
PHYSICAL REVIEW RESEARCH 6, 023152 (2024)

Phase control of nonlinear Breit-Wheeler pair creation
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Electron-positron pair creation occurs throughout the universe in the environments of extreme astrophysical
objects, such as pulsar magnetospheres and black hole accretion disks. The difficulty of emulating these
environments in the laboratory has motivated the use of ultrahigh-intensity laser pulses for pair creation. Here
we show that the phase offset between a laser pulse and its second harmonic can be used to control the relative
transverse motion of electrons and positrons created in the nonlinear Breit-Wheeler process. Analytic theory
and particle-in-cell simulations of a head-on collision between a two-color laser pulse and electron beam predict
that with an appropriate phase offset, the electrons will drift in one direction and the positrons in the other.
The resulting current may provide a collective signature of nonlinear Breit-Wheeler, while the spatial separation
resulting from the relative motion may facilitate isolation of positrons for subsequent applications or detection.

DOI: 10.1103/PhysRevResearch.6.023152

I. INTRODUCTION

The environment of extreme astrophysical objects fea-
ture electromagnetic fields with sufficient strength to convert
photons into electron-positron pairs [1–12]. The large-scale
production of pairs forms a dense pair plasma that plays a
critical role in the dynamics of the environment. While ob-
servable signals from the pair plasma, such as γ -ray bursts
[13–17], provide valuable insights into these dynamics, the
complex interplay of physical processes within the envi-
ronment make it difficult to study any single phenomenon
in isolation. Focused simulation and laboratory studies can
help build connections between the microscale processes and
macroscale dynamics. For instance, the currents generated
during lepton creation and motion can seed filamentation-type
instabilities [18–21] or field generation mechanisms, such as
Biermann battery [22], that modify the macroscopic behavior.
By emulating the conditions of extreme astrophysical objects,
laboratory experiments can also isolate phenomena and val-
idate the simulation tools used for their study. Relativistic
particle beams and ultrahigh-intensity laser-matter interac-
tions offer two approaches to these experiments [23–26].

The strong-field quantum electrodynamical (QED) pro-
cesses responsible for pair creation are at the current frontier
of high-intensity laser-matter interactions [27–35]. Creative
configurations for these interactions allow for pair production
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at field strengths well below the characteristic electric (mag-
netic) field of nonlinear QED, i.e., the Sauter-Schwinger field
equal to 1018 V/m (109 T) [36,37]. For instance, irradiating
a thin, high-atomic number target with an intense laser pulse
can energize a population of electrons. The bremsstrahlung
photons emitted by the electrons subsequently decay into
pairs through the Bethe-Heitler process [29,30,38]. As another
example, the combined fields of a plasma and laser pulse
channeling through a thin, dense target can rapidly accelerate
electrons, resulting in both forward and backward photon
emission. The collision of the counter-propagating photons
can produce pairs through the linear Breit-Wheeler process
[39,40].

The nonlinear Breit-Wheeler process can be used to gen-
erate pairs without a dense target in near-vacuum conditions.
In a typical configuration, an ultrahigh-intensity laser pulse
collides head on with relativistic electrons [27]. Nonlinear
Compton scattering (NCS) of low-energy optical photons
from the electrons produces high-energy photons. Immersion
of the high-energy photons in the fields of the intense laser
pulse allows for their decay into electron-positron pairs, i.e.,
Breit-Wheeler pair creation. Under the right conditions, sub-
sequent NCS from the pairs can ignite a QED cascade, where
the number of leptons grows exponentially—the ultimate
result of which is a pair plasma [28,41–53].

Regardless of the scheme used for pair creation, several
effects can challenge reliable diagnosis and analysis of ex-
perimental results. These include direct trident pair creation
[54] or bremsstrahlung and Bethe-Heitler byproducts from
the unintended interaction of the laser pulse or charged parti-
cles with experimental equipment. Methods for separating the
electrons from the positrons in a predictable way can facilitate
detection and diagnosis of the pairs. Conventionally, this is
done by deflecting both species in a static magnetic field (on
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FIG. 1. Schematic of the electron beam-laser pulse interaction for controlling the relative motion of electrons and positrons created by
the nonlinear Breit-Wheeler process. (a) The electron beam and two-color laser pulse right before their head-on collision. The harmonics
composing the laser pulse have the same focused spot size and focal plane. The transverse width of each harmonic along its propagation path
is displayed in gray. (b) Nonlinear Compton scattering during the collision of the electrons and laser pulse produces hard photons (γ rays)
shown in yellow. The interaction of the hard photons with the laser pulse produces electron-positron pairs. (c) For a phase offset between the
harmonics θ = π/2, the electrons and positrons drift in opposite directions. (d) For a phase offset θ = 0, the electrons and positrons drift in
both directions.

the order of 1 T) [27,29,30]. However, this technique separates
the pairs far from the interaction region. As an alternative, the
field of an ultrahigh-intensity laser pulse can be structured to
deflect the electrons and positrons in opposite directions at the
instant of their creation.

