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Strong-field quantum electrodynamics (SF QED) is a burgeoning research topic dealing with
electromagnetic fields comparable to the Schwinger field (≈1.32 × 1018 V=m). While most past and
proposed experiments rely on reaching this field in the rest frame of relativistic particles, the Schwinger
limit could also be approached in the laboratory frame by focusing to its diffraction limit the light reflected
by a plasma mirror irradiated by a multipetawatt laser. We explore the interaction between such intense
light and matter with particle-in-cell simulations. We find that the collision with a relativistic electron beam
would enable the study of the nonperturbative regime of SF QED, while the interaction with a solid target
leads to a profusion of SF QED effects that retroact on the interaction. In both cases, relativistic attosecond
pair jets with high densities are formed.

DOI: 10.1103/PhysRevLett.132.175002

Multipetawatt femtosecond lasers [1] can nowadays reach
intensities exceeding 1023 W=cm2 [2], which are so high
that strong-field quantum electrodynamics (SF QED) phe-
nomena [3–5] are expected to come into play in laser-matter
interactions. The dominant SF QED processes [6] are the
discretized emission of high-energy photons by electrons [7]
and the decay of high-energy photons into electron-positron
pairs (nonlinear Breit-Wheeler [7,8]) in the presence of a
strong field. These processes appear when the ratio χ
between the electric field in the rest frame of a particle
and the critical field of SF QED, the so-called Schwinger
field [9] ES ≈ 1.32 × 1018 V=m, approaches unity. In the
coming years, laser-electron collisions, a configuration that
maximizes the χ parameter, should finally allow the study of
these basic SF QED processes with χ > 1 [10–14].
Going further, some of the most attractive prospects of

SF QED are (i) the access to its fully nonperturbative
regime, conjectured to occur when χ ≳ 1600 [15], and for
which there is no established theory [16–18], (ii) the
exploration of QED-plasma states [19,20], defined by
the self-consistent interaction between SF QED processes
and plasma physics, which are relevant for understanding
the environment of compact astrophysical objects (black
holes, neutron stars) [21–24], and (iii) the possibility to
develop novel sources of antimatter and photons with
applications to high-energy physics or photonuclear sci-
ence [25,26]. Unfortunately, these prospects should remain
unattainable with usual laser-matter interaction scenarios
(laser-electron collisions [10,27], seeded laser-laser colli-
sions [28–30] and laser-solid interactions [31,32]) until the

advent of lasers with power exceeding 10 PW [19]
(although it should be noted that the first QED-plasma
effects could be detected in the collision between a multi-
petawatt laser and a dense electron beam [27] and that
the onset of the QED-plasma regime could be accessed
during the interaction between a tightly focused 10 PW
laser and a solid target [32]). Consequently, several alter-
native approaches are being investigated to probe SF QED
more efficiently with existing laser facilities [33–35].
Among these, the possibility of boosting the intensity of a

petawatt laser through its interaction with a solid target (that
is ionized into a plasma mirror) has received significant
attention [36–43]. During this interaction, two processes
result in a strong intensification of the reflected laser.
(i) First, the incident field drives relativistic oscillations
of the plasma mirror surface. These oscillations periodically
compress the incident laser energy in the form of a train of
attosecond pulses by Doppler effect. In the spectral domain,
this periodic compression is associated with a Doppler high-
harmonic spectrum of the incident laser frequency [44,45].
(ii) The plasma mirror surface is carved into a paraboliclike
mirror by the incident laser radiation pressure [46]. The
resulting curvature leads to a focusing of the reflected laser
down to much smaller focal volumes than possible with the
incident laser frequency.
Particle-in-cell (PIC) [47] simulations have demon-

strated that this spatiotemporal compression of the laser
is associated with intensity gains that can exceed 3 orders of
magnitude [39]. It was recently shown that the newly
accessible 1024–1026 W=cm2 intensity range could be
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leveraged to strongly increase the signatures of SF QED
processes in laser-solid interactions [41].
Yet, the most appealing perspective opened by the

