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Self-triggered strong-field QED collisions in laser-plasma interaction
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Exploring quantum electrodynamics in the most extreme conditions, where electron-positron pairs can emerge
in the presence of a strong background field, is now becoming possible in Compton collisions between ultrain-
tense lasers and energetic electrons. In the strong-field regime, the colliding electron emits γ rays that decay into
pairs in the strong laser field. While the combination of conventional accelerators and lasers of sufficient power
poses significant challenges, laser-plasma accelerators offer a promising alternative for producing the required
multi-GeV electron beams. To overcome the complexities of colliding these beams with another ultraintense
laser pulse, we propose a scheme in which a single laser pulse both accelerates the electrons and collides with
them after self-focusing in a dedicated plasma section and reflecting off a plasma mirror. The laser intensity
boost in the plasma allows the quantum interaction parameter to be greatly increased. Using full-scale numerical
simulations, we demonstrate that a single 100 J laser pulse can achieve a deep quantum regime with electric
fields in the electron rest frame as high as χe ∼ 5 times the Schwinger critical field, resulting in the production
of about 40 pC of positrons.

DOI: 10.1103/PhysRevResearch.7.L032011

Recent progress in laser technology [1–4] has revived
strong interest in experimental probing of strong-field quan-
tum electrodynamics (SFQED) [5–7] in laser-electron in-
teractions [8–19]. In this regime, ultrarelativistic electrons
colliding with an intense enough laser experience a boosted
electromagnetic (EM) field with χe � 1, where χe = E �/ES

is the electron quantum parameter that measures how deep
the interaction is in the quantum regime. Here, E � de-
notes the electric field in the electron rest frame and ES =
m2

ec3/(qeh̄) � 1.3 × 1018 V m−1 is the Schwinger critical
field [20] (me and qe are the electron mass and charge, h̄
is the reduced Planck constant, and c the speed of light).
When χe approaches 1 and the electromagnetic fields at play
become very high, the usual perturbative approach of regular
QED breaks down because of the no-longer negligible high-
order interaction terms between the Dirac field and the EM
field. The theoretical framework of SFQED, characterized by
χe � 1, relies on a classical description of the laser field
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in the so-called Furry picture and redefines a new spinor
basis in which the in and out vacuum spinor states are re-
placed by Volkov’s dressed states [21,22], corresponding to
particle states in the strong field. Feynman rules for SFQED
can be computed from these dressed states, giving rise to
new or modified processes, in particular nonlinear inverse
Compton scattering (NICS) in a strong field where an elec-
tron absorbs n laser photons and emits a high-energy γ

photon (e− + nωlas → e− + γ ), and nonlinear Breit-Wheeler
(NLBW) where the γ photon and n laser photons convert into
an electron-positron pair via a pure light-by-light interaction
γ + nωlas → e− + e+ [7,23].

The theoretical development of SFQED received ma-
jor contributions a few decades ago from Ritus, Narozhny,
and others [24–26]. However, experimental measurements of
SFQED have been restrained due to the extreme laser inten-
sities required. The experimental difficulty of breaking the
quantum vacuum to create pairs lies in the exponential sup-
pression of the NLBW cross section as χγ exp(−8/3χγ ) at
χγ � 1 [27], that is, at low photon energy and field strength.
Here, χγ = (2h̄ωγ /mec2)(E/ES) is the photon quantum pa-
rameter, with h̄ωγ the γ photon energy and E the electric field
in the laboratory frame seen by the γ photon. To date, the only
experimental measurement of positrons created via multipho-
ton Breit-Wheeler was performed at SLAC [28,29] where
a 47 GeV electron beam collided with a 5 × 1017 W cm−2

laser pulse. The electron quantum parameter reached up to
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∼0.3 with a total of hundred positrons detected throughout
the duration of this seminal experiment and a production rate
reaching up to 0.2 positron per shot.

With the development of multipetawatt, ultraintense laser
systems, it is now envisioned to probe electron-laser col-
lisions at χe > 1 in all-optical experiments based on laser
wakefield accelerators (LWFAs) [30–34]. The latter use an
ultraintense laser pulse to drive a charge-density wave (the
so-called plasma wave) that can sustain accelerating electric
fields orders magnitude higher than those achievable with
conventional (radio-frequency) accelerators. Experimentally,
LWFAs are now able to deliver electron energies up to 10 GeV
[35–37]. The standard approach for LWFA-based SFQED
experiments consists of accelerating electrons with a first
laser pulse (the LWFA driver) and then colliding them with
a second intense laser pulse to trigger SFQED processes
[15,38,39]. However, this scheme is hindered by shot-to-shot
fluctuations and very demanding alignment and synchroniza-
tion requirements between the electron beam and the second
laser pulse, which have thus far prevented substantial experi-
mental progress.

