
PHYSICAL REVIEW A 109, 032823 (2024)

Feasibility of measuring nonanalytic QED coupling from pair creation in strong fields
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In the quasistatic regimes of nonlinear Breit-Wheeler and trident pair creation, the rates can exhibit a nonan-
alytic dependency on the fundamental coupling of quantum electrodynamics, in a form similar to Schwinger
vacuum pair creation. To reach this tunneling regime requires satisfying competing requirements: a high-
intensity but low quantum strong-field parameter with sufficient pair creation to be observed. Using a locally
monochromatic approach, we identify the parameter regime where tunneling pair creation could be measured in
experiment. Studying several scenarios of collisions with focused Gaussian pulses, including a bremsstrahlung
and an inverse Compton source for nonlinear Breit-Wheeler and a Gaussian electron beam for nonlinear trident,
we find the position of the tunneling parameter regime to be well defined and robust.
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I. INTRODUCTION

Electromagnetic (EM) fields can be converted into
electron-positron pairs via a variety of mechanisms. It was
predicted by Breit and Wheeler [1] that colliding two real pho-
tons with sufficient energy should allow their conversion to
an electron-positron pair, and this was recently observed with
quasireal photons in ultraperipheral collisions of heavy ions
at ATLAS [2,3] and CMS [4]. Alternatively, photons can be
converted to electron-positron pairs in the Coulomb fields of
nuclei via the Bethe-Heitler process [5]. These are examples
of linear, leading-order perturbative processes. In contrast,
nonlinear Breit-Wheeler [6–11] involves higher numbers of
photons, which can occur when a photon scatters in a coherent
field where the center-of-mass energy is too low for the linear,
two-photon process, to proceed. Nonlinear Breit-Wheeler was
observed in the multiphoton regime in the landmark E144
experiment [12,13] as the second part of the nonlinear trident
process, in which an electron that collides with an EM pulse
emits a photon via nonlinear Compton scattering which subse-
quently is converted to an electron-positron pair. The LUXE
experiment [14] at DESY and the E320 experiment [15] at
SLAC plan to employ intense laser pulses to observe nonlinear
Breit-Wheeler in the all-order regime where arbitrarily high
numbers of photons are involved in the creation of a pair.
This regime is often referred to as “nonperturbative” because
the coupling of the laser photons to the pair is given by the
intensity parameter, ξ , which can nowadays routinely exceed
unity in experiments [16] and so including the interaction per-
turbatively is no longer accurate. The laser photon coupling
can be related to the elementary QED coupling with ξ 2 =
4παqedλ̄

2
cλ̄nl , where αqed = e2/4π h̄c, e > 0 is the charge of

a positron, nl is the number density of laser photons of wave-
length λ in the background, λ̄c = h̄/mc the reduced Compton
wavelength, and λ̄ = λ/2π [17]. Although αqed � 1, as the
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density of photons increases, the ξ � O(1) regime is acces-
sible. We note that the h̄ dependency in αqed and nl cancels
with the h̄ dependency of λ̄2

c; ξ is of classical origin. This
“nonperturbativity at small coupling” has analogies with other
fields, such as gluon saturation in inelastic scattering [18,19].

The pair creation process referred to as Schwinger pair
creation [20], which was already conceived by Sauter [21] and
calculated by Heisenberg and Euler [22], is often contrasted to
the Breit-Wheeler process since it traditionally considers pairs
produced directly from a constant or slowly varying electric
field. However, more realistic scenarios for observing this pro-
cess in experiment involve “assisting” Schwinger [23–34] by
adding a high-frequency but low-intensity field. Therefore, we
might expect that in some parameter regime there is similarity
to nonlinear Breit-Wheeler which considers a slowly varying
background (albeit one that can be well approximated as a
plane wave) colliding with a high-energy (frequency) photon.
(Recently scenarios have also been considered where nonlin-
ear Breit-Wheeler is “assisted” by a combination of low- and
high-frequency laser pulse [35–38].) Schwinger pair creation
is often highlighted as special, because of the nonanalytic
dependency on the QED coupling, αqed, in a constant electric
field. This is a second type of nonperturbativity; unlike the
small-coupling case, which is an entirely classical effect, the
nonanalytic dependence on αqed is a fundamentally quantum
nonperturbativity. Therefore it is of interest to observe this
type of nonperturbativity as an aim separate to the classical
“small-coupling” nonperturbativity when ξ � O(1).

