the possibility of generating acoustic or drift waves. In the second
case, the overall beam neutrality forbids the generation of
current-driven magnetic fields that would hamper the onset of
transverse instabilities.

Different schemes have been proposed for the laboratory
generation of e! /eþ plasmas: in large-scale conventional
accelerators, the possibility of recombining high-quality electron
and positron beams via magnetic chicanes14 is envisaged and a

different approach is foreseen in confining low-energy positrons
using radioactive sources with Penning traps11,15. The proposed
APEX experiment12 builds on this idea, accumulating a large
number of positrons in a multicell Penning trap, before injection
into a stellarator plasma confinement device. The major challenge
of these schemes is the recombination of these separate electron
and positron populations. Alternative schemes have been
proposed in which electrons and positrons are generated
in situ16–21, thus avoiding the aforementioned recombination
issues. Despite the intrinsic interest of these results, the low
percentage of positrons in the electron–positron beam (of the
order, if not o10%) and the low-density reported (collision-less
skin depth much greater than the beam size, forbidding plasma-
like behaviour) prevent their application to the laboratory study
of e! /eþ plasmas. All these previous experimental attempts have
thus not been able to generate e! /eþ beams that present charge
neutrality and a plasma-like behaviour, both fundamental pre-
requisites for the laboratory study of this state of matter14.

We report here on the first experimental evidence of the
generation of a high-density and neutral electron–positron plasma
in the laboratory. Its high density ne! =eþ ’ 1016cm! 3

! "
implies

that the collision-less skin depth in the plasma is smaller than the
plasma transverse size effectively allowing for collective effects to
occur. These characteristics, together with the charge neutrality,
small divergence ye! =eþ & 10! 20 mrad

! "
, and high average

Lorentz factor (gAVE15 with a power-law spectral distribution,
comparable to what observed in astrophysical jets22) finally open
up the possibility of studying the dynamics of e! /eþ plasmas in a
controlled laboratory environment.

Results
Experimental setup. The experiment (shown schematically in
Fig. 1a) was carried out using the ASTRA-GEMINI laser system
at the Rutherford Appleton Laboratory23, which delivered a laser
beam with a central wavelength lL¼ 0.8 mm, energy on target
ELE14 J and a duration of tL¼ 42±4 fs. An f/20 off-axis
parabola focussed this laser beam (focal spot with full-width
half-maximum (27±3 mm) containing B60% of the laser energy,
resulting in a peak intensity of C3( 1019W cm! 2) onto the
edge of a 20-mm-wide supersonic He gas jet doped with 3.5% of
N2. A backing pressure of 45 bar was found to be optimum in
terms of maximum electron energy and charge of the accelerated
electron beam as resulting from ionization injection24,25 in the
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Figure 1 | Experimental setup. (a) The laser wakefield-accelerated electrons (green spheres) impact onto a solid target, initiating a quantum
electrodynamic cascade involving electrons, positrons (red spheres) and photons (blue sinusoids). The escaping electrons and positrons are separated and
spectrally resolved using a magnetic spectrometer (details in the text) and a pair of LANEX screens. Plastic and lead shielding was inserted to reduce
the noise on the LANEX screens as induced by both the low-energy electrons and gamma-rays generated, at wide angles, during the laser–gas and
electron–solid target interactions. (b) Typical measured spectra of the electron beam without the solid target. Dashed green lines depict single-shot
electron spectra, whereas the solid brown line is an average over five consecutive shots. (c) Typical positron signal, as recorded by the LANEX screen, for
0.5 cm of Pb. The image is to scale. The white dashed lines depict the projection of the magnet gap, whereas the grey dashed lines depict the position
of 0.2, 0.5 and 1GeV positrons on the LANEX screen.
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• Laser-based sources:
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The Particle-In-Cell (PIC) Method
capture collective effects by solving the Vlasov-Maxwell Eqs.

@tE = �J+r⇥B

@tB = �r⇥E

r ·E = ⇢

r ·B = 0

• Maxwell’s Eqs. are solved on the grid:

E B J⇢
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Lobet et al., arXiv:1311.1107 (2013) 
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The QED-PIC code: a central tool for the CILEX/
Apollon 10PW laser projectFrom Ultra-High to Extreme Intensities
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Pair plasma production at CILEX/Apollon
head-on GeV-electron - PW laser collision

Generation of high-energy electron-positron beams in the collision of a

laser-accelerated electron beam and a counter-propagating multi-PW laser

M. Lobet,1, 2, ⇤ X. Davoine,1, † E. d’Humières,1 and L. Gremillet1, ‡

1CEA, DAM, DIF, F-91297, Arpajon, France
2CELIA, UMR 5107, Université de Bordeaux-CNRS-CEA, 33405, Talence

Testing quantum-electrodynamics production of pairs via the nonlinear Breit-Wheeler process
in the collision of a wakefield GeV electrons with a counter-propagating high-intensity lasers up
to 1022 Wcm�2 will be accessible with soon available multi-beam high-power facilities in an all-
optical configuration. We demonstrate and analyze the positron generation in term of charge, beam
divergence and energy for di↵erent laser parameters in the framework of the future laser facilities
using integrated 3D Particle-In-Cell simulations.