Here, we present a concept that considerably simplifies
the realization of LWFA-based SFQED experiments with
two critical advantages that should allow SFQED to be in-
vestigated in a much more systematic way than currently
envisaged: first, by making use of a single laser beam only, and
second, by ensuring automatic spatial and temporal overlap
between the colliding electron and laser beams. This is done
by placing a plasma mirror (a solid foil ionized by the laser)
in the path of the laser pulse exiting the LWFA in order to
reflect it back into the trailing electron beam propagating
just behind it [40]. However, the ultrarelativistic laser pulse
required to induce SFQED processes in the Compton collision
is not optimal for the LWFA, which usually works best at
mildly relativistic intensities. Indeed, using a tightly focused
ultraintense laser pulse to drive an LWFA strongly limits the
acceleration length and thus results in much lower electron
energies. To circumvent this problem, we add a high-density
underdense plasma just after the LWFA to enhance the laser
intensity through relativistic self-focusing of the laser pulse.
This intensity booster allows to reach laser intensities nearly
two orders of magnitude higher than the initial vacuum laser
intensity, so that the perfectly aligned Compton collision trig-
gered by the plasma mirror can enter the SFQED regime when
using a multi-PW laser.

The proposed scheme, depicted in Fig. 1, therefore com-
prises three sections: (i) a low-density underdense plasma
to generate an electron beam at the 10-GeV scale, (ii) a
high-density underdense plasma to boost the intensity, and
(iii) an overdense plasma mirror to bring about the Compton
interaction with automatic alignment. We emphasize that the
intensity booster is pivotal to this setup, amplifying the effec-
tive χe by nearly an order of magnitude and thus enabling the
Compton collision to occur under deep SFQED conditions.

Compared to other single-laser-based SFQED schemes in-
volving direct electron acceleration in near-critical-density or
solid-density targets [9,14,41–44], this concept promises to
access the deep quantum regime at lower laser powers (for
example, a ∼threefold reduction in laser power compared
to Ref. [43]). Furthermore, it exhibits high tunability: By

FIG. 1. Concept for self-triggered Compton collisions in the
SFQED regime. A multi-PW laser pulse first drives a laser-plasma
accelerator to produce a high-energy electron beam in a low-density
underdense plasma (acceleration stage). It is then intensified via self-
focusing in a high-density underdense plasma (intensity booster).
Finally, it is reflected by an overdense plasma (a foil acting as
a plasma mirror) and collides back with the electron beam. This
collision takes place in the SFQED regime, leading to massive γ -ray
photon and pair generation through NICS and NLBW.

first optimizing the LWFA stage and then introducing the
intensity booster and plasma mirror, adjusting their densities
and longitudinal positions, we can maximize the gamma-ray
signal [40,45]. The concept also benefits from the experimen-
tal maturity of LWFA acceleration [37] and of high-quality,
quasimonoenergetic, and low-divergence electron bunches
[34], as well as from well-established experimental methods
such as laser self-focusing in plasmas, making it highly feasi-
ble experimentally.

To demonstrate its potential, we have developed a complete
start-to-end numerical model of this scheme, by combining
three particle-in-cell (PIC) simulation codes to describe the
relevant kinetic and SFQED processes for each interaction
stage (see Supplemental Material for details on the simula-
tion codes and parameters [46]). The results are summarized
in Fig. 2. In detail, we have considered a Gaussian laser
pulse with 0.8 µm central wavelength, 100 J energy, and 20 fs
full width at half maximum (FWHM) duration, focused to
a 100-µm (FWHM) spot at the entrance of the low-density
underdense plasma (LWFA stage). Its peak intensity is 4.1 ×
1019 W cm−2, corresponding to a normalized vector potential
a0 = 4.4. A plasma channel is used to guide the laser pulse,
with a radial density profile of the form ne(r) = n0

e (1 + r2

r2
c
)

with rc = 182 µm the characteristic channel radius and n0
e the

on-axis plasma density. The LWFA is simulated in two steps.
The first models the injection of the electron beam by means
of the FBPIC code [47], using a plasma density downramp, with
n0