It is known that the nonlinear Breit-Wheeler process, just
like the Schwinger process, can exhibit a nonanalytic de-
pendency on αqed in the “quasistatic” or “locally constant”
regime. In nonlinear Breit-Wheeler, a key quantity is the
strong-field parameter, χ , which for a charge in a plane wave
background is exactly χ = Er.f/Eqed, i.e., the ratio of the field
strength in the charge’s rest frame, Er.f, to the QED field
strength scale (“Schwinger limit”), Eqed = m2c3/eh̄. Since
χ ∝ h̄, we see it is a quantum parameter and therefore cannot
be acquired from ξ . The QED coupling then appears in the
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nonlinear Breit-Wheeler rate, in the square root of the denom-
inator of an exponent, just as in the Schwinger process. We
will refer to this as the tunneling regime for simplicity (even
though the potential is a plane wave and not static). It was
suggested in [39,40] to measure nonlinear Breit-Wheeler in
the tunneling regime by combining a bremsstrahlung photon
source with a monochromatic laser and vary its intensity.
However, to reach the tunneling regime with a fixed photon
energy, opposing limits must be fulfilled, ξ � 1 and χ � 1,
while also producing sufficient pairs to be measurable. Fur-
thermore, the tunneling regime is an asymptotic limit and so it
is unclear before calculation what the magnitude of param-
eters must be for the process to be well described by this
regime.

In the current paper, we outline the limited but acces-
sible parameter space in which experiments could observe
the nonanalytic dependency on αqed in nonlinear pair cre-
ation. This region crucially depends on photon energy as
well as EM field intensity and is reachable at high-intensity
laser facilities [41–43] as well as at laser-particle experiments
LUXE [14,44] and E320 [15]. We cannot use the standard
locally constant field approximation (LCFA) to calculate the
rate of strong-field QED processes because the tunneling
regime is a limit of this approximation, and so a more accu-
rate calculational framework that does not rely upon locally
constant rates is required. For this reason, we employ in
our analysis the locally monochromatic approximation [45]
(LMA), which includes the fast timescale of the carrier fre-
quency exactly, but the slow timescale of the pulse envelope
perturbatively (through a local approximation). The LMA is a
good approximation for all values of intensity parameter ξ and
strong-field parameter χ when used to calculate the nonlinear
Breit-Wheeler process in backgrounds that are “plane-wave-
like,” i.e., have a well-defined central frequency. The narrower
the bandwidth of the background, the more accurate the LMA
becomes. When benchmarked with exact but expensive QED
calculations in a plane-wave pulse [46], the LMA was found to
become less accurate: (1) in very short pulses and (2) when the
energy parameter was at a value close to a multiphoton chan-
nel opening; subsequent analysis [47] revealed contributions
from the pulse envelope become important in these cases.
In the current paper, the interest is in the tunneling regime,
which can be revealed when the background is modeled as
locally constant, i.e., without a frequency parameter and hence
neither (1) nor (2) of the aforementioned cases of discrepancy
is relevant here. Indeed, to compare with the underlying the-
ory, one would favour weakly focused, quasimonochromatic
backgrounds, with wide focal spots; as a result the LMA has
been incorporated into the open source Ptarmigan simulation
code [48,49] and also used for higher-order processes such as
trident [50]. We employ Ptarmigan’s rate generator for pair
creation, which allows efficient calculation of the LMA at
high intensities. Our aim is to assess the feasibility of mea-
suring pair creation in the tunneling regime, and to this end
we consider scenarios that include probe beam distributions
and focused laser backgrounds.

We organize the investigation by introducing increasingly
detailed modeling of potential experiments in each successive
section. This begins with the general situation in Sec. II,
with monoenergetic photons colliding with a plane-wave

background. In Sec. III the monoenergetic photons are
replaced with a photon source from (1) an amorphous
bremsstrahlung target and (2) inverse Compton-scattering,
and the plane-wave background is replaced with a Gaus-
sian focused laser pulse. In Sec. IV we investigate
a scenario for measuring the nonanalytic coupling us-
ing an electron probe in the two-step nonlinear tri-
dent process. In Sec. V we conclude the feasibility
study of measuring Schwinger-like pair creation using in-
tense lasers. (Unless otherwise stated, we set h̄ = c = 1
throughout.)

