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We propose a scheme to explore regimes of strong-field quantum electrodynamics (SF QED) otherwise
unattainable with the currently available laser technology. The scheme relies on relativistic plasma mirrors
curved by radiation pressure to boost the intensity of petawatt-class laser pulses by Doppler effect and focus
them to extreme field intensities. We show that very clear SF QED signatures could be observed by placing
a secondary target where the boosted beam is focused.
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Quantum electrodynamics (QED) is a very successful
physical theory: it is a foundation of modern physics and
has passed the scrutiny of the most stringent tests [1–3].
Yet, its strong-field regime (SF QED) [4–7] remains mostly
out of reach of experimental investigation, leaving decades-
old theoretical predictions unconfirmed.
Probing SF QED is a considerable challenge since it

requires electromagnetic fields of the order of the QED
critical field [8–10] ES ≈ 1.32 × 1018 V=m, also known as
the “Schwinger field”. ES exceeds the most intense fields
available on Earth by several orders of magnitude.
However, it can be approached in the reference frame of
a particle in relativistic motion. For an electron, a positron,
or a photon with momentum pμ in a field with electro-
magnetic tensor Fμν, the nonlinear quantum parameter χ
expresses the effective field strength relevant for SF QED
χ ¼ jpμFμνj=meES, where me is the electron mass. χ ≳ 1

marks the threshold of a regime dominated by SF QED
effects such as high-energy photon emission [11] (non-
linear Compton scattering) or the decay of high-energy
photons propagating in an intense background field into
electron-positron pairs [11,12] (nonlinear Breit-Wheeler
pair production).
Almost all experimental results obtained so far in SF

QED rely on ultrarelativistic particles interacting with
strong fields (E ∼ 1011 V=m) naturally present in aligned
crystals [13] so that χ ∝ γE=ES (γ is the Lorentz factor).
A very recent experiment [14] attained χ ∼ 1 with the
180 GeV positron beam of the Super Proton Synchrotron
(SPS) accelerator at European Organization for Nuclear
Research (CERN). However, since no existing accelerator
can provide higher energy leptons, extending this technique
to the fully quantum regime (χ ≫ 1) will not be possible in
the foreseeable future without higher field values.
Achieving stronger fields would allow for the

experimental scrutiny of SF QED in a regime which
has so far remained terra incognita, possibly revealing

new physics beyond the standard model (e.g., axionlike
particles [15]). Moreover, it could allow the generation
of relativistic plasma states dominated by SF QED
effects (“QED plasmas”) [16], which are encountered
in several extreme astrophysical objects, such as black
holes [17,18], pulsar magnetospheres [19–22], and
gamma-ray bursts [23].
The highest field values available in a laboratory are

currently delivered by high-power petawatt (PW) [24]
lasers, which, once focused, can deliver intensities up to
∼5 × 1022 W=cm2 [25], associated to field amplitudes of
E ∼ 6 × 1014 V=m. For this reason, they are emerging as a
prominent path to investigate SF QED [16,26–36]. In three
seminal experiments [37–39], an intense laser beam was
collided with a multi-GeV electron beam. All these experi-
ments attained χ ∼ 0.3, reporting electron-positron pair
production [37] and possibly some hints of quantum
corrections on radiation emission [38,39]. To extend this
scheme at higher χ, large international collaborations have
recently proposed two ambitious experiments: E-320
[40,41] [Facility for Advanced Accelerator Experimental
Tests (FACET)-II, Stanford Linear Accelerator Center
(SLAC)] and Laser Und XFEL Experiment (LUXE)
[41,42] (European X rays-Free Electron Laser, DESY).
They both aim at χ ≳ 1, with a complex setup requiring
temporal and spatial synchronization of a 10 to 100 TW-
class laser pulse with the electron beam of a 10 GeV-class
accelerator. Schemes based solely on ultra-intense lasers
have also been proposed [32–35]. They rely on two
counterpropagative pulses interacting with a target, an
arrangement that maximizes the positron yield but requires
an excellent spatiotemporal superposition between the
pulses, which is genuinely an experimental challenge.
In this letter, we propose a compact scheme only

requiring a single laser beam to attain a so far inaccessible
regime of SF QED. This scheme consists in considerably
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boosting the intensity of a PW laser pulse upon reflection
off a curved relativistic plasma mirror (PM)[43–46]. We
show that placing a secondary target where the PM focuses
the boosted beam can lead to very high χ, making the
scheme appealing to study SF QED.
A relativistic PM [47–49] can be formed when an ultra-

