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All-optical nonlinear Breit-Wheeler pair production with γ-flash photons
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High-power laser facilities give experimental access to fundamental strong-field quantum electrodynamics
processes. A key effect to be explored is the nonlinear Breit-Wheeler process: the conversion of high-energy
photons into electron-positron pairs through the interaction with a strong electromagnetic field. A major
challenge to observing nonlinear Breit-Wheeler pair production experimentally is first having a suitable source
of high-energy photons. In this paper we outline a simple all-optical setup which efficiently generates photons
through the so-called γ -flash mechanism by irradiating a solid target with a high-power laser. We consider the
collision of these photons with a secondary laser and systematically discuss the prospects for exploring the
nonlinear Breit-Wheeler process at current and next-generation high-power laser facilities.
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I. INTRODUCTION

Modern advances in laser technology have brought us into
the multipetawatt laser power regime, with a large number
of high-power laser facilities [1] either operational or in
development (see, e.g., [2–14]). High-power lasers generate
intense electromagnetic fields, allowing access to the nonlin-
ear regime of quantum electrodynamics (QED), where the
interaction between particles and laser fields cannot be de-
scribed by the usual methods of vacuum perturbation theory.
Instead, the electromagnetic field must be taken into account
nonperturbatively through a framework typically referred to as
strong-field QED [15–19]. One of the most important strong-
field QED phenomena is the nonlinear Breit-Wheeler (NBW)
process [20–23]: The production of an electron-positron pair
from the interaction between a high-energy γ -photon and
strong electromagnetic field. High-power lasers are an ideal
source of strong fields, with field strengths E0 ∼ 10−3ES al-
ready achieved experimentally with petawatt-class systems
[4], where ES ∼ 1.32×1018 V m−1 is the Schwinger critical
field of QED at which nonperturbative pair production occurs
[24–26].

With high-power lasers supplying the strong fields, one still
requires a source of γ photons for NBW experiments. The
source should ideally meet the following criteria.

(i) High energy. The NBW process is exponentially sup-
pressed when the quantum nonlinearity parameter for a
photon with momentum lμ, χγ = √−(Fμν lν )2/mcES � 1,
becoming more probable as χγ � 1. If the field strength
of the laser pulse is parametrized by the dimensionless
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intensity parameter ξ = eE0λC/h̄ω0,1 this corresponds to a
photon energy ωγ � m2/2ω0ξ . Typical multipetawatt laser
facilities will operate with optical frequencies ω0 ∼ 1 eV and
field strengths ξ ∼ 102–103, requiring photons with energy in
the MeV to GeV range.

(ii) Large numbers. The total number of generated electron-
positron pairs Ne−e+ is directly proportional to the number of
photons which collide with the laser Ne−e+ ∝ Nγ .

(iii) Synchronized. Multipetawatt laser systems reach high
peak power by compressing laser pulses to femtosecond du-
rations. The photon source should be easily synchronized
with the colliding pulse to ensure that large numbers of pho-
tons pass through the spatiotemporal region of highest field
strength.

(iv) Overlap. High intensities are achieved by focusing
laser pulses to (typically) micron beam waists w0. The photon
beam should have large spatial overlap with the laser focal
spot to mitigate the impact of shot-to-shot fluctuations.

(v) Efficient. The photon-generation mechanism should ef-
ficiently convert the total input energy into a comparable total
energy of photons.

Different photon sources suitable for strong-field QED ex-
periments have been proposed, which generally fall into two
categories: electron seeded or laser driven (for a review see,
e.g., [27] and references therein).

Electron-seeded schemes generate γ photons by collid-
ing electron bunches with electromagnetic fields or high-Z
targets. In the former case, photons can be produced in the
perturbative regime ξ � 1 via inverse Thomson or Compton
scattering [28]. or in the nonperturbative regime ξ � 1 via

1Here e is the electron charge, E0 is the electric-field strength, λc =
h̄/mc is the Compton wavelength of an electron with mass m, and ω0

is the central frequency of the laser pulse.
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nonlinear Compton scattering [22,29,30]. The weak-field case
ξ � 1 produces radiation which is highly monochromatic and
polarized [31–33], but requires high-density electron bunches
of GeV energy to produce the significant numbers of MeV
photons [31,34] required for the NBW process. In the non-
linear regime ξ � 1, electron bunches of comparatively lower
density can be used to generate high-brightness photon beams
with energy comparable to the initial energy of the electrons
(see, e.g., [35,36]), due to the high field strengths causing
significant portions of the electron energy to be radiated. Al-
ternatively, electron beams can be collided with high-Z targets
to produce photons via bremsstrahlung [37,38], where the
maximum photon energy is again comparable to the initial
electron energy. This scheme has shown promise for the study
of the NBW process [39] and is being considered as the
primary source of photons in several experimental proposals
(see, e.g., [40–43]). Novel schemes have also been proposed
utilizing electron-beam–multifoil collisions [44] and high-
density electron bunch collisions with solid targets [45] to
produce γ photons with high conversion efficiency.

The key limiting factor of each of these approaches is
the initial step of producing high-energy, high-density elec-
tron beams. This must be achieved using conventional RF
accelerators or laser-wakefield acceleration (LWFA) [46–48].
Conventionally-accelerated electron beams were utilized in
the first experimental demonstration of pair production in
the weak-field regime (ξ � 1) [49,50] and will be used in
the upcoming LUXE campaign to explore pair production
in the transition regime (ξ � 1) [40]. However, currently no
facility exists which hosts both a conventional accelerator
and a multipetawatt laser system, putting the nonperturbative
multiphoton regime of the NBW process (ξ � 1) out of reach
with this approach. Therefore, LWFA will be the primary
mechanism for producing electron bunches at multipetawatt
laser facilities. A typical photon source using LWFA electrons
will require multiple stages. First, the electrons are produced
through a single or multistage acceleration scheme with an
initial laser pulse colliding with an underdense plasma. Sec-
ond, depending on the properties of the electron beam such
as its transverse size and divergence, these will need to be
focused or columnated to achieve higher densities and miti-
gate undesirable features in the produced photons (see, e.g.,
[39]). Finally, the electrons will generate photons via one of
the mechanisms outlined above, requiring either another laser
pulse or strong-field source, or collision with a high-Z target.
At each stage in the photon-generation scheme, nonlinear
plasma effects, shot-to-shot fluctuations in laser parameters
and/or electron-beam properties, and the spatiotemporal size
of the produced photon beams can make synchronization
with another colliding laser pulse extremely challenging. Fur-
thermore, the conversion efficiency between the initial laser
energy and the total energy of the produced photons can be
extremely low.