The generation of dense and relativistic positron beams
is of great interest for particle physics as injection sources
for accelerators and for material physics as a probing
source. Pair plasma flows are also involved in power-
ful astrophysical events (Black holes, pulsar quasars and
gamma-ray burst) but the production of dense enough
pair plasma flows for laboratory experiments is still a
key-challenge for the community. The use of short, ultra-
intense lasers is certainly the most promising path to this
quest as shown by di↵erent schemes emerged the last
few year. In the first approach, high-Z targets of sev-
eral cm thickness is irradiated by an intense laser pulse
of intensity ⇠ 1020 Wcm�2, the production of pairs,
1016 particles/cm�3 comes from the Bethe-Heitler con-
version of the bremsstrahlung �-photons emitted from
laser-accelerated hot electrons [1, 2]. In an alternative
approach, a neutral pair plasma, with higher energy and
divergence, but lower duration and transverse size is cre-
ated via an electron beam generated by laser-wakefield
acceleration send in a high-Z target [3, 4]. With the de-
velopment of 10-PW lasers, such as ELI [5], being able to
reach extreme intensities up to 1023 Wcm�2, we expect
the quantum-electrodynamics generation of pairs via the
nonlinear Breit-Wheeler decay of �-photons emitted by
nonlinear Compton scattering [6, 7]. The production of
dense neutral and relativistic pair plasma flows may be
realized in gas jets and thin foils[8, 9] or using the pair
cascading from a seed electron [10]. The most accessi-
ble QED production of positrons in a near-future will
be based on the collision of relativistic electrons with
a counter-propagating high-power lasers [11]. Such a
scheme have already been experienced at SLAC with the
collision of a 46 GeV electron beam with a 1018 Wcm�2

laser [12] and the experience is planned to be reproduced
with present acceleration threshold [13]. An all-optical
scheme will be possible with the next generation of multi-
PW lasers composed of several laser beam lines. Such
a scheme has already proved to be a significant source
of collimated �-rays [14–19], first step before the pair
creation. In the future facility Apollon [20], the 2-PW
laser could be used for the generation of laser-wakefield
accelerated GeV electrons and the pair creation could

be therefore achieved in the collision with the second
10-PW laser. With a laser of 15J, 30 fs, waist at full
width at half maximum of 23 µm, the scaling of Lu et

al. [21] gives an electron beam of charge 1 nC and en-
ergy of 2 GeV. We use a simple reduced kinetic model
to estimate the pair production rate, the 10-PW laser fo-
cused on few µm, of 15 fs duration will reach an intensity
of 1023 Wcm�2 which can be considered as the limit of
Apollon. In this case, each electron will generate around
20 �-photons and 0.5 pairs. Finally, the interaction will
lead to the creation of an almost neutral pair plasma of
charge similar to the initial electron beam with an energy
of several hundred of MeV. In this paper we propose for
the first time a full and detailed analysis, based on 3D
Particle-in-Cell (PIC) simulations, of this configuration
in the framework of the Apollon-laser configuration. This
paper constitutes a guideline for future experiments that
will be soon possible with di↵erent facilities. In the first
part, the generation of the electron beam is discussed.
Then, The physics of the interaction is described in the
following part using a first simulation of reference. In
the second part, we address the influence of the laser
parameters (focal spot and intensity) on the pair beam
properties (charge, divergence and energy). We demon-
strate that the laser temporal profile play significant role
in the total production rate and the final positron beam
energy, as for the laser focal spot and the intensity they
strongly impact the beam divergence. Our conclusion
consequently contains optimization advises for future ex-
perimentations and applications.

Numerical tools - Our study uses the combination of
two di↵erent 3D-PIC codes. The laser wakefield ac-
celeration is simulated using the quasi-axisymetric code
CALDER-Circ [22] based on a cylindrical discretization
of the maxwell equations. The generated electron beam
is therefore captured and transfered to the second PIC
code CALDER [23], based on a Cartesian discretization
enriched with the QED processes of radiation emission
and pair production [24] following Refs. [25, 26]. A geo-
metrical converter is used for the transition.