Here we demonstrate that the relative transverse motion of
electrons and positrons created in the nonlinear Breit-Wheeler
process can be controlled using a laser pulse composed of a
fundamental and an appropriately phased second harmonic.
By adjusting the relative phase of the harmonics, the electrons
can be made to drift in one direction and the positrons in
the other (Fig. 1). The presence of the second harmonic (or
any even harmonic) breaks the symmetry of the field and
allows the charges to drift in opposite directions. This can-
not be achieved using odd harmonics alone. The two-color
field configuration is motivated by techniques for coherent
control used in photoionization, photoemission, molecular
orientation, radiation reaction, and electron-positron spin
polarization [55–62] .

The remainder of this manuscript is organized as follows.
Section II describes the pair-creation scheme and presents an
analytical model for the pair motion and current. Compar-
isons with 1D QED-particle-in-cell (QED-PIC) simulations
[63–66] of a two-color laser pulse colliding with hard pho-
tons show that the model successfully predicts the scaling
of the pair current with the relative phase and amplitude of
the harmonics. Section III presents full-scale, 2D QED-PIC
simulations of a focused laser pulse colliding with a rela-
tivistic electron beam for parameters relevant to near-term,
high-power laser facilities. Despite the ponderomotive force
of the focused pulse, the relative phase of the harmonics still
provides control over the relative transverse motion of the
created electrons and positrons. Section IV summarizes the
results and discusses future prospects.

II. PAIR CREATION IN TWO-COLOR LASER PULSES

Figure 1 illustrates the configuration for pair creation. A
relativistic electron beam (blue) collides head on with a laser
pulse composed of a first and second harmonic (red and dark
blue ellipsoids) [Fig. 1(a)]. Rapid acceleration of the electrons
in the fields of the laser pulse results in the emission of
hard photons (γ rays) through nonlinear Compton scattering
[Fig. 1(b)]. These photons counterpropagate with respect to
the laser pulse, simultaneously interact with multiple optical
photons, and decay into pairs through the nonlinear Breit-
Wheeler process [Figs. 1(c) and 1(d)].

The pair creation rate and subsequent particle dynamics
depend on the phase of the optical field at the instant of
creation and the phase offset θ between the two harmonics.
The phase at the instant of creation determines the local field
strength, while the phase offset determines the shape of the
optical waveform. Tuning the phase offset to structure the
optical waveform provides control over the relative transverse
motion of the created electrons and positrons [Figs. 1(c) and
1(d)].

The relative motion of the electrons and positrons can be
described by an analytical model for the evolution of the pairs
in the electromagnetic fields of the laser pulse. The laser pulse
propagates in the positive ẑ direction and is polarized in the x̂
direction. The normalized four-potential Aμ = eAμ/mc of the
pulse is modeled as a plane wave

Aμ = [a1(φ) sin(φ) + a2(φ) sin (2φ + θ )]εμ = a(φ)εμ,

(1)
where c is the vacuum speed of light, e and m are the
charge and mass of a positron, φ = kμxμ = t − z is the phase
variable with xμ = (t, x, y, z) and kμ = (1, 0, 0, 1), and εμ =
(0, 1, 0, 0) is the polarization four vector. The envelopes a1

and a2 describe the temporal profiles of the first and second

023152-2



PHASE CONTROL OF NONLINEAR BREIT-WHEELER PAIR … PHYSICAL REVIEW RESEARCH 6, 023152 (2024)

harmonic with maximum values a1 and a2. Here and through-
out, time and space are normalized to 1/ω1 and c/ω1, where
ω1 is the angular frequency of the first harmonic.