Instead of using electrons to generate γ photons, one can
instead hope to produce them more directly using a laser-
driven approach. While many of the electron-seeded schemes
described above would require multistage experimental con-
figurations and access to high-energy electron sources such as
conventional accelerators, laser-driven γ -photon generation
can typically be achieved in a single stage, with the only

requirement being access to a high-power laser. A simple
scheme which uses high-power lasers to irradiate solid tar-
gets is the so-called γ -flash mechanism [51,52]. The γ -flash
mechanism meets all of the desired properties (i)–(v) outlined
above, producing large numbers of MeV to GeV photons with
very high conversion efficiency between the laser energy and
the energy of the produced photons [53–68]. Furthermore, the
use of only a single laser-driven stage to generate the γ flash,
coupled with the short duration and large transverse size of
the photon beam, makes synchronization to and overlap with
a secondary laser pulse particularly simple.

In this paper we investigate the feasibility of using the
γ -flash mechanism for studying nonlinear Breit-Wheeler pair
production through an extremely simple all-optical two-stage
configuration, demonstrated in Fig. 1. The key physical pa-
rameter which limits the attainable on-target peak power at
a high-power laser facility is the total available pulse energy
Etotal. Our scheme assumes Etotal is split between two laser
pulses Etotal = Eflash + Epairs. A pulse of energy Eflash is used
to irradiate an overdense plasma, chosen as solid Li, to drive
γ -photon production through the γ -flash mechanism. This
produces a γ -photon beam with large numbers of MeV to
GeV photons, which propagate out from the rear surface of the
target. A second laser pulse, with energy Epairs, collides head-
on with the γ photons at an interaction distance d from the
target rear surface to produce electron-positron pairs through
the NBW process.

The paper is structured as follows. In Sec. II we dis-
cuss the angular and spectral properties of photons generated
through the γ -flash mechanism. The spectra are produced
using the particle-in-cell (PIC) code EPOCH [76]. In Sec. III
we summarize theoretical aspects of the NBW process, giving
expressions for the differential probability of pair produc-
tion from the collision of a photon and a linearly polarized
plane-wave pulse with a Gaussian temporal envelope. In
Sec. IV numerical results are presented for the total number
of electron-positron pairs produced through the interaction
of γ -flash photons with high-power laser pulses. We con-
sider three different cases of total available laser pulse energy
Etotal, relevant for current- and next-generation laser facili-
ties, and discuss the optimal partitioning of this energy into
Eflash and Epairs to maximize the overall pair yield. We also
discuss the energy and angular properties of the produced
positrons. In Sec. V we summarize our key findings and
discuss future steps for refining and optimizing our approach.
Throughout the rest of the paper we work in natural units
h̄ = c = 1 unless otherwise specified and use the shorthand
notation aμbμ ≡ a · b and b · b ≡ b2 with metric tensor gμν =
diag(+1,−1,−1,−1).

II. THE γ-FLASH PHOTON SPECTRUM

At low intensities, overdense plasmas, where the electron
density ne > ncr, with ncr = ε0meω

2
0/e2 the critical density for

frequency ω0, are opaque to laser light. Irradiating an over-
dense plasma with a laser of sufficiently high intensity induces
relativistic transparency, allowing the laser to propagate into
the plasma and drive electron motion. A dense QED plasma is
produced where there is an interplay between field-induced
QED phenomena and collective plasma effects [51,52].
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FIG. 1. Proposed experimental configuration. The total available laser energy Etotal is split into two beams: Etotal = Eflash + Epairs. The beam
with energy Eflash is used to irradiate a solid lithium target, producing high-energy photons via the so-called γ -flash mechanism [51,52].
Charged secondary particles from the target are deflected to minimize background. The γ -flash photons propagate from the rear surface of
the lithium target and collide with a counterpropagating secondary pulse, energy Epairs, to produce electron-positron pairs via the nonlinear
Breit-Wheeler mechanism [20–23]. Positrons are emitted at an angle ϑ relative to the axis of the colliding counterpropagating laser.

Copious numbers of high-energy photons are generated by
charged particles in the QED plasma by a combination of
nonlinear Compton scattering [51,52] and bremsstrahlung
[37,38], in a mechanism often referred to as a γ -flash. Nu-
merical studies primarily utilizing PIC codes [51,52] have
demonstrated that the laser-to-photon energy conversion effi-
ciency κγ for the γ -flash mechanism can be as large as several
tens of percent for single laser [53–61], dual laser [62–64],
and multilaser configurations [65–68].

The first stage of our setup involves irradiating an
overdense plasma with an intense laser pulse to generate high-
energy photons. The plasma is taken to be a solid Li target, of
density ne ≈ 1.39×1029 m−3, with a diameter of 12 µm and a
thickness of 10 µm. The choice of target is twofold. First, thin
low-Z targets are known to reduce secondary particle produc-
tion by photons in the material, compared to thicker and/or
higher-Z targets (see, e.g., [69–71]). Second, Li has previously
been shown to optimize the laser-to-photon energy conversion
efficiency with metallic targets [61]. To increase the efficiency
of photon generation the target is first irradiated with a long
prepulse which generates a conical channel and has an ef-
fect similar to using targets fabricated with cone structures
(see, e.g., [61,71–74]). The three-dimensional electron num-
ber density for the structured target is reproduced from a
publicly available data set [75] which calculates the effect
of the prepulse using radiation hydrodynamic simulations.
These data are then used as the initial conditions for the three-
dimensional PIC simulations which model photon generation
using the code EPOCH [76] compiled with the Higuera-Cary
[77], bremsstrahlung, and photon [78] directives enabled.