Generation of a 3-GeV electron beam with the first 1

PW Apollon laser - The first step is the generation of the

TEASER

Acceleration laser
15 J - 30 fs 

FWHM 23 μm

Q ~nC
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Collisionless shocks in electron-positron plasmas
an ubiquitous process in astrophysics
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How to create a dense electron-positron plasma in 
the lab: pair creation from electron-photon scattering

nonlinear  
Compton  
scattering

multi-photon 
Breit-Wheeler 

process

Ridgers et al., Phys. Rev. Lett.108, 165006 (2012)



Collisionless shocks in electron-positron plasmas
using extreme-light laser pulses



Collisionless shocks in electron-positron plasmas
using extreme-light laser pulses

- synchrotron emission of ! 
photons & back-reaction 
- Breit-Wheeler multi-photon 
process for positron generation
Lobet et al., arXiv:1311.1107 (2013) 

Upgraded QED-PIC 
code CALDER

Laser: amplitude a0=800 (8.9x1023 W/cm2), 
plane wave (1m), Gaussian time profile with 
125/ω0 (65 fs) FWHM, linear polarization

Target: 5 μm thick (with 2 μm preplasma) 
fully ionized Al13+

Domain: 81x15 μm2 = 3000x500 cells 
with periodic transverse boundary cond.

Comp. time: 72 hours over 2000 proc.,
using MPI domain decomposition 

Physical & Numerical Parameters
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FIG. 1. (a) Transversely averaged particle densities at the
rear of the left target prior to the collision (ω0t = 555).
(b) Time evolution of the total radiated energy (blue) and
power (red) normalized to the laser energy. (c,d) Electron
and positron px − py phase spaces at the center of the pair
plasma (x = 155c/ω0) prior to the collision (ω0t = 555).

targets irradiated by two laser pulses coming from both
sides of the domain. The physical parameters are cho-
sen so as to maximize the size to skin-depth ratio of the
pair plasmas with a laser energy of about 100 kJ. The
linearly-polarized laser pulses have a 1µm wavelength, a
64 fs (120ω−1

0 , where ω0 is the laser frequency) FWHM
duration and a peak intensity I0 = 8.9 × 1023 Wcm−2

(i.e., a normalized field amplitude a0 = eE0/mecω0 =
800). Since optimum pair production occurs near the
relativistic transparency threshold (ne ∼ a0nc, where
nc ≃ 1.1× 1021 cm−3 is the critical density) [32], the tar-
gets are taken to be fully-ionized, solid Al foils of electron
density ne = 780nc and thickness 5µm. A 2-µm density
ramp is added on their front sides to mimic prepulse ef-
fects. They are placed symmetrically at a distance of
200c/ω0 (32µm) from the center of the domain. The
latter has dimensions 510c/ω0 (81µm) in x and 90c/ω0

(14.5µm) in y, with mesh size ∆x = ∆y = 0.05c/ω0.
Each cell initially contains 50 macro-particles per species,
giving a total number of 3 × 108 macro-particles in the
domain. The inflating number of particles and photons
due to QED cascading [23] poses a severe computational
burden, which restricts the simulation to a 2-D geometry.

Laser-driven pair generation proceeds similarly to that
described in Refs. [23, 24, 32], so we only outline its
main features. Figure 1(a) shows that, at the end of
the laser-plasma interaction (ω0t = 555), a neutral e−e+

jet has formed behind each target, with maximum den-
sity nmax ≃ 45nc at ω0x/c ≃ 160. The jet FWHM
(τj ∼ 80ω−1

0 ) is somewhat shorter than the laser du-
ration owing to the rapid drop of the e−e+ emission rate
with decreasing laser intensity [33]. Closer to the tar-
get, the density of expanding ions rises, and hence the

FIG. 2. (a,b) Magnetic field (averaged over a laser cycle) in
the overlap region at ω0t = 615 and ω0t = 705. (c) Positron
density at ω0t = 705. (d) Time evolution of the electromag-
netic energies (normalized to the laser energy) integrated in
the overlap region and comparison with the theoretical growth
rate (dashed line).

electron density exceeds the positron density to ensure
charge balance. The jet particles are characterized by
broad, space-dependent momentum distributions, as par-
tially illustrated in Figs. 1(c,d), which display the px−py
phase spaces near the density maximum (ω0x/c ∼ 155).
The most energetic particles are located at the front
(ω0x/c ∼ 250) with mean Lorentz factors ⟨γ−⟩ ∼ 550
for the electrons (close to the ponderomotive scaling
⟨γ−⟩ ∼