II. MONOENERGETIC PHOTONS,
PLANE-WAVE BACKGROUND

Here we consider monoenergetic photons colliding with a
plane-wave background which demonstrates the essence of
the problem. The tunneling rate, Ptun, for pair creation via
nonlinear Breit-Wheeler is [51]

dPasy

dϕ
= αqed

η

3

16

√
3

2
χ exp

[
− 8

3χ

]
, (1)

where ϕ = κ · x is the plane-wave phase and the energy pa-
rameter of the photon with momentum 	 is η = κ · 	/m2. We
compare this to the rate of pair creation via the Schwinger
mechanism [52–54]:

d4PSch.

dx4
= αqed

4π2
ab coth

(
πb

a

)
exp

[
−πEqed

a

]
, (2)

where the secular field invariants are

a, b = [√
S2 + P2 ± S

]1/2
(3)

and S = −FμνFμν/4 with P = −F̃μνFμν/4 are the standard
EM invariants where F is the field tensor and F̃ is its dual. We
note the common nonanalytic dependency on the fundamental
QED coupling of these rates since 1/χ ∝ 1/

√
αqed in Eq. (1)

and Eqed ∝ 1/
√

αqed in Eq. (2). (Breit-Wheeler is sometimes
distinguished from Schwinger with the argument that S and
P are zero in a plane wave background. and hence the contri-
bution from the Schwinger process is zero. In Appendix A we
note that when, in the definition of F , the photon is taken into
account as well as the plane-wave background, S and P are
clearly nonzero and in fact proportional to χ .)

The tunneling rate in Eq. (1) is the χ → 0 asymptotic
limit of that in a locally constant EM background. The locally
constant field approximation (LCFA) is expected to be a good
approximation when ξ � 1 but for pair creation also requires
that the photon energy parameter, η, is not too high [46]
(otherwise pair creation can proceed via the multiphoton pro-
cess, which is not captured by the LCFA). Therefore for the
tunneling rate in Eq. (1) to be accurate, we have two limits: (1)
ξ → ∞ for the LCFA to be accurate and (2) χ → 0 to be in
the tunneling limit. However, since χ = ηξ , these two limits
are not independent. It has been shown that in the high-χ limit,
the ξ → ∞ and χ → ∞ limits do not commute [55,56]; here
we find ourselves in a similar situation but a different limit.
This is essentially due to χ being a compound parameter,
depending on the product of particle and field parameter,
which are usually considered independently in experiment.
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The situation is further complicated by vague language
such as “good approximation” and inexact limits like “ξ � 1,
χ � 1.” In this article we will take a practical approach: we
will calculate using the more widely applicable and accurate
locally monochromatic approximation (LMA) and compare
with the asymptotic tunneling formula in Eq. (1). If the scal-
ing of the pair creation rate with χ and hence with αqed
is described by the tunneling formula to within some error
(which we nominally take to be 10%), then we conclude in
that parameter regime, pair creation exhibits the predicted
nonanalytic dependency on αqed. Then the question remains:
“how high must ξ be?” and “how small must χ be?” to see
this dependency in experiment, i.e., while producing sufficient
pairs as to be measurable.

To investigate this, we consider monoenergetic photons
with energy parameter η colliding with a plane wave with
scaled potential a = eA:

a(ϕ) = mξε sin2
( ϕ

2N

)
cos ϕ (4)

for 0 < ϕ < 2πN where N is the number of cycles and
a(ϕ) = 0 otherwise, and ε is a linear polarization vector. We
can write the ratio of the tunneling and LMA probability as

Ptun.

Plma
= Ptun.

Plcfa
× Plcfa

Plma
. (5)

The first ratio on the right-hand side is a measure of how close
the LCFA is to the tunneling regime, and the second ratio is
a measure of how close the LCFA is to the LMA and the true
probability. We can use this relation to understand when the
tunneling regime is arrived at, by plotting in Fig. 1 how close
each of these quantities is to unity. (The expressions for Plcfa
and Plma can be found in Appendix B.)

In Fig. 1(a) the relative difference of the tunneling formula
to the LCFA is plotted, showing when the latter is in the
tunneling regime. We note that the accuracy increases in a
direction parallel to falling χ , as expected.