e dropping linearly from 1 × 1017 to 7 × 1016 cm−3 over a
distance of 200 µm. This results in the injection of a 186 pC
electron bunch in the simulation. After a propagation distance
of 1 cm, the interaction is described over an additional 40 cm
with the HIPACE++ code [48]. The quasistatic approximation
underlying this code allows the LWFA to be treated at a very
low computational cost. The on-axis plasma density is kept
constant at n0

e = 7 × 1016 cm−3 in this second stage. We use
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FIG. 2. Start-to-end, full-scale numerical model of the single-laser SFQED setup. (a) Spatial distributions of the laser pulse (charac-
terized by its normalized electric field envelope), electron plasma density and electron beam in the LWFA stage (HIPACE++ output at
cτ1 = 250 mm). (b) Spatial distribution of the laser field Ex before (left) and after (right) self-focusing (CALDER output at cτ2 = 406.2 mm
and cτ3 = 407.32 mm). (c) Successive snapshots of the Compton collision, showing the laser electric field Ex and electron beam density nb

(first row), the positron density ne+ (second row), and the γ -ray photon density nγ (third row) (CALDER outputs at cτ = 407.368, 407.370, and
407.381 mm). (d) Time evolution of the electron beam energy spectrum, laser a0, and maximum of χe during the three interaction stages. (e)
Energy spectra of the γ -ray photons and positrons at their times of emission and after the Compton collision, as well as incoming electron
spectrum.

the LASY tool [49] to transfer the beam electron and laser field
data from FBPIC to HIPACE++.

Figure 2(a) illustrates the LWFA stage with a snapshot of
the laser pulse, electron plasma density and injected electron
beam from HIPACE++. Figure 2(d) plots the evolution of the
electron beam spectrum and of the peak laser field strength a0

as a function of the propagation distance. In the LWFA stage,
the electron beam energy increases linearly, reaching a final
mean energy of 11 GeV, while the laser field strength does not
vary substantially.

The central part of the concept, the intensity booster and
SFQED collision, is then modeled with the three-dimensional
(3D) PIC-QED code CALDER [50,51] using the electron beam
and laser fields from HIPACE++ as an input. Here, the laser
intensity envelope and the linear frequency chirp induced in
the LWFA are accounted for in the code transition. A single
CALDER simulation (Fig. 2 for cτ � 406 mm) is performed to
describe both the nonlinear dynamics of the laser and elec-
tron beams in the high-density underdense plasma and their
collision following the reflection of the laser off the plasma
mirror. A moving simulation window is used throughout the
underdense plasma. The density profile of the latter first rises
linearly from the LWFA density (7 × 1016 cm−3) to a value

of 7 × 1018 cm−3 over 250 µm, and plateaus afterwards over
a distance of 1.5 mm. The plasma density is uniform trans-
versely. Due to relativistic self-focusing, the laser shrinks to a
spot size of approximately 8 µm (FWHM) while its normal-
ized field strength a0 increases from 5.6 to 41 [see Fig. 2(b)
for snapshots of the laser pulse before and after self-focusing,
and Fig. 2(d) for the time evolution of a0]. This corresponds
to a 50× intensity increase in the booster, and to a final
intensity nearly two orders of magnitude larger than the initial
vacuum laser intensity. The laser pulse duration at the exit of
the underdense plasma is 19 fs (FWHM), similar to its initial
value. The electron beam remains approximately unperturbed
by the high density over the small distance before its collision,
mainly because of its initial high energy.

The collision between the laser and electron beams is
triggered by applying a perfectly reflective boundary con-
dition for the electromagnetic fields at the desired position
(z = 407.45 mm) of the plasma mirror. This method allows us
to use the same spatial resolution as through the underdense
plasma, thus keeping the computational cost reasonable. The
simulation window no longer moves at this stage. The validity
of the specular reflection approximation was verified in a
separate simulation modeling only the laser-foil interaction
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FIG. 3. Laser reflection on the plasma mirror. On-axis laser elec-
tric field for incident (yellow) and reflected (purple) pulses.

with a mesh size resolving the skin depth at solid density
(see Fig. 3 and Supplemental Material [46]). The SFQED
processes arising during the collision are modeled accurately
using the SFQEDtoolkit library [52] implemented into CALDER.
Figure 2(d) reveals that the maximum of the electron quantum
parameter first reaches a value of χe � 5.5, in good agree-
ment with the theoretical value of χe = 5.4 expected for E =
11 GeV and a0 = 41, and later peaks to a value of 8 due to the
presence of a small number of higher-energy electrons at the
rear of the bunch [see high-energy tail in electron spectrum
of Fig. 2(e)] which have negligible contribution to the photon
and pair generation. During the collision, the energy spectrum
of the beam electrons drops suddenly from 11 GeV down to a
few GeV due to strong γ -ray emission.