intense laser beam is focused on an initially solid target [see
Fig. 1(a)]. Upon reflection on such a mirror, two processes
lead to strong intensification of the reflected beam at PM
focus. First, the laser field drives relativistic oscillations of
the PM surface that periodically compress the reflected
light energy by the Doppler effect into pulses of ∼100 as
duration. These periodic temporal compressions are asso-
ciated to harmonics of the incident pulse and therefore
shorter wavelengths. Second, as standard high-power lasers
exhibit a nonuniform spatial intensity profile at focus, the
laser radiation pressure (higher at the center than at the
edges of the focal spot) naturally induces a curvature of
the PM surface [48,50]. This curvature, along with the
generation of shorter wavelengths, enables a much stronger
focusing of the Doppler-boosted beam.
A recent theoretical work [46], supported by state-of-the-

art 3D simulations, proposed to leverage the combination
of these temporal and spatial compressions of the incident
light to reach up to 3 orders of magnitude intensity gain
[(Figs. 1(b) and 1(c)]. These spatial and temporal effects
induced by relativistic plasma mirrors have recently been
observed experimentally [51–53]. If a secondary target is
placed at the focus of a curved PM, the Doppler-boosted
beam can accelerate its electrons to ultrahigh energies. The
combination of high-energy particles and strong electro-
magnetic fields at PM focus should result in a very
high χ parameter. In practice, since such an “optically
curved” PM focuses the Doppler-boosted beam at distances
of 10–100 μm [46,48], the PM and the secondary target
could be the arms of an L-shaped solid target [see

Fig. 1(a)], a solution well within the capabilities of
modern microfabrication techniques (see Supplemental
Material [54]).
We investigated the scheme outlined above with 2D

particle-in-cell (PIC) simulations [63]. We considered a
Ti:Sapphire (λ ¼ 800 nm) laser system providing a beam
with a duration of 20 fs, a peak power ranging from 1 to 15
PW, and a waist of 2 μm, which are realistic parameters for
state-of-the-art laser technology [24,25]. To quantify the
benefits of our scheme for enhancing SF QED effects we
compared two configurations in which a 6 μm-thick solid
target is irradiated (1) directly with the focused laser beam
or (2) with the Doppler-boosted beam. In configuration (2),
the Doppler-boosted beam is generated by focusing the
laser beam onto the first arm of an L-shaped target, and we
investigate SF QED effects occurring in the interaction of
the boosted reflected beam with the second arm of this
target (see Fig. 1).
We chose a configuration where the L-shaped target has

a plasma density gradient with a characteristic length of
100 nm, which maximizes the field enhancement at PM
focus [46]. The beam is focused at a distance of ∼15 μm
down to a focal spot of ∼100 nm. We also selected a laser
angle of incidence of 45°, since it is close to optimal for
harmonic generation [64]. The resulting enhancement
factor is ∼ × 33 in field, i.e., ∼ × 1100 in intensity
[Fig. 1(c) compared with Fig. 1(b)].
In configuration (2), performing the complete simulation

in a 2D geometry required splitting the computation in
three steps: (i) Doppler-boosted beam generation on the
first arm, (ii) focusing of the boosted beam with a 2D-to-3D
enhancement factor to get the correct intensification at PM
focus, and (iii) interaction of the boosted beam with the
second arm at PM focus (see Supplemental Material [54]
for details). In configuration (1), the laser pulse is directly
focused on a one-armed target having a plasma density
gradient with the same properties as the ones of the
L-shaped target. In this case, we chose a laser angle of
incidence of 30°, which was shown to maximize SF QED
signatures such as electron-positron pair production [65]. In
both cases the target has the electron density of fully
ionized plastics (ne ¼ 230nc, where nc ≈ 1.8 × 1021 cm−3

is the critical plasma density for 800 nm light).
Using the WarpXþ PICSAR code [66–68], for each

case we simulated a 39 μm× 22 μm region on the
secondary target (see Supplemental Material [54] for the
numerical parameters). We relied on the pseudospectral
analytical time-domain Maxwell solver [69–72] to
adequately resolve the propagation of high-order harmon-
ics. Nonlinear Compton scattering and multiphoton Breit-
Wheeler (BW) pair production were taken into account
with models described in [73–75] and that we optimized for
Graphical Processing Unit (GPU) architectures.
The interaction of a standard laser beam with a solid-

density plasma at intensities high enough to observe SF

(a)

(b)

(c)