After creation, the electrons and positrons evolve ac-
cording to the relativistic equation of motion including the
Landau-Lifshitz model for radiation reaction [67]

d pμ

dτ
= ±Fμν pν ± 2

3
re(∂νFμρ )pν pρ−

2

3
reFμνFρν pρ + 2

3
re(F νρ pρ )2 pμ,

(2)

where τ is the proper time, pμ = (γ , px, py, pz ) is the momen-
tum four vector normalized to mc, γ = (1 + |p|2)1/2, Fμν =
∂μAν − ∂νAμ is the electromagnetic tensor, and re is the
classical electron radius. The upper and lower signs are taken
for electrons and positrons, respectively. For a four potential
that depends solely on the coordinates in the combination
φ = t − z [as in Eq. (1)], the equation of motion can be solved
analytically [68]. The solution is

pμ = 1

h(φ, φ0)

{
pμ

0 ± 1

ρ0
I (φ, φ0) f μν p0,ν

+ 1

2ρ0
[h2(φ, φ0) − 1 + I2(φ, φ0)]kμ

}
,

(3)

where pμ
0 is the momentum four vector at the moment the

particle is created, ρ0 = pμ
0 kμ, f μν = kμεν − kνεμ,

h(φ, φ0) = 1 + 2

3
reρ0

∫ φ

φ0

[a′(ϕ)]2dϕ,

I (φ, φ0) =
∫ φ

φ0

[h(ϕ, φ0)a′(ϕ) + (2/3)reρ0a′′(ϕ)]dϕ,

φ0 is the phase at the time of creation, and ′ denotes a deriva-
tive with respect to the argument.

Using Eq. (3), one can show that the created particles move
in the polarization direction with a velocity (β = p/γ ) given
by

βx(φ, φ0) =
2(γ0 − pz0)[px0 ∓ I (φ, φ0)]

h2(φ, φ0) + (γ0 − pz0)2 + [px0 ∓ I (φ, φ0)]2 + p2
y0

.

(4)

Because the laser pulse has a finite duration, the particles will
eventually leave the vicinity of the pulse. As they do so, their
transverse velocity asymptotes to βx f (φ0) ≡ βx(φ0, φ → ∞).
In the absence of radiation reaction, this simplifies to

βclass
x f (φ0) = 2(γ0 − pz0)[px0 ± a(φ0)]

1 + (γ0 − pz0)2 + [px0 ± a(φ0)]2 + p2
y0

. (5)

Equations (4) and (5) demonstrate that after interacting with
the laser pulse, the particles drift in the transverse direction
with a velocity determined by their charge and the phases of
the harmonics at the time of their creation, φ0 and 2φ0 + θ

[Figs. 2(e)–2(f)].
The initial momenta of an electron-positron pair are de-

termined by the energy and momentum of the hard photon
responsible for their creation. In the configuration of inter-
est here (Fig. 1), the incident electron beam is composed of

FIG. 2. (a), (b) The total electric field of the two-color laser
pulse; (c), (d) differential pair creation rate; (e), (f) asymptotic drift
velocity βx f (for created positrons in orange and electrons in blue);
and (g), (h) cumulative, asymptotic transverse current density of
the created pairs for a relative phase of θ = 0 (left) and θ = π/2
(right). The laser pulse is comprised of a fundamental and second
harmonic with wavelengths λ1 = 2πc/ω1 = 1 µm and λ2 = 0.5 µm
and amplitudes a1 = 150 and a2 = 75. The incident hard photon
had h̄ω/mec2 = 500, and its energy was divided evenly between
the created electron and positron. When θ = π/2, the asymmetric
drift velocity and pair creation rate result in the accumulation of a
transverse current.

ultrarelativistic electrons with −pz ≈ γ � |a|. As a result,
the hard photons produced by NCS travel predominantly in
the negative ẑ direction with kμ ≈ (ω, 0, 0,−ω), where ω

is the angular frequency of the hard photon. When a pho-
ton decays, its momentum and energy are divided between
the resulting electron (e) and positron (p), such that px0 ≈ 0
and γ e

0 + γ
p

0 = ω/as, where as = mec2/h̄ω1 is the normal-
ized vector potential corresponding to the Schwinger field
[65,69,70].

The partitioning of the hard photon energy between the
electron and positron is determined probabilistically by the
differential rate for nonlinear Breit-Wheeler pair creation
d2NBW /dtdη [71–73], where η = |(Fμν pμ)2|1/2/as is the
Lorentz-invariant quantum nonlinearity parameter. At the
instant of creation,

η(γ0, φ0) = 2γ0
|a1(φ0) cos (φ0) + 2a2(φ0) cos (2φ0 + θ )|

as
.