We consider the γ -photon spectra generated from lasers
with different values of the laser energy Eflash. In each case the
pulse is a linearly polarized laser with a full width at half max-
imum (FWHM) duration of 17 fs focused at normal incidence
on the target with beam waist w0 ∼ 1.86 µm. The central laser
wavelength is λ0 = 0.815 µm, typical of Ti:sapphire laser sys-
tems [79] used at many current- and next-generation facilities
(see, e.g., [3,4,7,9–11]). These parameters are summarized in
Table I.

Photons are emitted in a symmetric double-lobe pattern
due to the transverse motion of electrons in the plasma
(see, e.g., [52,60,61,80–82]). The angular distribution of
the radiant intensity of the γ -flash photons from the rear
surface of the Li target for three different laser ener-
gies Eflash = (85, 255, 850) J is shown in Fig. 2. For the
constant parameters in Table I, these correspond to laser
powers Pflash = (5, 15, 50) PW and approximate intensities
Iflash ∼ (5×1022)–(5×1023) W cm−2 (or equivalently ξflash ∼
150–475). An angle of θ = 0◦ corresponds to emission along
the laser-beam axis. The radiant intensity of the γ -flash
photons has been averaged over the symmetric double-lobe
emission pattern.

By colliding the produced photons with a secondary laser
pulse, they will act as seed photons for the NBW process. This
process requires a large flux of high-energy photons and so to
maximize the number of pairs produced the secondary laser
should be focused to the region of highest radiant intensity.
The energy spectra which will be used in the calculation of
the NBW process in Sec. IV will correspond to the γ -flash
photons within the full-angle divergence of β = 10◦ which
maximizes the radiant intensity. The appropriate region for
each of the different laser powers is shown as the shaded
portions of Fig. 2. These are found to be centered around
θ = (32◦, 22◦, 23◦) for Pflash = (5, 15, 50) PW, respectively.

The differential energy spectra ωγ dNγ (ωγ )/dωγ [energy
ωγ and differential number of photons dNγ (ωγ )/dωγ ] of the
γ -flash photons are shown in Fig. 3. Dark solid curves give
the full angular spectra, with the light dashed curves show-
ing the spectra corresponding photons within the β = 10◦
full-angle divergence shaded regions of Fig. 2. The photons

TABLE I. Constant laser parameters for the γ -flash driving laser
with energy Eflash.

τFWHM (fs) λ0 (µm) w0 (µm)

17 0.815 1.86
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FIG. 2. Angular distribution of radiant intensity of γ -flash pho-
tons along the laser polarization axis, averaged over the two-lobe
angular structure. The γ -flash is produced by the interaction with
the Li solid target and focused laser pulses with peak powers of 5
PW (blue circles), 15 PW (orange squares), and 50 PW (green stars).
The shaded region denotes β = 10◦ full-angle divergence, which
maximizes the radiant intensity.

within the 10◦ full-angle divergence account for a large num-
ber of the highest-energy photons in the γ -flash spectrum,
with lower-energy photons primarily filtered out. Calculating
the laser-to-photon energy conversion efficiency for the full
angular spectra (see Fig. 4), we reaffirm previous analyses
demonstrating very high efficiencies for the full angular spec-
trum [51–68]. The proportion of laser energy converted into
the β = 10◦ full-angle divergence is also shown.

III. NONLINEAR BREIT-WHEELER PAIR PRODUCTION

The theory of the NBW process is by now very well
established and we discuss only the key features. For more
details and references see [15–19]. The linear Breit-Wheeler
process is the production of an electron-positron pair from two

FIG. 3. The γ -flash energy spectrum ωγ dNγ /dωγ generated by
lasers with peak powers of 5 PW (blue circles), 15 PW (orange
squares), and 50 PW (green stars). Dark solid lines show the energy
spectrum over all emission angles. Light dashed lines show the
energy spectrum over the peak with full-angle divergence β = 10◦,
corresponding to the respective shaded regions in Fig. 2.

FIG. 4. Laser-to-photon energy conversion efficiency κγ versus
laser peak power for the full spectrum (solid line) and for the photons
emitted within the full-angle divergence β = 10◦ (dashed line).

real2 high-energy γ photons [20]. To produce a pair, the total
energy of the γ photons must exceed the minimum threshold
ω1 + ω2 � 2m. Along with the smallness of the correspond-
ing cross section, this has made the linear Breit-Wheeler
process extremely difficult to observe experimentally [84,85].
The NBW process is a multiphoton generalization, where
pairs are produced from the interaction of a single high-energy
γ photon with a large number of (typically) low-energy pho-
tons which are sourced from a strong electromagnetic field
[21–23]. If the field is a plane-wave pulse with dimensionless
field strength ξ and wave vector kμ, then the NBW process
obeys the four-momentum conservation relation lμ + νkμ =
pμ + qμ, where lμ (l2 = 0) is the momentum of the high-
energy γ photon, pμ and qμ (p2 = q2 = m2) are the momenta
of the produced electron and positron, respectively, and ν

is the proportion of energy momentum absorbed from the
plane-wave background. The threshold for the NBW process
can then be defined locally as ν � [2 + ξ 2(φ)]/ηγ [86], where
ξ (φ) is the local value of the intensity parameter and

ηγ = k · l

m2
(1)

is the normalized momentum of the γ photon along the di-
rection of the colliding plane-wave field. To overcome this
threshold one must have both high-energy γ photons and
strong electromagnetic fields.

We consider the collision of photons with a linearly polar-
ized plane-wave field with Gaussian envelope

aμ(φ) = mξεμ cos φe−4 ln(2)(φ2/�FWHM )2
, (2)

where φ is the phase, εμ denotes the polarization direction,
and ξ is the dimensionless measure of the laser field strength
[87]. The FWHM phase duration of the pulse �FWHM is
related to the temporal FWHM via τFWHM = �FWHMλ0/2c,
where λ0 is the wavelength. To reach the highest intensities,
high-power lasers must be focused. However, it is known that
strong focusing can be detrimental for the NBW process (see,
e.g., [39,41,43,88]). To maximize the pair yield, the influence

2For the case of pair production from virtual photons, typically
known as the Bethe-Heitler process, see [83].
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TABLE II. Constant laser parameters for colliding pulse energy
Epairs, which drives pair production via NBW.