In Fig. 1(b), the relative difference of the LMA to the LCFA
is plotted. Broadly speaking, there is better agreement when
ξ � 1, but there is a slight tilt with higher energies being more
accurate for pair creation.

The main result is in Fig. 1(c). Here we see that if ξ is
too small, the tunneling formula is not accurate because the
LCFA is not accurate [as reflected by Fig. 1(b)]. Likewise,
if the energy is too large, the χ value is too large, and so
the tunneling limit is not reached [as reflected by Fig. 1(a)].
Therefore, there is an optimum region in the middle of the
plot. For η = 0.1, we see the region is optimal for the relative
difference smaller than 10% for 0.3 � χ � 0.8, i.e. 3 � ξ �
8, which can correspond to a measurable number of pairs. (In
the optimal region, the relative difference between tunneling
and LMA probabilities changes sign.)

For a given photon energy, Fig. 1(c) shows the optimal EM
background intensity to be in the tunneling regime. However,
it is feasible to measure in this regime only if sufficient pairs
are generated. In Fig. 2 the “tunneling regime” curve is plot-
ted on top of the probability for pair creation. The optimal
parameters for detecting tunneling pair creation can then be
seen to be in the “transition regime” of intensity ξ � O(1) at
higher photon energies η � O(0.1). It is clear that moving to

FIG. 1. Relative probabilities for nonlinear Breit-Wheeler pair
creation in a four-cycle plane-wave pulse. The thick contour lines
denote a relative difference of 10%.

higher intesities and lower energies, while being in the optimal
tunneling regime, will lead to too few pairs being created for
experiments, unless they involve a very large number of initial
high-energy photons.
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FIG. 2. Probability for pair creation for the monoenergetic pho-
ton colliding with a 16-cycle plane-wave. The dark gray line is the
“tunneling” region from Fig. 1(c).

III. PHOTON SOURCE

In the cases of photons from bremsstrahlung and in-
verse Compton sources colliding with a plane wave, there
is very little modification of the conclusions in Fig. 1. In
the bremsstrahlung case, although the photon spectrum is
broad, since pair creation in the tunneling regime depends
strongly on the photon energy, the main contribution is just
from the highest photon energies. The only difference is in
the harmonic structure, which can be seen in the high-η,
small-ξ oscillations in the probability in Figs. 1 and 2. For the
inverse Compton source, the bandwidth is narrow and quasi-
monoenergetic. Therefore we move straight to the focused
background case.

A. Bremsstrahlung photons

In this section we calculate the probability for pair creation,
Pbrems, in the collision of thin-target bremsstrahlung with a
focused laser pulse [39,40,57,58]. To do this, we integrate
the plane-wave probability, Ppw, for nonlinear Breit-Wheeler
(calculated with the LMA or the tunneling formula) over the
impact parameter of the photons in the bremsstrahlung:

Pbrems =
∫ 1

0
ds

∫
d2x⊥ ρb(s, x⊥) Ppw[s, ξ (x⊥)], (6)

where ρb(s, x⊥) is a number density of bremsstrahlung pho-
tons, s = ωγ /p0 is the ratio of photon to initial electron beam
energy (assumed quasimonoenergetic). The equation in (6)
uses a semiclassical approximation assuming that γ � ξ 2

where γ is the created particles’ Lorentz gamma factor (see,
e.g., [59]). To calculate P we take the example of a paraxial
Gaussian beam in the infinite Rayleigh length limit:

ξ (x⊥) = e
− |x⊥|2

w2
0 ξ, (7)

(a)

(b)

N
or
m
al
iz
ed

FIG. 3. (a) The relative difference of the tunneling and the LMA
calculations. For lines of the same color: the dashed lines are for a
plane wave and the solid lines are for the focused Gaussian beam
in the infinite Rayleigh length approximation. (b) The normalized
number of pairs. The gridlines with the same color as a curve indicate
the upper bound of being within 5% of the tunneling formula.

where ξ is the same as in the definition of the plane wave
Eq. (4). For the bremsstrahlung, the laser interaction point is
typically far enough from the bremsstrahlung source, that over
width of the focus of the laser, the bremsstrahlung density
can be considered to be independent of transverse coordinate.
Then we approximate ρb(s, x⊥) ≈ ρb(s) where [60]:

ρb(s) = 1

s

[
4

3
− 4

3
s + s2

]
. (8)

The results of the numerical calculation can be seen in
Fig. 3(a), where the vertical axis is the relative difference
|Pbrems

lma /Pbrems
tun − 1| where Pbrems

lma (Pbrems
tun ) is the evaluation

of Eq. (6) with the LMA (tunneling formula) for Ppw. For
the photon energies considered, which are typical for possible
laser-particle experiments, the optimal region for measur-
ing tunneling pair creation is approximately in the range
ξ ∈ [3, 7] (for a 20◦ collision with an optical 800 nm laser
pulse, η ∈ {0.05, 0.1, 0.2} corresponds to photon energies
{4.3, 8.7, 17.3} GeV, respectively). However, we also see in
Fig. 3(b) that if lower photon energies are considered, for
a detectable number of pairs to be generated, the intensities
must be increased to the point that χ �� 1 and the process
cannot be considered tunneling anymore. This can be seen
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by noting what the maximum number of pairs per photon
is, for the tunneling formula to be accurate to within 5% as
indicated by the vertical gridlines in Fig. 3(b). Although the
optimal intensity (and spread of intensities) of the “tunneling”
regime increases with decreasing photon energy, the number
of pairs produced in this optimal regime falls significantly.
For comparison, in the LUXE experiment, with η = 0.192,
the number of bremsstrahlung photons that collide with the
laser focus is of the order of 105 [14].

B. Inverse Compton source

By combining an electron beam with low energy spread
with a weak (ξ � 1) laser pulse of broad focus, a narrowband
source of high-energy photons can be produced via inverse
Compton scattering [61–65]. The parameters we choose in
this section for the laser pulse and electron beam are motivated
by the LUXE experiment [44], for which it is planned to
frequency tripling the optical laser and generate a narrowband
source of Compton-scattered photons with energies as high as
∼9 GeV.

The inverse Compton source (ICS) can be modeled using
the collision between a beam of high-energy electrons (with
momentum pμ) and a weak laser pulse [66], giving the double
differential spectrum [67]

d2Pγ

dsdθ
= αqed

(2π )2

m2/ω2
l sin θ

(1 + cos θ )2

s

1 − s

∫ π

−π

dψ

∫∫
dϕ1dϕ2

× e
i
∫ ϕ1
ϕ2

	·πp(φ)

m2ηe (1−s)
dφ

[
[a(ϕ1) − a(ϕ2)]2

2m2
hs − 1

]
, (9)

characterized by the electron energy parameter ηe = κ ·
p/m2 and the intensity ξ of the laser pulse, where 	μ =
ωγ (1, sin θ cos ψ, sin θ sin ψ, cos θ ) is the momentum of the
scattered photon, θ is the angular spread of the scat-
tered photon along the antidirection of the laser pulse,
κ

μ = ωl (1, 0, 0,−1), s = κ · 	/κ · p ≈ ωγ /p0 for nearly
head-on collisions, ωl is the laser carrier frequency, and
hs = [1 + (1 − s)2]/(2 − 2s), πp(φ) = pμ + aμ − (p · a/κ ·
p + a2/2κ · p) κ

μ is the instantaneous momentum of the
electron.

In Fig. 4 we plot the photon distribution of the ICS scat-
tered from a laser pulse with the sine-squared profile used in
Eq. (4). (Since the weak laser is broadly focused, it can be
approximated during the interaction with the electron beam to
be plane wave in form.) The ICS laser pulse duration is chosen
to be FWHM = 25 fs, with carrier frequency (third harmonic)
ωl = 4.65 eV and intensity ξ = 0.1, which collides head on
with a 16.8 GeV electron, corresponding to the energy pa-
rameter ηe = 0.6. (In the LUXE experiment [14], the electron
beam with the energy 16.5 GeV would be applied.) As shown,
the ICS photons are quasimonoenergetic in a narrow angular
spread θ < 10 μrad, around s = 2ηe/(2ηe + 1) correspond-
ing to the photon energy about ωγ = 9.1 GeV, and the height
of the harmonic peaks, around s = 2nηe/(2nηe + 1) with the
integer n � 2 for the multiphoton scattering, is negligible
because of the weak laser intensity.