(6)
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The differential rate is a sensitive function of η, and thus of
the phases φ0 and θ .

Figures 2(a)–2(f) illustrate the dependence of the differ-
ential pair creation rate dNBW /dtdη and the asymptotic drift
velocity βx f on φ0 and θ . The maxima of the rate coincide
with extrema of the electric field, E = −∂tA. When θ = 0,
the drift is nearly antisymmetric about the peak of the rate
[Figs. 2(c) and 2(e)], resulting in minimal current [Fig. 2(g)].
When θ = π/2, the drift has the same sign for all phases
in which pairs are born [Figs. 2(d) and 2(f)], resulting in a
substantial electron-positron current [Fig. 2(h)].

For a monoenergetic beam of hard photons, the asymptotic
transverse current density of created pairs is given by

Jx f = 2e
∫∫ ηmax

ηmin

βx f
d2NBW

dtdη
nγ dηd (φ0/2) , (7)

where nγ is the number density of photons, ηmin = η(1, φ0),
and ηmax = η(ω/as − 1, φ0). The factor of 2 accounts for
the equal contribution to the current from positrons and
electrons, while the factor of 1/2 accounts for counterprop-
agation of the hard photons with respect to the laser pulse.
Figures 2(g) and 2(h) show the cumulative integral of the
current density over a single phase of a two-color laser field.

A phase offset of θ = π/2 produces the largest rela-
tive drift between the created electrons and positrons and
maximizes the transverse current density [Fig. 3(a)]. This
prediction of the analytical model agrees with 1D QED-PIC
simulations of planar laser pulses colliding head on with
monoenergetic, hard-photon beams (see the Appendix for
details). Both the model and simulations also predict that
the current density is maximized for a1 ≈ 160 and a2 ≈ 70
when the total energy (fluence in 1D) of the laser pulse is
held fixed [Fig. 3(b)]. This maximum is the result of two
effects. First, in the limit that either harmonic has all of the
energy, the asymmetry in the field is eliminated, and there is
no asymptotic transverse current [a1 = 0 and 210 in Fig. 3(b)].
Second, the maximum electric field of the total waveform, and
thus the maximum creation rate, occurs when the electric field
strengths of the harmonics are equal (a1 ≈ 150 in Fig. 3).

The differential pair creation rate and asymptotic current
increase nonlinearly with the energy of the hard photons up
to a value of χ � 1, where χ = 2ω|E|/a2

s is the Lorentz-
invariant quantum nonlinearity parameter of the photons.
When the photon energy is large enough (χ ∼ 1), prolific
creation of pairs significantly depletes the number of available
photons. More specifically, the photon number density evolves
according to

nγ (φ0) = nγ i exp

[
−

∫ φ0

−∞

∫ ηmax

ηmin

d2NBW

dtdη
dηd (φ0/2)

]
, (8)

where nγ i is the density of the incident photon beam. For
Fig. 3, this correction to the photon density was applied in
Eq. (7), resulting in excellent agreement between the theory
and simulations.

III. PHASE CONTROL WITH FOCUSED LASER PULSES

The model and simulations presented in the previous sec-
tion illustrated the salient phenomena that allow for phase
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FIG. 3. Comparison of the asymptotic transverse current density
predicted by the analytical theory (continuous curves) and 1D sim-
ulations (dots) as a function of (a) the phase offset between the first
and second harmonic of the laser pulse θ and (b) the amplitude of
the first harmonic a1 for a fixed fluence of 1.4 × 109 J/cm2 and a
full-width-half-maximum duration of 23 fs. In (a) a1 = 150, while
in (b) θ = π/2. The currents for the photon energy h̄ω = 500mec2

where multiplied by ten to make them visible on the same scale as
the h̄ω = 2500mec2 currents. The theory [Eq. (7)] and simulations
are in excellent agreement.

control of nonlinear Breit-Wheeler pair creation. Several
effects, however, were not considered: the generation of
nonmonoenergetic photons from NCS, quantum radiation re-
action, and the transverse ponderomotive force of the laser
pulse. This section presents full-scale 2D QED-PIC simula-
tions that include these effects and verify that the underlying
physical picture remains unchanged.