Doppler boosting technique is the possibility to attain
intensities between 1027 and 1029 W=cm2 with the most
powerful lasers available [40]. Reaching such intensities
requires the boosted lasers to be focused close to their
diffraction limit, which is challenging given the spatial
scales involved (≈50 nm). Nevertheless, schemes are being
explored to focus boosted lasers as tightly as possible [48],
either by tuning the laser-plasma interaction or with
external extreme ultraviolet optics, with the objective of
approaching the Schwinger field (which corresponds to an
intensity of 4.65 × 1029 W=cm2) in the laboratory frame.
In this context, this letter aims at understanding the basic

physics of laser-matter interactions with aberration-free
Doppler boosted lasers focused close to their diffraction
limit at intensities between 1027 and 1029 W=cm2. This
idealized scenario is an important first step to understand
the main physical regimes coming into play in such
conditions and help define and motivate future research
directions with Doppler-boosted lasers.
To this end, we have performed 2D PIC simulations,

using the code WarpX [49–51] coupled to the PICSAR QED
library [52], of the two most common single-laser scenar-
ios that are envisioned to probe SF QED: the interaction
with a solid target, illustrated in Fig. 1(a) and the collision
with a relativistic electron beam, illustrated in Fig. 2(a). We
use the standard QED PIC method [6], combined with a
particle thinning algorithm [53] to deal with the copious
particle creation at such intensities.

We consider simple interaction geometries. The inter-
action with a solid is performed at normal incidence
with a fully ionized SiO2 target of constant density
6.5 × 1023 cm−3. The collision with an electron beam is
performed using beam parameters that are expected to
become available soon in compact laser wakefield accel-
eration facilities [64]: an electron energy of 10 GeV and a
charge of 10 pC spread in a 4 μm transverse size and a
6 μm longitudinal size. A 45° angle is used between the
laser and the electrons with the aim of reducing radiative
losses in the first cycles of the laser [65].
Finally, we use the same procedure as in Ref. [42] to

model an ideal Doppler boosted laser: its spectrum comes
from optimized PIC simulations and its spatiotemporal
profile is obtained by assuming a diffraction-limited focus-
ing of each frequency. With the chosen spectrum, wave-
lengths ranging between 8 and 800 nm significantly
contribute to the peak intensity. The most intense atto-
second pulse has, at focus, a duration of 21 attoseconds and
a width of 39 nm in FWHM of the field. We have
considered peak intensities between 1.3 × 1027 W=cm2

and 1.2 × 1029 W=cm2, which corresponds to primary
laser powers ranging between 0.4 PW and 17 PW (on
target) according to first estimates of the achievable
intensity gains with the Doppler boosting technique in
the diffraction limited regime [40]. Simulation details are
given in Supplemental Material [54].
Figure 1 summarizes the main features of the interaction

between a 1.2 × 1028 W=cm2 boosted laser and a solid
target. We note that the plasma is underdense for the
high-frequency components of the laser. Combined with

FIG. 1. Interaction between a boosted laser with 1.2 × 1028 W=cm2 peak intensity and a solid target. (a) Schematic illustration.
(b)–(e) Laser magnetic field combined with (b) the plasma electron, (c) the γ photon, (d) the Breit-Wheeler electron, or (e) the Breit-
Wheeler positron density. (f),(g) γ photon (f) and positron (g) angularly resolved spectrum at the end of the simulation. See also
Supplemental Material, Movies 1–3 [54].
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relativistic transparency [66,67], this means that a signifi-
cant fraction of the laser propagates inside the solid,
digging a plasma channel nearly void of electrons. The
strong fields associated with the laser and the plasma
channel [68] lead to copious γ photon and electron-positron
pair generation up to ∼4 μm inside the solid, at which point
the laser is almost completely absorbed.
The combination of the laser E and v × B forces is strong

enough to directly accelerate the generated pairs in the laser
propagation direction to energies up to 6GeV [see Fig. 1(g)],
in a process called vacuum laser acceleration [69]. As they
are accelerated, the particles remain trapped over long
distances in a given phase of the laser. This trapping can
only occur at positions for which the field is sufficiently
strong, i.e., near the attosecond pulses of the Doppler-
boosted laser. Each attosecond pulse thus acts as a snowplow
that bunches the generated pairs into very small volumes
(typically 10 nm long and 200 nm wide at laser focus),
leading to the formation of a train of extremely dense
(exceeding 1025 cm−3) attosecond electron-positron jets,
as illustrated in Supplemental Material, Movie 3 [54].
Such a bunching would not occur if a standard laser were
used instead of a Doppler-boosted laser, as discussed in
SupplementalMaterial [54]. The photon spectrum, shown in
Fig. 1(f), bears the signature of this acceleration, since the
highest energy photons (≈1 GeV) are emitted along the laser
propagation direction. Finally, we observe that the electron
and positron populations are spatially separated by the
plasma channel fields [70], which are attractive for electrons
and repulsive for positrons.
A similar simulation overview is shown in Fig. 2 for the