FIG. 1. Sketch of the scheme proposed in this Letter. (a) A
plasma mirror shaped by radiation pressure converts an intense
laser pulse into Doppler-boosted harmonics and focuses them on
a secondary target, reaching extreme intensities. (b),(c) Electric
field of a 10-PW infrared laser beam (2 μm waist) and of the
generated Doppler-boosted beam at focus (both normalized to the
critical field ES). Note the strong change in field amplitude
(∼ × 33 enhancement).
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QED effects has been described in several numerical works
[29,65,76] [see Figs. 2(a)–2(c)]. At sufficiently high
intensity (≳1023 W=cm2) the laser accelerates target elec-
trons to high energies, and their motion in the laser field
leads to copious photon emission [77] via the inverse
Compton process [Fig. 2(b)]. Some photons have enough
energy (> 2mec2) to decay into a pair via the nonlinear BW
process while propagating in the laser field [Fig. 2(c)].
The interaction of a Doppler-boosted beam with a solid

target differs substantially from the case of a standard
laser, as Fig. 2 shows. While the standard laser pulse is
reflected by the solid-density plasma, the Doppler-boosted
beam contains intense high-order harmonics of the original
laser pulse that propagate and dig a channel in the bulk
plasma (even without considering relativistic transparency
[78,79], the target can only reflect harmonic orders
k <

ffiffiffiffiffiffiffiffiffiffiffiffi

ne=nc
p

≈ 15, and the Doppler-boosted beam contains
intense components exceeding the 20th order [46]). With
the Doppler-boosted beam, we also observe a higher
density of the emitted photons [compare Fig. 2(e) and
Fig. 2(b)]. However, taking into account the size of the two
physical systems in the third, nonsimulated, dimension (see
Supplemental Material [54]), the total number of generated
photons is of the same order of magnitude. Finally, a
striking difference is the 3 orders of magnitude higher
amount of generated positrons in the case of a Doppler-
boosted beam [Fig. 2(f) compared with Fig. 2(c)].
Figure 3 and the movie in the Supplemental Material

[54] allow some light to be shed on the processes leading to
prolific pair production with the Doppler-boosted beam. As
a first step, the incident field accelerates target electrons to
high energies. These accelerated electrons can emit high-
energy photons in the direction of their velocity via the
nonlinear Compton process [see Fig. 3(a)]. We observe that

some of the electrons are accelerated backward [Fig. 3(f)],
attaining a very high χ when they cross the extremely
intense attosecond pulses of the Doppler-boosted beam
[Figs. 3(c) and 3(d)], since a counterpropagating configu-
ration maximizes the quantum parameter. Electrons with a
high χ have a higher photon emission cross section, and
they emit on average photons carrying a larger fraction of
their energy. Photons emitted by these electrons also
propagate backward and attain a very high quantum
parameter (χγ exceeding 5) when they cross the incoming
field peaks [see Figs. 3(c), 3(e), and 3(g)]. In these
conditions, since the cross section for BW pair production
grows rapidly for χ ≳ 0.5, pair production becomes very
efficient.
As the movie shows (see Supplemental Material [54]),

virtually all the pairs are generated in correspondence with
the field peaks, mostly (> 90%) from back-propagating
photons. In more than half of the cases, pair creation occurs
when a high-energy photon created in an attosecond field
peak crosses a subsequent attosecond peak as it propagates
backward. This shows that having a train of attosecond
pulses is advantageous to achieve efficient pair production.
Some of the generated particles are trapped in the intense
field of the Doppler-boosted beam and are accelerated
forward in the plasma channel [80,81] [Fig. 2(f)], up to
GeV energies. High-energy positrons (E > 500 MeV) are
preferentially accelerated along two directions: close to the
target tangent (at ∼38° from the laser axis, with an FWHM
of ∼24°), and close to the target normal, at the back side,
with a broad angular distribution (see Supplemental
Material [54]).
In our simulations, we found a χ enhancement factor of

approximately 1 order of magnitude between Doppler-
boosted beams and focused standard lasers. Indeed,

FIG. 2. Simulation results for a 10-PW standard laser (top panels) and a Doppler-boosted beam obtained with a 10-PW laser (bottom
panels), shown ∼10 fs after the peak of the pulse has reached the target. (a),(d) Magnetic field. (b),(e) High-energy (E > 2mec2) photon
density. (c),(f) Generated positron macroparticles. The black line marks the isodensity curve ne ¼ 100nc.
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Fig. 4(a) shows that the highest χe reached during the
interaction is proportional to the laser power and that the
coefficient is ∼10 times higher for the Doppler-boosted
beam.We can explain this linear trend by considering that χ
is a normalized product of a field amplitude and a
momentum. For the standard laser, the field amplitude
obviously scales with the square root of the intensity, which
is proportional to laser power since we considered a
constant focal spot size of 2 μm. The same holds for the
Doppler-boosted beam since the conversion efficiency of
laser energy into harmonics depends weakly on the driving
laser intensity, provided that the latter is sufficiently high
[46,82]. As is common in laser interaction with dense
plasmas [83,84], we observed that electrons gain a momen-
tum proportional to the field amplitude. The product of
these terms gives an overall linear scaling with laser power.
We observed a very similar linear relation for photons

(not shown here), with slightly smaller coefficients: 0.1 for
the standard laser and 1.04 for the Doppler-boosted beam.