√

1 + a20/2) and ⟨γ+⟩ ∼ 1100 for the positrons.
The factor of ∼ 2 between ⟨γ+⟩ and ⟨γ−⟩ stems from the
energy boost provided by the rear-side sheath potential
set up by the (denser) fast electrons [24]. This forward-
acceleration results in greater collimation of the positrons
(⟨θ2+⟩1/2 ∼ 0.13) relative to the electrons (⟨θ2−⟩1/2 ∼ 0.6).
The e−e+ energies decrease deeper into the flow, reach-
ing ⟨γ−⟩ ∼ 250 and ⟨γ+⟩ ∼ 600 around the density maxi-
mum. The electron cooling may result from the pondero-
motive steepening of the irradiated surface [34].

Besides pair generation, the target as a whole is ac-
celerated during the interaction. The fastest Al13+ ions
originate from the target front: after being driven by the
laser radiation pressure, they are further accelerated by
the sheath field in the wake of the positrons, with maxi-
mum x-momentum px/mic ≃ 0.9. The rear-side ions are
slower (px/mic ≃ 0.5) since they experience the sheath
field only.

Overall, 65% of the laser energy is converted into high-
energy radiation, 5% into positrons, 7% into fast elec-
trons and 10% into fast ions, yielding a total absorption
fraction of 90%. On the numerical side, 6 × 109 macro-
photons are created during this phase.

The two e−e+ jets make contact at the center of the

n+ ⇠ n� ⇠ 45
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Filament properties & Magnetic field 
at saturation

Saturated B-field & filament width in the
simulation:

Bz,sat ⇠ 150 me !0/e ⇠ 1.5 MT

�sat ⇠ 20 c/!0

�th ' 2⇡
p
h��i/n� ⇠ 14 c/!0

Simple estimates (in the Alfen limit):
Bz,th '

p
2h��in� ⇠ 105

n+

Bz

n�

Magnetic instability growth rates

Simulation & theoretical growth rates:
�sim ⇠ 0.24 !�1

0

�wb ⇠ 0.2 !�1
0

Cold fluid theory (ultra-relativistic limit):

Multi-waterbag approach:
�cf ⇠ 0.5 !�1

0

Magnetic nature of the instability:
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Phase-space (px,py) & distribution 
functions at the end of the collision

- isotropic (electron & positron) distribution
- significant thermalization: the distribution 
functions approach Maxwell-Jüttner distr.
- lowest energy electrons (!<50) are not 
thermalized
- equilibrium between the temperatures not 
yet achieved:

T+ ⇠ 85 MeV > T� ⇠ 63 MeV
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w/out radiation, filament are wider and more diffuse

Radiation enhanced compression

with radiation without radiation 

- radiation enhances compression:
- but still the shock is not formed:


noRR

⇠ 2.4


RR

> 
noRR

RR < 3

RR ⇠ 2.85

(1) Radiation emission during LPI
 

(2) Synchrotron radiation during collision:

- synch. emission corresponds to 60% of the 
incoming e- & e+ incoming energy

- ultra-relativistic e- & e+ (!>200) lose 50% of 
their energy in less than 25 fs (~100 B-field)
(3) latest time: ion-ion collision with weak rad.

Radiated energy vs. time

�� ⇠ 0.06 , �+ ⇠ 0.1
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Bz ⇠ 300 me!0/e ⇠ 3.3 MT

Ion isotropization

Isotropization nearly achieved, yet no 
thermalization.

No compression observed: 
ion

⇠ 2.0
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Significant compression ensues from the slowing down
and isotropization of the jets. The space-time evolution
of the averaged positron density reveals that, in the radia-
tive case [Fig. 4(a)], a peak density of 128nc is reached
at ω0t ≃ 685 in the overlap zone, corresponding to a
compression ratio ∼ 2.85 relative to the unperturbed jet
density (∼ 45nc). This compression, however, is not sus-
tained at later times due to the decreasing power flux
carried by the jets. Note that, similarly to what oc-
curs in hydrodynamics, the density jump condition of
a fully-formed, radiative collisionless shock is expected
to be larger than that of a non-radiative shock (∼ 3 for
a 2-D relativistic gas). A detailed study of radiative,
Weibel-mediated shocks is left for a future work. Neglect-
ing radiation [Fig. 4(b)] entails higher particle losses, a
weaker compression (×2.4) and a much shorter confine-
ment time (∼ 100ω−1