collision with an electron beam. We observe that the laser is

intense enough to put a large fraction of the 10GeVelectrons
to a complete stop, by a combination of quantum Compton
scattering and Lorentz force. The stopped electrons and the
pairs that they generate are subsequently accelerated and
bunched by the laser into relativistic jets. The formation of
these dense jets thus appears to be a generic feature of
Doppler-boosted laser-matter interactions close to the
Schwinger limit. The electron and positron populations
are again spatially separated, this time because of the
asymmetric temporal profile of the boosted laser (see
Supplemental Material [54]), which tends to push positrons
or electrons in the positive or negative x direction.
The spectra displayed in Figs. 2(f) and 2(g) reveal that

the particles are separated in two populations. The first one
is made of particles that have not been stopped by the laser
and travel along the initial electron beam direction. These
particles can have very high energies, up to a 10 GeV cutoff
corresponding to the initial electron energy. The second
population is made of particles accelerated by the laser
along its propagation direction and the photons that they
emit. While the charged particles can be accelerated to
multi-GeV energies, the γ photons of this population have
rather low energies. This is because ultrarelativistic leptons
copropagating with the laser have low χ parameters, which
prevents the emission of high-energy photons. Although all
particles see the strong laser field, these two populations
coexist due both to the stochastic nature of the quantum
interaction and to the fact that particles at different positions
in the beam interact with fields of different strengths. This
point is discussed in Supplemental Material [54], which
also shows that the relative importance between these two

FIG. 2. Collision between a boosted laser with 1.2 × 1028 W=cm2 peak intensity and a counterpropagative 10 GeV electron beam.
(a) Schematic illustration. (b)–(e) Laser magnetic field combined with (b) the beam electron, (c) the γ photon, (d) the Breit-Wheeler
electron, or (e) the Breit-Wheeler positron density. (f),(g) γ photon (f) and positron (g) angularly resolved spectrum at the end of the
simulation. See also Supplemental Material, Movie 4 [54].
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populations changes drastically with laser intensity, as
more particles are stopped and re-accelerated with stronger
lasers.
Figure 3 provides a more quantitative view of the

simulations, for different intensities. Panels (a) and (b) indi-
cate that solid targets are more advantageous for maximiz-
ing the amount of SF QED processes, simply because the
laser interacts with a large number of particles. For
intensities exceeding 1027 W=cm2, the number of gener-
ated pairs with a solid target is very high [typically in the
nanocoulomb (nC) range] despite the small laser transverse
size at focus (approximately 40 nm). Additionally, a very
significant fraction of the laser energy (exceeding 50% for
the highest intensities) is converted into γ photons. We are
thus entering the QED-plasma regime [19], for which SF
QED effects become coupled with the classical laser-
plasma interaction. In particular, quantum emission of
radiation eventually becomes the dominant absorption

mechanism, which may open the way toward advanced
γ sources.
While a solid maximizes the amount of SF QED events,

the main advantage of the collision with an electron beam is
apparent in Fig. 3(c), which shows the maximum χ
parameter reached in the simulations. The threshold for
entering the nonperturbative regime of SF QED can be
largely exceeded during the collision. These results
demonstrate that radiation losses in the rising edge of
the laser [65,71,72] do not necessarily preclude the
exploration of the nonperturbative regime, even with a
multiple cycle laser. In these simulations, the threshold is
reached for intensities around 1027 W=cm2. It should be
kept in mind, however, that a more modest intensity of
1025 W=cm2, which does not require a diffraction-limited
focusing [39], would be enough to cross the threshold if a
larger scale 100 GeV class conventional accelerator were
used to generate the lepton beam, or alternately to reach χ
values exceeding 100 and study deviations to the first-order
expansion [73] if combined with a multi-GeV electron
beam. Doppler boosting thus appears as a very promising
solution for probing the nonperturbative limit of SF QED
using existing laser technology.
A generic feature of the simulations is the formation of

dense attosecond relativistic pair jets accelerated by the
laser field. Figure 3(d) shows the peak density of these jets,
which is higher with solid targets because the number of
generated pairs is larger. Enormous densities are reached,
up to 4 × 1027 cm−3 for the highest intensity, which is
5000 times the number density of the solid target itself.
Such values are incomparably higher than those obtained
experimentally by irradiating high-Z target, which are at
most on the order of 1016 cm−3 [74,75], and even orders of
magnitude higher than those obtained in simulations using
100 PW class lasers without Doppler boosting [28,29].
Relativistic pair jets can be found near neutron stars and