τFWHM (fs) λ0 (µm) w0 (µm)

17 0.815 2.5

of transverse focusing effects should be minimized. A focused
fundamental Gaussian beam propagating in the z direction
with focus at z = 0 has a radius of curvature at some position z
of R(z) = z[1 + (zR/z)2], where zR = πw2

0/λ0 is the Rayleigh
length. As the radius of curvature becomes larger, i.e., when
(zR/z)2 � 1, the wavefronts of the beam begin to look more
like those of a plane wave. This condition can be used to define
a maximum length scale zmax over which the focused pulse can
be approximated by a plane wave. A reasonable choice would
be to consider an order of magnitude in (zR/z)2, i.e., zmax =
zR/3. This would also keep the beam radius approximately
constant for z < zmax, i.e., w2(z) = w2

0[1 + (z/zR)2] ≈ w2
0,

such that focusing effects become minimized. Using zmax to
set an upper bound on the laser FWHM pulse length cτFWHM

gives a condition for the minimum beam waist w0 for which
the plane-wave model is valid,

w0 (µm) > 0.535
√

τFWHM (fs) × λ0 (µm). (3)

The wavelength and FWHM duration of the colliding pulse
are chosen to match the parameters used in Sec. II: λ0 =
0.815 μm and τFWHM = 17 fs. This sets a lower bound
of w0 > 1.99 µm. Therefore, for each pulse energy Epairs

the beam waist will be chosen as w0 = 2.5 µm, i.e., w0 	
3λ0.3 The colliding pulse parameters are summarized in
Table II.

The NBW S-matrix element for the production of an
electron-positron pair with momenta (pμ, qμ) and spins (s, r)
from the collision of a photon of momentum lμ and polariza-
tion ε

μ

l with a plane-wave pulse is

S f i = −ie
∫

d4x e−il·xψ̄ (−)
p,s (x)/εlψ

(+)
q,r (x), (4)

where e is the electron charge and the Volkov wave functions
[89] for the produced electron-positron pair are

ψ̄ (−)
p,s (x) = exp

(
+ip · x + i

∫ φ

dt
2p · a(t ) − a2(t )

2k · p

)
ūs

p

×
(

1 − /k/a(φ)

2k · p

)
, (5)

ψ (+)
q,r (x) = exp

(
+iq · x − i

∫ φ

dt
2q · a(t ) + a2(t )

2k · q

)

×
(

1 − /k/a(φ)

2k · q

)
vr

q, (6)

3Blackburn and Marklund [39] demonstrated that for short pulses
(τFWHM < 20 fs) and small collision angles focusing effects only
contribute a small change to the total pair-production probability for
2 < w0/λ0 < 10. This is in agreement with our simple approxima-
tions and choice of parameters.

respectively. Here ūs
p and vr

q are free-space Dirac spinors and
for any 4-vector bμ: /b ≡ γ μbμ with γ μ the Dirac matrices.

Calculations are performed in light-front coordinates xμ =
(x−, x⊥, x+), where x± = t ± z and x⊥ = (x, y). The plane
wave propagates in the z direction with wave vector kμ =
ω0(1, 0, 0, 1) and the phase is defined as φ ≡ k · x = ω0x−. A
generic on-shell 4-momentum pμ is expressed in light-front
variables as pμ = (p−, p⊥, p+), where k · p = 2ω0 p+, p⊥ =
(px, py), and the remaining component is fixed by the on-shell
condition p2 = m2 as p− = (m2 + p2

⊥)/4p+. Integrals over
(x⊥, x+) in Eq. (4) yield momentum-conserving δ functions.
The differential probability can then be found by taking the
squared modulus of S f i, averaging (summing) over initial (fi-
nal) spins, and integrating over the electron momenta pμ. We
are specifically interested in the interaction of MeV to GeV
photons with multipetawatt, multicycle laser pulses, where
the dimensionless intensity parameter ξ � 1. As such, we are
within the regime of validity4 of the locally constant field
approximation (LCFA), which gives the angularly resolved
differential probability

d3PLCFA

drdηqdψ
= αr

πη2
γ

∫
dφ Ai[z̄(φ)]

×
[

z(φ) +
(

(ηγ − ηq)2 + η2
q

ηq(ηγ − ηq)

)
z̄(φ)

]
, (7)

where α = e2/4π is the fine-structure constant. The argument
of the Airy function Ai[z̄(φ)] is

z̄(φ) = z(φ)

(
1 + r2 + |a⊥(φ)|2

m2
+ 2r|a⊥(φ)| cos ψ

m

)
, (8)

where

z(φ) =
(

1

χγ (φ)

η2
γ

ηq(ηγ − ηq)

)2/3

(9)

is defined in terms of the quantum nonlinearity parameter of
the photon

χγ (φ) =ηγ |a′
⊥(φ)|
m

, (10)

where a′
⊥(φ) ≡ da⊥(φ)/dφ.

The probability is compactly parametrized by three param-
eters (ηq, r, ψ ), where

ηq = k · q

m2
(11)

is the normalized momentum of the positron along the direc-
tion of the colliding plane wave r = |r⊥|, where

r⊥ =
q⊥ − ηq

ηγ
l⊥

m
(12)

is a measure of the positron momentum in the plane per-
pendicular to the direction of the laser and ψ ∈ [0, 2π ) is
the azimuthal emission angle in the perpendicular plane, i.e.,

4For discussions of the regime of validity of the LCFA see
[15,90,91] and for extensions or alternatives see [86,92–94].
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we could also write r⊥ = r{cos ψ, sin ψ}. When the perpen-
dicular momentum of the photon can be neglected, q⊥ �
(ηq/ηγ )l⊥, and the energy of the produced positron Eq �
m, then r ≈ (Eq/m) sin ϑ and ηq ≈ (ω0Eq/m2)(1 + cos ϑ ),
where ϑ is the emission angle relative to the colliding laser
propagation axis (chosen here as the z axis). Thus, for small
emission angles ϑ � 1, r ≈ Eqϑ/m and ηq ≈ 2ω0Eq/m and
we can readily interpret the pair (r, ηq) as a parametrization of
the positron’s emission angle and energy.