0 ) than in the radiative case, where a
dense structure (∼ 70nc) survives over a time >∼ 500ω−1

0 .
Let us now briefly discuss the ion-ion collision, which

starts at ω0t = 705. The fastest ions, with px ≃ 0.9mic,
gyrate in the magnetic fluctuations Bz ≃ 100meω0/e
with a radius rLi

<∼ 34c/ω0, close to the filament size.
The ions therefore undergo strong scattering/pinching,
as shown in Fig. 5(a) at ω0t = 750. The magnetized
filaments are subsequently squeezed into a thin rippled
structure around the contact surface [Fig. 5(b)]. The
compression enhances the peak magnetic field up to
Bz ≃ 300meω0/e at ω0t ≃ 950, slightly increasing the
total magnetic energy [Fig. 2(e)]. Steady, if weak, syn-
chrotron emission by the accompanying magnetized elec-
trons then ensues, yielding the third radiating phase in
Fig. 2(f). The averaged ion density in the central region
grows up to a maximum ∼ 30nc at ω0t ∼ 1095 [Fig. 5(c)].
This value is only twice the maximum density (∼ 15nc)
of each ion beam, so that there is no evidence of an ion
shock despite the isotropization and partial thermaliza-
tion observed in the central region [Fig. 5(d)].

Our idealized plane-wave setup involves a total laser
energy of ∼ 2 × 120 kJ, assuming a focal spot D0 =
90c/ω0 for each pulse. Taking into account the radial
expansion of the particles, the on-axis jet density should
weakly decrease (at worst by a factor ∼ 2) up to a dis-
tance xd ∼ D0/2

√
2⟨θ2⟩1/2 from the target. Further

away, it should drop as n(x) ∼ nmax(xd/x)2 due to an
increasing transverse size D(x) ∼ 2

√
2⟨θ2⟩1/2x [38]. Es-

timating the effective dispersion angle as the γ-weighted
average of the e−e+ values, one obtains ⟨θ2⟩1/2 ∼ 0.3
and xd ∼ 100c/ω0. The product Dn1/2 being inde-
pendent of x, the number of unstable filaments should
weakly depend on the position, xc, of the collision plane.
However, the shock formation time, τsh, should scale as
n−1/2 ∝ xc/xd for xc > xd, and thus could exceed the
interaction time, τj . The experimental reproduction of
the simulation results (τj ≃ 80ω−1

0 , τsh ≃ 50ω−1
0 ) with a

similar laser drive (∼ 250 kJ) would then require a tar-
get separation below 2xd ∼ 200c/ω0, yet larger than the

FIG. 5. (a) Ion density at time ω0t = 750. (b) Magnetic
field (averaged over a laser cycle) in the overlap region at
ω0t = 1095. (c) Time evolution of the ion density averaged
over y. (d) Ion px − py phase space at ω0t = 1095.

shock width ∼ 100c/ω0 [Fig. 3(d)].
In conclusion, we have presented the first integrated

simulation gauging the potential of future extreme-
intensity lasers to trigger e−e+ pair shocks. We have
shown that the collective interaction of two e−e+ jets
created from solid targets by 60 fs, 120 kJ lasers is able
to thermalize a significant part of the bulk jet energy, yet
failing to spawn a fully-developed, propagating shock due
to too short an interaction time. An important finding
is that the synchrotron emission induced in the magnetic
turbulence (> 106 T) dissipates ∼ 60% of the kinetic en-
ergy in a few tens of fs. These radiative losses speed up
the thermalization of the jets, and enhance their mag-
netic confinement and compression. This novel, laser-
specific interaction regime contrasts with the standard
scenario of astrophysical shocks, where radiation losses
occur deep into the downstream region, well after the
shock formation. Despite these beneficial radiative ef-
fects, our results indicate that the creation of relativistic
pair shocks requires laser parameters only marginally en-
visaged in the most futuristic projects underway [22].
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Strong deflection of ions in the B-field:
rL ⇠ 34 c/!0 ⇠ �i
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•First fully-integrated simulation of neutral pair plasma laser-induced 
generation and collision
•This scheme requires 200 kJ - 60 fs laser pulse such as might be 
available on future compressed NIF/LMJ-class laser systems

•strong MT magnetic fields develop in the overlapping region
•ultra-fast isotropization & thermalization (if not complete) of 
electron & positron is demonstrated
•compression up to 2.85 is obtained, which is not yet enough for a 
shock to develop
• radiation in the strong MT B-field enhances compression
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