black holes [24]. The interplay between pair plasma effects
and SF QED is presumed to strongly impact the radiation
emitted by these objects. Reproducing such jets in a
laboratory could therefore prove valuable for understanding
the signatures of extreme astrophysical objects, especially
if pair plasma phenomena occur inside the laboratory-
produced jets. A first criterion to assess whether such
effects may occur is to compare the plasma period to the
lifetime of the jets. In our simulations, the pairs typically
reach their maximum density during only 1 fs, in which
case this criterion [24] reads neþ=γeþ ≫ 1.5 × 1020 cm−3.
The crosses of Fig. 3(d) indicate that this criterion is
satisfied with solid targets above 1027 W=cm2 and for
electron beam collisions above 2 × 1028 W=cm2. This is a
first indication that pair plasma phenomena could occur in
these jets.
Figure 3(e) shows the fraction of “cascade” pairs,

defined as pairs generated from a Breit-Wheeler electron
or positron (as opposed to pairs originating from a plasma

FIG. 3. Variation of selected quantities with boosted laser
intensity for solid target (blue) and electron collision (orange)
simulations. (a) Number of generated pairs. (b) Fraction of initial
energy converted into γ photons. (c) Highest χ parameter reached
by a target (solid or beam) electron. The nonperturbative QED
threshold is shown in green. (d) Maximum positron density. The
crosses show the maximum density divided by the average
Lorentz factor of the positrons in the density peak. (e) Fraction
of pairs originating from another Breit-Wheeler electron or
positron.
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electron). With solid targets, the cascade fraction remains
negligible below 1028 W=cm2. This means that cascades
are not necessary to obtain very high pair densities, which
simply come from the bunching of the pairs by the laser.
As the intensity approaches the Schwinger limit, the

emission of γ photons by particles accelerated by and
copropagating with the laser, and the decay of these
photons into new pairs becomes frequent enough to trigger
avalanche-type cascades [4,76,77] that very quickly
increase the density of the jets. At the highest intensities,
these cascades start depleting the laser: in the solid target
simulation with highest intensity, 75% of the energy of the
strongest attosecond pulse is absorbed by the jet in its tail
(including the photons in the jet) before the pulse even
reaches the plasma surface. This is another example of
retroaction of the SF QED effects on the laser-plasma
interaction. At even higher intensities, the cascades develop
so fast that the simulations could not be completed, for both
the solid target and electron beam cases, because the pair
plasma frequency became too high to be resolved, trigger-
ing a numerical plasma instability [47].
We finally remark that cascades appear at lower inten-

sities in the electron beam simulations. This is due to
conceptually different shower-type cascades [4,78]. Such
cascades are driven by the high energy of the incident
electrons, which leads to product particles that also have a
high energy and can therefore create new particles them-
selves. However, the particle energy decreases at each
generation of the cascade, which stops when the particle
energies become too low or the particles exit the laser. The
formation of shower and avalanche cascades is illustrated in
Supplemental Material, Movies 4 and 5 [54].
In conclusion, we have explored the interaction of

Doppler-boosted light with matter at intensities approach-
ing the Schwinger limit. The collision with an electron
beam emerges as a promising path to study the behavior of
the basic single-particle SF QED processes in the regime
χ ≫ 1, up to the nonperturbative limit of SF QED. The
interaction with a solid target is a complementary strategy
aimed at comprehending how these processes couple with
large-scale classical electrodynamics and plasma phenom-
ena. Such experiments could help validate commonly
used SF QED modeling tools (the QED PIC method in
particular), which would have significant implications for
the understanding of the environment and signatures of
extreme astrophysical objects. In both scenarios, Doppler-
boosted laser matter interactions can serve as a source of
ultradense pair jets, which could potentially mimic those
existing next to black holes and neutron stars.
The richness of the physics glimpsed here should act as

long-term motivation for experiments with Doppler
boosted lasers focused as tightly as possible. Such a task
will require extensive efforts to develop the new numerical
tools that will be needed to model these interactions
accurately, dealing with any common assumption that

might break in these extreme conditions (at least radiative
corrections should be included since χ values approach or
exceed the nonperturbative threshold). Additionally, it will
be important to identify, and hopefully mitigate potential
experimental imperfections (laser or target) that could limit
the achievable intensities with Doppler-boosted lasers.
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