Integrating Eq. (7) returns the total probability PLCFA for
the NBW process by a single photon with momentum lμ.
However, in certain regimes PLCFA can exceed unity and its
interpretation as a probability becomes ambiguous. This is
due to higher-order loop effects being neglected. These can be
included by solving the Schwinger-Dyson equations to arrive
at photon wave functions which demonstrate an exponential
decay [95]. One can then define a decay probability

W = 1 − exp(−PLCFA), (13)

in which PLCFA now has the interpretation as the decay ex-
ponent for a photon with momentum lμ propagating through
the laser pulse (see, e.g., [41,95–97]). When PLCFA � 1, then
W ≈ PLCFA and PLCFA can again be interpreted as a probabil-
ity.

IV. PAIRS FROM γ FLASH

Photons are produced at the target rear surface and are
spread in the angular plane (cf. Fig. 2). As discussed in
Sec. II we consider photons within the full-angle divergence
of β = 10◦ for which the radiant intensity of the photons
is maximized. These photons will propagate a distance d
to the colliding laser focus, expanding from the rear target
surface as a spherical shell. The distance d will typically be
of O(10 cm) and the spherical shell of photons within the
full-angle divergence β = 10◦ will have a large radius of cur-
vature and transverse size relative to the colliding laser-beam
waist, w0 ∼ O(µm). The beam of photons which collide with
the pulse can therefore be well approximated as a flat disk
propagating from the target point source and the perpendicu-
lar momentum of the photons can be neglected, i.e., l⊥ ≈ 0,
such that the photons collide approximately head-on with the
counterpropagating laser pulse. After propagating a distance
d the photon beam will have an area Aflash = πd2 tan2(β/2).
The photons will then collide with a counterpropagating laser
pulse with a focal spot area Alaser = πw2

0, where w0 is the
beam waist. Given a total number of photons Nγ within the
full-angle divergence β, the total number of photons within
the laser focal spot, focused at the distance d , will be5

Nγ w2
0

d2 tan2(β/2)
. (14)

5The validity of Eq. (14) requires Aflash > Alaser, which for β = 10◦

is satisfied when d � 11w0.

FIG. 5. Total number of produced pairs Ne−e+ as a function of
photon-laser interaction point distance d calculated with Eq. (15)
for Etotal = 170 J (blue circles), Etotal = 510 J (orange squares), and
Etotal = 1700 J (green stars). The legend gives the values of the ratio
� [cf. Eq. (16)].

Then the total number of pairs generated from the collision of
the photon beam with the colliding laser is

Ne−e+ = w2
0

d2 tan2(β/2)

∫ ∞

0
dωγ W(ωγ )

dNγ (ωγ )

dωγ

, (15)

where W(ωγ ) is defined by Eq. (13) and dNγ (ωγ )/dωγ is the
differential number of photons with energy ωγ .

At a high-power laser facility, the key constraining param-
eter is the deliverable pulse energy. Current and upcoming
petawatt and multipetawatt laser facilities typically have de-
liverable pulse energies of Etotal ∼ 30–1500 J, with durations
τFWHM ∼ 15–30 fs [1], with notable exceptions such as the 10-
PW laser system at ELI Beamlines [8], which will have a long
pulse duration of 150 fs. The proposed scheme (Fig. 1) takes
the total available laser energy and splits this into two Etotal =
Eflash + Epairs, where the pulse with energy Eflash drives the
photon production via the γ -flash mechanism and the pulse
with energy Epairs collides with those photons to produce pairs.
We will consider three different cases for the total available
laser energy Etotal = (170, 510, 1700) J and further consider
different ratios

� = Eflash

Epairs
(16)

to find the optimal splitting of the total available laser
energy for producing pairs. Both pulses have a FWHM du-
ration τFWHM = 17 fs such that the total available power
for each case is Ptotal = (10, 30, 100) PW. Current state-of-
the-art technology has fueled the development of a number
of 10-PW-class laser facilities [7–11], with future facilities
(see, e.g., [13,14]) aiming to break the 100-PW peak power
threshold (see also [98,99]. Our considerations will therefore
explore the feasibility of using γ -flash photons to observe
nonlinear Breit-Wheeler pair production at current-, next-, and
future-generation high-power laser facilities.

In Fig. 5 we plot the total number of pairs produced as
the distance d is increased, using Eq. (15). The corresponding
values of the peak intensities for the different total energies
Etotal and ratios � used in Fig. 5 are outlined in Table III. Com-
paring the total number of pairs produced for different values
of the splitting ratio � at fixed Etotal and d suggests that the
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TABLE III. Peak intensity parameters used to calculate the total
number of electron-positron pairs in Fig. 5. The constant parameters
for the driving and colliding laser pulses are given in Tables I and II,
respectively. The intensity of each pulse is given both in terms of the
dimensionless intensity parameters ξflash and ξpairs and the equivalent
power per unit area Iflash and Ipairs.

Etotal (J) � ξflash ξpairs Iflash (W cm−2) Ipairs (W cm−2)

1 149 111 4.6×1022 2.5×1022

170 3 183 79 6.9×1022 1.27×1022

1/3 106 136 2.3×1022 3.8×1022

1 259 193 1.4×1023 7.6×1022

510 2 299 157 1.84×1023 5.1×1022

1/2 211 222 9.2×1022 1.0×1023

1 473 352 4.6×1023 2.5×1023

1700 4 598 222 7.36×1023 1.0×1023

1/4 299 445 1.84×1023 4.0×1023

number of pairs will be maximized when there is an equal split
of the total energy into the beams which drive the γ -flash pho-
ton generation and pair production via the NBW process, i.e.,
when � = 1. For the lowest total laser energy Etotal = 170 J,
we find N�=1

e−e+ /N�=3
e−e+ ≈ 1.8 and N�=1

e−e+ /N�=1/3
e−e+ ≈ 2.9. At the

intermediate energy Etotal = 510 J, we see a similar scaling
between the ratios of the number of pairs with each value of �,
with N�=1

e−e+ /N�=2
e−e+ ≈ 1.6 and N�=1

e−e+ /N�=1/2
e−e+ ≈ 3.9. Finally,

at the highest energy Etotal = 1700J, we find N�=1
e−e+ /N�=4

e−e+ ≈
1.2 and N�=1

e−e+ /N�=1/4
e−e+ ≈ 4.3.