In 2D (or 3D), the relative drift of the electrons and
positrons eventually results in their spatial separation, which
can facilitate experimental detection and diagnosis. To illus-
trate the spatial separation and demonstrate phase control
for realistic, focused laser pulses, the head-on collision of
a two-color laser pulse and a relativistic electron beam was
simulated using 2D QED-PIC (see the Appendix for details).
The laser pulse and electron beam parameters are motivated
by near-term high-intensity laser facilities and current laser
wakefield accelerators, respectively. The parameters are dis-
played in Table I [74–81]. The simulated interaction was
synchronized so that the peak intensity of the laser pulse and
the peak density of the electron beam arrived at the focal plane
(z = 0) at the same time. Note that the number of photons
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TABLE I. Parameters for the 2D QED-PIC simulations.
Where applicable, the parameters are the same as in the 1D
simulations presented in Sec. II. The electron beam had a
Gaussian profile in all directions, while the laser pulse had a
Gaussian profile in the transverse direction and a polynomial
profile in the longitudinal direction (see the Appendix). The
focal spot, length, and width are specified as the e−2 values.

Laser pulse parameters Value

λ1(µm) 1
λ2(µm) 0.5
a1 150
a2 75
λ1 & λ2 FWHM duration (fs) 23
λ1 & λ2 focal spot (µm) 6
Total Energy (J) 800

Electron beam parameters Value

Length (µm) 6
Width (µm) 6
Charge (pC) 10
Energy (GeV) 5.1

generated in NCS, and hence the number of pairs, is linearly
proportional to the number of beam electrons. Thus, the pair
and current densities can be linearly scaled to obtain the result
for higher or lower beam charges.

Figure 4 displays the charge densities and momentum dis-
tributions of the created electrons and positrons ∼65 fs after
the initial collision of the laser pulse and the electron beam.
A phase offset of θ = π/2 maximizes the relative drift (trans-
verse momenta) and spatial separation of the electrons and
positrons: The electrons travel predominantly in the positive x
direction and the positrons in the negative x direction. As the
charges advance into the “far field,” their relative drift will
continue to increase their spatial separation. In accordance
with the analytical model, the relative drift is smaller for θ =
π/4 and smaller still for θ = 0. When θ = 0, the electrons and
positrons have a slight drift in the opposite direction (negative
x and positive x, respectively). This results from the difference
in the Gouy phase of the first and second harmonic.

Figure 5 shows the corresponding transverse current
densities for the cases displayed in Fig. 4. When θ = π/2,
the positive transverse drift of the electrons and the negative
transverse drift of the positrons produce two lobes of current
located symmetrically about the propagation axis. Near the
propagation axis, the current density is nullified by the spatial
overlap and near-equal drift of the charges. When θ = π/4,
the situation is similar, but the charges are more overlapped
in space, resulting in a much smaller current density. When
θ = 0, the current density is barely distinguishable from
noise.

The simulations presented in this section modeled the col-
lision of zero-emittance electron beams with two-color laser
pulses in 2D. Additional simulations were run to test the effect
of emittance and dimensionality. A normalized emittance of
1 mm mrad, consistent with laser wakefield accelerators, had
no observable effect on the results: the divergence resulting
from the drift velocity was much greater than the divergence
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FIG. 4. Charge densities (left) and momentum distributions
(right) of electrons (blue) and positrons (orange) created by the
nonlinear Breit-Wheeler process ∼65 fs after the collision of a two-
color laser pulse and relativistic electron beam. A phase offset of
θ = π/2 (top) between the first and second harmonic maximizes the
spatial separation and relative drift of the electrons and positrons.
The separation and relative drift are smaller for θ = π/4 (middle)
and are minimal for θ = 0 (bottom). The line outs show the density
and momentum distributions integrated over z and pz, respectively.

of the incident electron beam. When the polarization of the
two-color pulse was directed out of the plane, the pairs ac-
quired transverse (ŷ) momentum due to the ponderomotive
force, but no net current was generated for any relative phase
between the two colors. Thus, reasonable emittances and
out-of-plane dynamics do not affect the principle result that
an appropriately phased two-color laser pulse produces a net
electron-positron current.