This ICS photons can be employed to measure tunneling
pair creation by colliding with an intense laser pulse down-
stream the photon beam. The creation yield can be written in

FIG. 4. Double differential spectrum d2Pγ /(dsdθ ) of the inverse
Compton source photons, produced when a 16.8 GeV electron col-
lides head-on with a laser pulse with sine-squared envelope, carrier
frequency ωl = 4.65 eV and intensity ξ = 0.1.

form as

Pics =
∫∫

dsdθ
d2Pγ

dsdθ
Ppw[ωγ (s), ξ (θ )], (10)

where Ppw is the yield of the positrons created by the pho-
ton with the energy ωγ and the scattering angle θ . Again,
we consider the infinite Rayleigh length approximation of a
Gaussian paraxial beam Eq. (7) with the impact parameter
|x⊥| = d tan θ varying with the scattering angle, and also the
intensity ξ (θ ) = ξ exp(−d2 tan2 θ/w2

0 ), where d ∼ O(1) m is
the distance between the ICS and the interaction point with
the target Gaussian beam. Figure 5 shows the calculation of

µm
µm
µm
µm
µm
µm

µm
µm
µm

FIG. 5. (a) Positron yield created by the focused pulse with the
waist w0 = 20 µm, 10 µm, 5 µm calculated by the LMA and tun-
neling results. (b) Relative difference between the positron yield
calculated with each method: |Pics

lma − Pics
tun|/Pics

lma. The black dotted
lines denote the relative difference at 10%. The Gaussian pulse has
the longitudinal profile (4) with 16 cycles.
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the positron yield created by the ICS in Fig. 4 colliding with
a Gaussian pulse with the carrier frequency ωl = 1.55 eV
and d = 7.5 m downstream, in which the probability of pair
creation is calculated with the tunneling rate [Eq. (1)] and
the LMA result [Eq. (B2) using the formula in Appendix B],
respectively. As shown, the positron yield from the LMA
calculation increases rapidly with the increase of the laser
intensity in the same trend as that calculated with the tun-
neling rate, and the relative difference suggests the optimal
measurement of the nonanalytic dependency pair creation in
the intermediate intensity region around ξ = 4.5, similar to
the bremsstrahlung case. We find that the transverse waist w0

of the Gaussian pulse only affects the yield of the positron,
but not the optimal intensity regime.

IV. ELECTRON BEAM

The tunneling regime of pair creation can also be accessed
via the two-step nonlinear trident process [68–71], in which an
electron scatters in a laser pulse to produce a nonlinear Comp-
ton scatters which is converted to a pair in the same pulse. The
nonlinear trident process thereby combines in the same laser
pulse, the photon generation and pair production steps that
were separated in the previous section in the bremsstrahlung
and ICS setups. Furthermore, the two-step process is expected
to dominate the total trident rate when ξωlτ � 1 [51,72–74]
(see also [75,76]), which is generally easily fulfilled when
intense lasers are employed to search for strong-field QED
effects, where τ is the scale of the interaction duration.

The positron yield in the two-step trident process can be
simply written as

Ptri =
∫ 1

0
ds

∫ ϕ f

ϕi

dϕ
d2Pγ

dsdϕ

∫ ϕ f

ϕ

dφ
dPpw

dφ
, (11)

where Pγ is the probability of the nonlinear Compton scatter-
ing calculated also with the LMA result:

d2Pγ

dsdϕ
=αqed

ηe

+∞∑
n=�nc�

∫ π

−π

dψ

2π

× [
ξ 2(ϕ)

(
�2

1,n − �0,n�2,n
)
hs − �2

0,n

]
, (12)

with ξ (ϕ) = ξ0 f (ϕ), �nc� denotes the lowest integer
greater than or equal to nc = s[1 + ξ 2(ϕ)/2]/[2ηe(1 − s)],
� j,n(u, v) are the generalized Bessel functions defined in
Appendix B with j = 0, 1, 2 and the arguments given as u =
[rc,nsξ (ϕ) cos ψ]/[ηe(1 − s)], v = sξ 2(ϕ)/[8ηe(1 − s)], and
rc,n =

√
2nηe(1 − s)/s − 1 − ξ 2(ϕ)/2. dPpw

/dφ is the rate
for the pair creation calculated with the tunneling result and
the LMA result.