In the process of producing photons via the γ -flash mech-
anism, electrons and positrons are also created and emitted
from the target rear surface (see, e.g., [51,53,58,60,64]). The
positrons are produced by high-energy photons inside the
target such that their energy and angular distribution are
comparable to the emitted γ -flash photons, while electrons
are produced both by pair production and by direct accel-
eration of target electrons by the irradiating laser pulse. To
minimize the background of charged particles an experi-
ment would separate these from the photons using magnetic
deflection or other methods. The photon propagation dis-
tance d therefore needs to be sufficiently large to allow
for this background of particles to be filtered from the
photons. For example, a permanent magnet of length L
and field strength B can deflect an electron or positron
propagating perpendicular to to the magnetic field with en-
ergy E by an angle δ (deg) 	 0.17L (cm)B (T)E−1 (GeV).
To ensure the background of charged particles at the fo-
cus of the colliding laser (energy Epairs) is minimized,
the deflection angle of particles propagating with the γ -
flash photons should satisfy δ � δmin, where δmin (deg) 	
6×10−3w0 (μm)d−1 (cm). This corresponds to a magnet
of length L (cm) � 0.03w0 (μm)E (GeV)d−1 (cm)B−1 (T ).
Considering a photon propagation distance of d = 10 cm,
deflecting a positron, with energy E = 3 GeV, with a magnet
of field strength B = 1 T away from the colliding laser focus
of w0 = 2.5 µm would require L � 0.02 cm. A large number
of background particles could therefore be removed with, for
example, an L = 5 cm neodymium magnet.

With the colliding laser focus at d = 10 cm and using
the optimal beam splitting ratio of � = 1, the total number
of pairs produced per shot for the different energies Etotal =
(170, 510, 1700) J is Ne−e+ ∼ (0.01, 10, 1300), respectively.
A typical high-power laser has a repetition rate of the order
of 0.1–10 Hz [1]. This means that with an interaction dis-
tance d = 10 cm and nominal repetition rate of 0.1 Hz, an
experiment could expect to produce approximately five pairs
per hour,6 with the 10-PW equivalent system, increasing to
approximately 105 pairs per hour with 100 PW. If the inter-
action distance could be further reduced to d = 1 cm, the
number of pairs per shot increases substantially to Ne−e+ ∼
(1, 1000, 105) pairs per shot, respectively.

For the three total laser energies Etotal with the optimal
splitting � = 1, Fig. 6 compares the differential number of
pairs produced dNe−e+/dωγ (light dashed line) with the dif-
ferential number of photons which interact with the colliding
laser dNγ /dωγ (dark solid line). The NBW process becomes
more probable as χγ � 1 and so in each case the value of
the photon energy ωγ which satisfies max[χγ ] = ηγ ξpairs = 1
is shown (black dashed line). For the lowest considered total
laser energy Etotal = 170 J, one can see that only a small por-
tion of the photons which collide with the secondary pulse are
converted into electron-positron pairs. The peak dimension-
less intensity of the colliding laser in this case is ξpairs ≈ 111,
which means only photons with energies ωγ � 771 MeV will
experience peak values of the quantum nonlinearity param-
eter max[χγ ] � 1. This corresponds to only approximately
10−5% of the total number of photons in the spectrum, or
equivalently approximately 10−4% of the total energy. For the
case Etotal = 510 J, the peak dimensionless intensity increases
to ξpairs ≈ 193 and max[χγ ] � 1 is satisfied for photons with
ωγ � 445 MeV, which accounts for approximately 0.2% of
the total number and approximately 2.5% of the total energy.
This then leads to a corresponding increase in the number
of pairs produced. The number of pairs then increases sig-
nificantly for the highest energy case Etotal = 1700 J, where
approximately 10% of the total number of photons (approxi-
mately 35% of the total spectrum energy) satisfy the condition
ωγ � 244 MeV which is required for max[χγ ] � 1 with the
dimensionless intensity parameter ξflash ≈ 352.

Turning now to the properties of the produced positrons,
Fig. 7 shows the double differential spectra in the physical
variables (ϑ, Eq), i.e., d2Ne−e+/dϑdEq, for the three cases of
total laser energy Etotal, with � = 1. Similarly, Fig. 8 shows
the corresponding single differential energy and angular spec-
tra dNe−e+/dEq and dNe−e+/dϑ , respectively. The structure
of the NBW probability (7) causes suppression of the pair
production except around sharply peaked values of the dimen-
sionless variable r. Increasing the total available laser energy
leads to larger values of r being attained by the produced
electron-positron pairs, due to the stronger transverse field
which they experience. From r ≈ (Eq/m) sin ϑ we can see
that increasing r means increasing the energy of the produced

6This is comparable to the estimated number of NBW pairs which
will be produced per hour at a proposed experiment with the CALA
laser [43,100], which will use LWFA electrons to generate photon
production via bremsstrahlung (cf. Sec. I).
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(a)

(b)

(c)

FIG. 6. Comparison of initial photon spectrum dNγ /dωγ (solid
line) with the differential number of pairs dNe−e+/dωγ (dashed line)
for (a) Etotal = 170 J and � = 1, (b) Etotal = 510 J and � = 1, and
(c) Etotal = 1700 J and � = 1. Black dashed lines denote the value of
ωγ for which max[χγ ] = ηγ ξpairs = 1.