The head-on laser-electron collision is illustrated in
Fig. 2(c) at three successive times, showing in particular the
generation of γ photons and positrons via NICS and NLBW,
which copropagate with the incident electron beam. Besides
the automatic alignment between the laser and electron beams
that guarantees stable collisions, another key advantage of our
concept can be seen in Fig. 2(c), namely that the transverse
size (∼8 µm FWHM) of the self-focused laser is substantially
larger than that of the electron beam (∼1.5 µm FWHM). As
a result, all beam electrons experience almost the same strong
laser fields and thus the same SFQED conditions. This is
particularly important to avoid background contributions such
as linear inverse Compton scattering from electrons outside
the central laser spot, which can dominate γ -ray generation
in other collision geometries [53]. In addition, the larger
transverse size of the laser beam significantly mitigates the
impact of laser and electron beam pointing fluctuations, as
even significant pointing variations on the mrad scale would
result in a transverse offset between the reflected laser and the
electron beam that is much smaller than the laser spot size.

After their emission by the electrons, the γ rays undergo
the same strong laser fields, and thus pair creation via NLBW
is very efficient: The large amount of positrons produced,
41 pC, i.e., 22% of the initial 186 pC charge of the electron
beam, should be easily detectable in a proof-of-principle ex-
periment. This performance is in excellent agreement with
the analytical modeling of pair production in electron-laser
collisions described in Ref. [54], which predicts a charge ratio
of 0.19 for a0 = 40, Ee− = 11 GeV, and a laser pulse duration
of 20 fs (FWHM).

The energy spectra of the γ photons and positrons are
shown in Fig. 2(e). During the collision, γ photons are

emitted with energies as high as that of the beam electrons
(∼11 GeV), as represented by the dashed dark blue curve.
However, upon interacting with the strong laser field, those
photons can rapidly decay into e−e+ pairs. As the probability
of the NLBW process increases with χγ ∝ h̄ωγ , one expects
the high-energy part of the final photon spectrum to signifi-
cantly differ from its shape at the time of photon emission,
as is confirmed in Fig. 2(e). Here, the pair kinetic energy at
emission, Ek

pair = h̄(ωγ + nωlas ) − 2mec2 is essentially equal
to that of the decaying photons (h̄ωγ ) since the pair rest energy
(2mec2) and the extra energy from the laser photons (nh̄ωlas)
are negligible compared to the GeV-range photon energies.
At their creation times, the positrons are characterized by a
broad energy spectrum, peaked around 2.4 GeV and extend-
ing up to 8 GeV approximately [see the dashed light red curve
in Fig. 2(e)]. These energetic positrons also experience the
intense laser field and in turn radiate part of their energy
into γ photons, as represented by the light blue curve. This
extra radiation from pairs adds up to that from the primary
beam electrons, preferentially in the low-energy part of the
photon spectrum as seen in Fig. 2(e). These γ photons from
primary pairs however do not contribute to the generation of
a substantial number of secondary pairs. As a result of these
radiation losses for pairs, the positron spectrum is shifted to
lower energies, with a peak moving from 2.4 GeV (at emis-
sion times) to 1.2 GeV (after the collision).

Finally, the conclusions of this 3D PIC-QED CALDER

simulation with perfect reflection have been validated in a sep-
arate simulation modeling the laser reflection on the plasma
mirror and resolving the plasma skin depth at solid density
(see details in Supplemental Material [46]). This refined sim-
ulation predicts only a small degradation of the laser field
sinusoidal profile and a slight (by 7%) reduction in its peak
amplitude, as shown in Fig. 3, thus reducing χe by the same
amount but still triggering an SFQED collision with χe ∼ 5.

In summary, we demonstrated an all-optical concept to
achieve SFQED interactions with a single multi-PW laser in
a considerably simplified setup. Free from alignment con-
straints and taking advantage of a laser intensity boost, it can
reach a deep quantum regime at χe ∼ 5 with about 40 pC of
e+ created with clean QED observables as all high-energy
electrons and emitted γ photons experience similar SFQED
conditions. The relative simplicity of using a single laser
and the guaranteed alignment and synchronization with the
plasma mirror make this scheme a very promising shortcut
towards measurements of SFQED processes at χe > 1.
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