In Fig. 6(a) we show the pair creation via this two-step
trident process in a plane wave background triggered by an
electron with the parameter ηe = 0.2, corresponding to the
energy of 16.8 GeV. Again, the LMA and the tunneling rate
predict the same trend of the pair creation with the increase
of the laser intensity. Similar to the cases starting with the
photon beam, the numerical comparison in Fig. 6(a) suggests
intensities within 2.5 � ξ � 7.5, a “transition regime,” for
the measurement of this nonanalytic dependency with the
relative difference smaller than 10%. For this two-step trident

FIG. 6. Positron yield created in a plane wave (a) and a Gaussian
beam (b) with 16 cycles and intensity ξ calculated by the LMA and
tunneling results. The relative difference (red solid line) between the
two methods |Ptri

lma − Ptri
tun|/Ptri

lma is shown with the right vertical axis
in each panel, and the red dotted lines denote the relative difference
at 10%.

process, the optimal intensity for the smallest difference be-
comes slightly lower than ξ = 4. This is because the dominant
contribution for the pair creation comes from the intermediate
photon with the energy η = 0.6ηe = 0.12 [71], slightly larger
than that in Fig. 5.

In Fig. 6(b) we consider this two-step trident pair creation
in the Gaussian beam [Eq. (7)] downstream of the electron
beam, in which we assume that the electron transverse scale is
much broader than that of the Gaussian beam and can thus
write the total pair creation by integrating the plane-wave
results over the impact parameter of the laser beam

Ptri
g =

∫∫
d2x⊥ρe(x⊥)Ptri[ξ (x⊥)]

≈ πw2
0ρe

∫ ∞

0
dx Ptri[e−xξ ], (13)

where ρe is number density of the electron beam. Similar to
the plane-wave results in Fig. 6(a), the trident pair creation in
the Gaussian beam also suggests a similar “transition regime”
of the intensity 3.0 � ξ � 8.0 as the optimal regime for the
measurement of the tunneling pair creation. The trident results
are particularly significant because the probability for pair
creation in the tunneling regime is in general quite low, and
producing pairs in the pulse rather than separating the photon-
generation and production mechanisms is more efficient.

V. CONCLUSION

One of the interesting aspects of strong-field quantum elec-
trodynamics in laser pulses is that exact solutions to the Dirac
equation can be used to show a dependency on the coupling
that cannot be arrived at using standard tools of perturbation
theory. There are two “nonperturbative” dependencies: (1) an
all-order dependence on the charge-field coupling, ξ when
ξ �� 1 (a classical effect) and (2) a nonanalytic dependence
on the fundamental coupling, αqed in the quasistatic regime
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(a quantum effect). The relevant parameter in experiments
that collide laser pulses with particle beams is the strong-
field parameter, χ ∝ √

αqed. It was recently reported that the
nonanalytic dependency can be revealed also in nonlinear
Compton scattering by making a suitable cut in the trans-
verse momentum spectrum [77,78] (a similar dependency
was also noted in [79]); here we focused on accessing the
nonanalytic scaling in experiments measuring the tunneling
regime of nonlinear Breit-Wheeler pair creation from a photon
for which χ � 1. Our analysis assumes that in the tunnel-
ing regime, a plane-wave approximation is still accurate to
describe pair creation in focused laser pulses. Because the
tunneling exponent is sensitive to the exact field invariants of
a given scenario, we should expect that our results apply to
weakly focused laser pulses. Although such laser pulses have
a lower peak intensity than in the strongly focused case, they
are useful in experiment as they provide broader focal spots
and hence minimize variation due to pulse and beam jitter.
To reach the corresponding tunneling regime, the intensity
parameter must be large enough to be in the quasistatic regime
(where the locally constant field approximation [51,80–82]
applies), but not too large that χ �� 1, while also producing
sufficient pairs to be measurable in experiment. To assess for
which parameter regime measuring the nonanalytic depen-
dency is feasible, we employed the locally monochromatic
approximation, which allows one to determine (1) when the
process is in the quasistatic regime and (2) when the tunneling
limit of the quasistatic regime has been reached. This allowed
us to identify a regime that was relatively consistent through-
out scenarios where bremsstrahlung and inverse Compton
sources of photons collided with focused laser pulses as well
as in scenarios where pair creation proceeded directly in the
laser pulse in an electron beam-laser collision. For photon
energies of ∼O(10 GeV) the regime of intensity parameter,
ξ , should ideally be in the intermediate intensity regime 3 �
ξ � 8, corresponding to χ ≈ 0.5. Lower photon energies may
be used by raising the intensity parameter, but at the cost of
reducing the number of pairs. The optimal parameter region
can be accessed at laser-particle experiments such as LUXE
and E320 and also in the most recent high-intensity laser
facilities [16].
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APPENDIX A: FIELD INVARIANTS IN NONLINEAR
BREIT-WHEELER