Indeed, the maximum photon momentum cannot be greater
than the maximum electron momentum, and they propagate
in the same background field.
The pair production cross section peaks at χ ∼ 10 [11].

Therefore, in the parameter range that we explored, higher
χ means more efficient pair production. As Fig. 4(b) shows,
for a given laser power, we obtain orders of magnitude
more positrons with the Doppler-boosted beam than with
the standard laser, despite the smaller interaction volume.
The enhancement is particularly significant at lower laser
powers since pair generation is very inefficient for χ ≲ 0.5.
Note that pair production may occur via other SF QED
processes, such as trident [11,85] and Bethe-Heitler
[86–92] pair production. As discussed in detail in the
Supplemental Material [54], those processes are not
expected to play an important role with the Doppler-
boosted beam above laser powers of ∼2 PW. However,
with a standard laser, the Bethe-Heitler process may
completely shadow the BW process below ∼10 PW,
making the detection of Breit-Wheeler positrons extremely
challenging. These results show that, with Doppler-boosted
beams, it should be possible to generate a significant
number of BW positrons with readily available PW-class
lasers, overcoming severe signal-to-noise ratio issues due to
Bethe-Heitler pair production. Achieving this would re-
present the first observation of pair production via the
nonlinear BW process in a laser-plasma interaction
experiment.
To conclude, Fig. 5 puts the scheme presented in this

Letter in perspective with other experiments or experimen-
tal proposals devised to study SF QED. The former would
allow one to reach a χ parameter exceeding that of LUXE-B
and FACET-II with already operational PW-class laser
systems. With soon-to-be operational 10-PW-class lasers,
it would even be possible to exceed the χ parameter of

FIG. 3. Interaction of a 10-PW Doppler-boosted beam with the
secondary target. (a),(b) Simulation snapshots showing, respec-
tively, the emission of a high-energy photon from a target electron
and the decay of this photon into a pair. Electron density is shown
in gray scale, while the transverse component of the magnetic
field is shown in blue-red color scale. (c) Transverse component
of the magnetic field. (d),(e) Respectively, electron and photon
phase-space projection on the ðx; χÞ plane. (f),(g) Scatter plot,
respectively, of electrons and photons in the ðpx; pzÞ plane, with χ
value encoded in color. Plots in (c)–(g) concern particles located
in the interaction region, in a 4 μm × 2 μm box, ∼2.5 fs after the
peak of the pulse has reached the target.

(a)

(b)

FIG. 4. Respectively, (a) maximum χe and (b) number of
generated positrons per laser shot as a function of laser power.
For the standard laser we did not observe pair generation events
below 6.5 PW.
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LUXE-C. These results mean that this scheme represents a
promising complementary strategy to probe SF QED in an
unexplored regime, especially regarding QED effects in
plasmas.
Finally, it is worth noting that this scheme could

even be adapted to study a particularly extreme regime
of SF QED, far beyond the reach of present-day exper-
imental capabilities. At high enough field intensities, SF
QED becomes fully nonperturbative [93–95], a regime that
still defies the formulation of a complete theory [96,97].
The threshold for attaining this regime is χ > 1600, which
is obviously a considerable experimental challenge [98].
However, this would be possible by coupling an optically
curved PM driven by a multi-PW laser with a high-energy
particle beam. Focusing a Doppler-boosted beam on the
particles in a counterpropagating configuration would
result in χ ∼ 2γE=ES. Considering E=ES ∼ 2.6 × 10−2

[achievable by boosting a 10-PW laser, see Fig. 1(c)],
the fully nonperturbative regime would be reached with a
16-GeVelectron or positron beam (γ ∼ 3.1 × 104), which is
available in several accelerators worldwide. Using the 180-
GeV eþ beam provided by SPS at CERN it would be even
possible to exceed the fully nonperturbative threshold by 1
order of magnitude. Such experiments would be feasible
with existing technology, and they would represent a
promising alternative to other recently proposed even more
challenging strategies [96,97,99].
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