The two-color laser pulses used in the simulations had
specified phase differences and transverse Gaussian profiles.
In an experimental realization, the relative phase can be varied
in a number of ways. For instance, in experiments where a
two-color laser pulse generated a drift current of photonion-
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FIG. 5. Transverse current densities for the cases displayed in
Fig. 4. The magnitude of the current density drops as the phase
offset is decreased from θ = π/2 to θ = 0. The line outs show the
integral of the current density over z. The large current density in
the case of θ = π/2 may provide a collective signature of nonlinear
Breit-Wheeler pair creation.

ized electrons the relative phase was adjusted by shifting the
longitudinal position of the frequency doubling crystal [56].
Ultimately, the ability to set the phase in a predictable way
will depend on the shot-to-shot phase stability of the laser
system. Regardless, Fig. 3(a) shows that there is a relatively
wide range of phases around θ = π/2 (or 3π/2) where a large
net current can be expected. As long as the two harmonics
overlap in space and time, the production of a relative drift
will not be sensitive to the spatial profile of the pulses: The
transverse ponderomotive force results in a transverse velocity
that is much smaller than the drift velocity.

IV. CONCLUSIONS AND PROSPECTS

A laser pulse composed of a fundamental and second har-
monic provides control over the relative transverse motion of
electrons and positrons created in the nonlinear Breit-Wheeler
process. By adjusting the relative phase θ of the harmonics,
the electrons and positrons can be made to drift in the opposite
(θ = π/2) or same direction (θ = 0). In the case of θ = π/2,
the opposite drift spatially separates the charges, which can fa-
cilitate experimental detection and diagnosis of the pairs. The
opposite drift also produces a transverse current density that
can drive low-frequency radiation. This radiation may offer
an additional diagnostic signature of nonlinear Breit-Wheeler.
Finally, the asymptotic angle of the pairs ∼px f /pz f depends

on the vector potential at the time of creation ax0, which could
provide an indirect measurement of its value [Eqs. (4) or (5)].

The underlying physics allowing for phase control was
demonstrated using an analytical model and QED-PIC sim-
ulations with parameters motivated by near-term, high-power
laser facilities and current laser wakefield accelerators. Sec-
ond harmonic generation of a high-power (>5 PW) laser
pulse has yet to be demonstrated and may be a technolog-
ical challenge. Second (and third) harmonic generation of
high-energy laser pulses is now routine at long-pulse facilities
like OMEGA and NIF [82,83]. At a high-power laser facility
featuring two laser pulses, such as the proposed EP-OPAL
laser [77], a second harmonic conversion crystal could be
placed before the final compression grating of one of the
pulses. However, additional research is required to determine
the feasibility of this approach. For example, the spectral
acceptance of the frequency conversion crystal must accom-
modate the bandwidth of the short pulse, and high-efficiency
compression gratings for ∼500 nm wavelengths would need
to be fabricated.

This manuscript focused solely on the relative phase be-
tween two harmonics, but additional structuring of the optical
waveform would allow for more exotic electron-positron
motion. For instance, a two-color laser pulse with a time-
dependent polarization could produce intertwined helical or
twisted drifts. As another example, a two-color laser pulse
with a higher-order transverse mode or orbital angular mo-
mentum could be used to spatially shape the drift motion
and transverse current density. Finally, a two-color ultrashort
flying focus [84–86] would provide control over the velocity
of the pair-creation front, enabling a quasiparticle source of
superradiant emission [87].
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APPENDIX: SIMULATION DETAILS

All simulations were run using the OSIRIS framework
[64] with the Monte Carlo module for QED processes
[66,69–73]. The “1D” simulations modeled a plane wave laser
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pulse in a 2D domain with periodic boundary conditions in
the transverse direction. The domain was 70 µm × 10 µm in
the longitudinal (z) and transverse (x) directions, divided into
8600 × 320 cells. The asymptotic current density displayed
in Fig. 3 was obtained by averaging over the x direction and
summing over the z direction. The 2D simulations modeled
a focused laser pulse with open boundary conditions. In this
case, the domain was 70 µm × 60 µm, divided into 8640 ×
1800 cells. Four particles per cell were used for the initial
electron beam in the 2D simulations.

A 27 attosecond time step was used in all simulations,
which ensured that the Courant-condition was satisfied and

that in each time step the probabilities per particle for photon
(NCS) and pair (nonlinear Breit-Wheeler) creation were much
smaller than one. Thus, the probability that a single particle
could be responsible for two creation events in a single time
step was negligible.

The electric fields of the harmonics were initialized with
the temporal profile f (t ) = 10(−|t | + τs)3/τ 3

s − 15(−|t | +
τs)4/τ 4

s + 6(−|t | + τs)5/τ 5
s , where τs = 1.3τFWHM = 30 fs.

The value of f (t ) and its first two derivatives are zero at
|t | = τs, which provides smooth on and off ramps. This avoids
the abrupt jumps that would occur with a Gaussian profile
defined on a finite domain.
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