positrons Eq and/or increasing their emission angle ϑ . The
double differential spectra in Fig. 7 follow curved lines of
approximately constant r, i.e., ϑ ≈ sin−1(mr/Eq). Increasing
the energy of the driving laser pulse increases both the max-
imum energy of the γ -flash photons and the overall number
of photons, particularly those of lower energy (cf. Fig. 3). As
the energy of the secondary colliding pulse increases, more
of the lower-energy photons can be converted into electron-
positron pairs due to the threshold energy for max[χγ ] �
1 being reduced (see Fig. 6). This in turn leads to more

low-energy electron-positron pairs being produced, which
pushes the peak in the energy spectrum to lower values of
the energy Eq as the total available laser energy Etotal is in-
creased, as shown in Figs. 8(a)–8(c). Furthermore, low-energy
positrons are more strongly influenced by the electromagnetic
field of the colliding laser and are emitted at larger emission
angles ϑ (cf. Fig. 7). This leads to a broadening of the single
differential angular spectra dNe−e+/dϑ as Etotal increases, as
shown in Figs. 8(d)–8(f).

V. SUMMARY AND OUTLOOK

Current- and next-generation high-power laser facilities
will be capable of delivering multipetawatt peak power laser
pulses for studying strong-field QED processes in the labora-
tory. Here we have explored the feasibility of experimentally
observing the nonlinear Breit-Wheeler process using a simple
and efficient two-stage setup whereby high-energy photons
produced by irradiating an overdense plasma with a laser
pulse collide with a secondary laser pulse to produce electron-
positron pairs.

Photons produced by the γ -flash mechanism have an an-
gular spread, producing a double-lobe pattern. We found the
optimal angle for the secondary collision by maximizing the
radiant intensity of the γ -flash photons and showed that the
photons within a full-angle divergence of β = 10◦ around
this optimal angle accounted for a large proportion of the
highest-energy γ -flash photons (cf. Fig. 3).

Considering three different cases for the available laser
energy Elaser = (170, 510, 1700) J, which for pulses with du-
ration 17 fs corresponds to powers P = (10, 30, 100) PW,
we demonstrated that the optimal splitting between the laser
energy dedicated to producing photons via the γ -flash mech-
anism, Eflash, and the energy used in the secondary pulse
responsible for converting photons to pairs via the nonlinear
Breit-Wheeler mechanism, Epairs, was � = Eflash/Epairs = 1.
In each case this optimized the number of electron-positron
pairs produced. By locating the focus of the secondary laser
pulse with energy Epairs at a distance d = 10 cm from the
rear surface, our findings suggest that with current capabil-
ities on the order of 0.01, pairs could be produced per shot
with Etotal = 170 J and next-generation facilities capable of
reaching 100 PW, with total available energy Etotal = 1700 J,
could see as many as 1200 pairs being produced per shot.

As well as calculating the total number of produced pairs,
we have considered the energy and angular spectra, showing
that the broadness of the γ -flash energy spectrum produces
positrons with a strong peak with a high-energy tail. For lower
laser energies or powers, the positrons are strongly emitted in
the seed photon direction, but for larger energies or powers
they can develop a larger transverse momentum component.
This is due to the higher laser energies allowing lower-energy
photons in the initial spectrum to decay into pairs, which are
then more strongly kicked in the transverse plane by the laser.

Having demonstrated the feasibility of using the γ -flash
mechanism to generate seed photons for nonlinear Breit-
Wheeler pair production, there are a number of possible routes
which could be explored in future work. There are several
optimizations which could be explored, in both the γ -flash
photon-production stage and the nonlinear Breit-Wheeler
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(a) (b) (c)

FIG. 7. Double differential spectra d2Ne−e+/dϑdEq for (a) Etotal = 170 J, (b) Etotal = 510 J, and (c) Etotal = 1700 J.

stage. In the photon-production stage we have kept the target
thickness, pulse duration, and focal spot size constant for each
pulse energy Eflash. Related work which instead produces pho-
tons via bremsstrahlung from a high-energy electron colliding
with a solid target [39] determined an optimal target thickness
for maximizing the number of electron-positron pairs pro-
duced in the second stage where the photons collide with an
intense laser pulse. We leave for future work the exploration of
whether an optimal target thickness can also be determined in
the γ -flash case. This could lead to significant optimizations
on two fronts. First is by increasing the energy and number
of photons produced, which will directly increase the number
of pairs which can be obtained in the second stage. Second,
increasing the target thickness can reduce the number of sec-
ondary charged particles produced by the γ -flash mechanism.
By minimizing the number of background particles through an
optimal thickness of the target and/or the duration of the laser
pulse incident on the target, one could decrease the distance
d to the interaction point where the secondary laser pulse is
focused. Since the total number of pairs produced scales with
d−2, this could lead to significant increases in the total number
of pairs produced. For example, for a distance d = 1 cm
considered above, the estimated number of pairs per shot for

the total laser energies Etotal = (170, 510, 1700) J are as high
as Ne−e+ ∼ (1, 1000, 105).

Another optimization which could be explored further with
regard to the photon-generation stage is the use of alternative
laser polarizations to reduce the divergence of the photon
beam. Here we have used a linearly polarized laser pulse,
which produces the characteristic double-lobe angular in-
tensity pattern in the γ -flash photons, but recent work [60]
utilizing a radially polarized beam has indicated a much lower
divergence of the photon beam. This could lead to a signifi-
cantly larger number of photons propagating to the focus of
the secondary laser pulse, which could help increase the total
number of pairs produced via the nonlinear Breit-Wheeler
mechanism.

With regard to the second stage where the γ -flash photons
collide with the second laser pulse of energy Epairs, there
are further improvements which are left for exploration in
future work. First, we have chosen the beam waist of the
secondary laser pulse to minimize the influence of focusing
effects and modeled the laser pulse as a plane wave with
Gaussian temporal profile. This means that the highest inten-
sities which the photons experience in the laser pulse are not
as high as could be achieved with stronger focusing. How-

(a) (b) (c)

(d) (e) (f)

FIG. 8. Single differential spectra: (a)–(c) energy spectra dNe−e+/dEq and (d)–(f) angular spectra dNe−e+/dϑ for (a) and (d) Etotal = 170 J
and � = 1, (b) and (e) Etotal = 510 J and � = 1, and (c) and (f) Etotal = 1700 J and � = 1.
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ever, it is known that focusing effects can have a detrimental
effect on the number of pairs produced (see, e.g., [39,41]).
Focusing effects can be included for high-energy photons and
high field strengths in the probabilities using, for example,
a high-energy WKB approach [88]. We leave the interplay
between the competing effects of reaching high field strength
and minimizing the detrimental effects of focusing for future
work. Including focusing effects will also allow the effect
of pulse duration to be considered beyond the plane-wave
model.