Consider the collision of a weak EM probe, fp with an
intense background, Fbg. Then the total field is

F = Fbg + fp.

In studies of the Breit-Wheeler process, Fbg is usually a plane
wave, or a perturbation away from it (e.g., a weakly focused
Gaussian beam). In studies of the Schwinger process, Fbg
is a constant or slowly varying but homogeneous electric
field and fp = 0 or else fp is a high-frequency field and
one writes of “assisted Schwinger.” Breit-Wheeler is then
distinguished from Schwinger on the basis of Fbg being a
plane wave, and hence the invariants Sbg = −Fbg · Fbg/4 and
Pbg = −Fbg · F̃bg/4 being zero. A fairer comparison would
be to calculate the invariant of the full field. Writing the
plane-wave background and probe as

Fbg = mξbg[κμεν − κ
νεμ],

fp, j = mξp
[
	μεν

j − 	νε
μ
j

]
(A1)

and choosing the light-front polarization basis as
ε j = ε j − κ 	 · ε j/κ · 	, with ε1 = ε and ε2 a spacelike
vector perpendicular to κ and ε1, we see

S = − 1
4 F · F = F 2

qedξpχ δ j1,

P = − 1
4 F · F̃ = F 2

qedξpχ δ j2,

where δ jk refers to the polarization state of the probe, the
strong-field parameter is χ = ξbgη, the energy parameter is
η = κ · 	/m2, and the QED strong field scale (sometimes
referred to as the “Schwinger limit”) is Fqed = m2/e. At high
background field intensities ξbg � 1, it is known that the
Breit-Wheeler probabilities are well characterized by a “lo-
cally constant” rate, which depends nontrivially only on the
strong-field parameter χ . Hence far from being zero for Breit-
Wheeler, the EM invariants are proportional to the strong-field
parameter.

APPENDIX B: LMA AND LCFA FOR NONLINEAR
BREIT-WHEELER

Here we list the formulas used in the main text for non-
linear Breit-Wheeler pair creation. (The derivation of these
forms can be found in [83].)

The LCFA probability rate can be written as

dPlcfa

dϕ
=αqed

η

∫ 1

0
dt

[
Ai1(z) − Ai′(z)

s2 + (1 − t )2

t (1 − t )z

]
, (B1)

where the argument of the Airy functions is given as z =
[s(1 − s)η|ξ (ϕ)|]−2/3, and t = κ · q/κ · 	 is the fraction of
the light-front momentum taken by the positron from the
incoming photon, and t ≈ Eq/ωγ approximates as the energy
ratio for nearly head-on collisions.

In linearly polarized laser backgrounds, the LMA proba-
bility rate is expressed as

dPlma

dϕ
= αqed

η

∫ 1

0
dt

∫ π

−π

dψ

2π

∑
n=�n∗�

×
[
ξ 2(ϕ)

(
�2

1,n−�0,n�2,n
) t2 + (1 − t2)

2t (1 − t )
+ �2

0,n

]
,

(B2)
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where n∗ = [1 + ξ 2(ϕ)/2]/[2η(1 − t )t], � j,n(ζ , β ) is the
generalized Bessel functions defined as

� j,n(ζ , β ) =
∫ π

−π

dφ

2π
cos j (φ)ei[nφ−ζ sin(φ)+β sin(2φ)],

with j = 0, 1, 2, and the arguments ζ = [ξ (ϕ)rb,n

cos ψ]/[ηt (1 − t )], β = ξ 2(ϕ)/[8ηt (1 − t )], and rb,n =√
2nη(1 − t )t − 1 − ξ 2(ϕ)/2.
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