As noted previously, one of the parameters with the highest
impact on the number of pairs produced is d , which is the
distance from the source of the γ -flash photons to the focal
spot of the secondary laser pulse. Depending on the back-
ground of secondary charged particles produced in the γ -flash
mechanism, this distance may need to be sufficiently large
to allow for magnetic deflection of these particles using sta-
tionary magnets or other techniques (see, e.g., [101]). The
pairs produced via the nonlinear Breit-Wheeler stage of the

proposed setup have an angular spread. In light of this, it may
be possible to to find a region in the angular plane where the
background of charged particles is minimized and the signal
of nonlinear Breit-Wheeler pairs can be easily detected. This
would allow the distance d to be reduced without the need
of magnetically deflecting the background particles. This will
require more accurate modeling of the final distribution of
background particles at the detection region, for example, by
using additional simulations with QED PIC codes or Monte
Carlo codes such as FLUKA [102], GEANT4 [103], or similar.
This is left for future work.
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Phys. 72, 046401 (2009).
[17] A. Di Piazza, C. Müller, K. Z. Hatsagortsyan, and C. H. Keitel,

Rev. Mod. Phys. 84, 1177 (2012).
[18] P. Zhang, S. S. Bulanov, D. Seipt, A. V. Arefiev, and A. G. R.

Thomas, Phys. Plasmas 27, 050601 (2020).
[19] A. Fedotov, A. Ilderton, F. Karbstein, B. King, D. Seipt, H.

Taya, and G. Torgrimsson, arXiv:2203.00019.
[20] G. Breit and J. A. Wheeler, Phys. Rev. 46, 1087 (1934).
[21] H. R. Reiss, J. Math. Phys. 3, 59 (1962).
[22] A. Nikishov and V. Ritus, Sov. Phys. JETP 19, 529 (1964).
[23] V. Yakovlev, Sov. Phys. JETP 22, 223 (1966).
[24] F. Sauter, Z. Phys. 69, 742 (1931).
[25] W. Heisenberg and H. Euler, Z. Phys. 98, 714 (1936).
[26] J. Schwinger, Phys. Rev. 82, 664 (1951).
[27] A. Gonoskov, T. G. Blackburn, M. Marklund, and S. S.

Bulanov, Rev. Mod. Phys. 94, 045001 (2022).
[28] E. Esarey, S. K. Ride, and P. Sprangle, Phys. Rev. E 48, 3003

(1993).
[29] L. S. Brown and T. W. B. Kibble, Phys. Rev. 133, A705 (1964).
[30] I. Goldman, Phys. Lett. 8, 103 (1964).
[31] F. V. Hartemann, W. J. Brown, D. J. Gibson, S. G. Anderson,

A. M. Tremaine, P. T. Springer, A. J. Wootton, E. P. Hartouni,
and C. P. J. Barty, Phys. Rev. ST Accel. Beams 8, 100702
(2005).

[32] B. King and S. Tang, Phys. Rev. A 102, 022809 (2020).
[33] S. Tang, B. King, and H. Hu, Phys. Lett. B 809, 135701 (2020).
[34] S. Chen, N. D. Powers, I. Ghebregziabher, C. M. Maharjan,

C. Liu, G. Golovin, S. Banerjee, J. Zhang, N. Cunningham, A.
Moorti et al., Phys. Rev. Lett. 110, 155003 (2013).

[35] G. Sarri, D. J. Corvan, W. Schumaker, J. M. Cole, A. Di
Piazza, H. Ahmed, C. Harvey, C. H. Keitel, K. Krushelnick,
S. P. D. Mangles et al., Phys. Rev. Lett. 113, 224801 (2014).

012215-10

https://doi.org/10.1017/hpl.2019.36
https://doi.org/10.1364/OL.43.002595
https://doi.org/10.1364/OL.42.002058
https://doi.org/10.1364/OPTICA.420520
https://doi.org/10.1088/1742-6596/244/3/032006
https://doi.org/10.1017/hpl.2016.34
https://doi.org/10.1016/j.mre.2017.03.003
https://doi.org/10.1088/1361-6633/aacfe8
https://doi.org/10.1017/hpl.2021.45
https://doi.org/10.1070/QEL17620
https://doi.org/10.1088/1361-6587/aaa7fb
https://doi.org/10.1007/BF01120220
https://doi.org/10.1088/0034-4885/72/4/046401
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1063/1.5144449
http://arxiv.org/abs/arXiv:2203.00019
https://doi.org/10.1103/PhysRev.46.1087
https://doi.org/10.1063/1.1703787
https://doi.org/10.1007/BF01339461
https://doi.org/10.1007/BF01343663
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1103/RevModPhys.94.045001
https://doi.org/10.1103/PhysRevE.48.3003
https://doi.org/10.1103/PhysRev.133.A705
https://doi.org/10.1016/0031-9163(64)90728-0
https://doi.org/10.1103/PhysRevSTAB.8.100702
https://doi.org/10.1103/PhysRevA.102.022809
https://doi.org/10.1016/j.physletb.2020.135701
https://doi.org/10.1103/PhysRevLett.110.155003
https://doi.org/10.1103/PhysRevLett.113.224801


ALL-OPTICAL NONLINEAR BREIT-WHEELER PAIR … PHYSICAL REVIEW A 107, 012215 (2023)

[36] W. Yan, C. Fruhling, G. Golovin, D. Haden, J. Luo, P. Zhang,
B. Zhao, J. Zhang, C. Liu, M. Chen et al., Nat. Photon. 11, 514
(2017).
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