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Abstract

®

CrossMark

Observing multiphoton electron—positron pair production (the nonlinear Breit—Wheeler process)
requires high-energy ~ rays to interact with strong electromagnetic fields. In order for these
observations to be as precise as possible, the v rays would ideally be both mono-energetic and
highly polarized. Here we perform Monte Carlo simulations of an experimental configuration
that accomplishes this in two stages. First, a multi-GeV electron beam interacts with a
moderately intense laser pulse to produce a bright, highly polarized beam of  rays by inverse
Compton scattering. Second, after removing the primary electrons, these  rays collide with
another, more intense, laser pulse in order to produce pairs. We show that it is possible to
measure the y-ray polarization dependence of the nonlinear Breit—Wheeler process in near-term
experiments, using a 100 TW class laser and currently available electron beams. Furthermore, it
would also be possible to observe harmonic structure and the perturbative-to-nonperturbative
transition if such a laser were colocated with a future linear collider.

Keywords: nonlinear Breit—Wheeler, pair production, polarized gamma rays, Monte Carlo,

inverse compton scattering, strong-field QED, LUXE

1. Introduction

Producing electron—positron pairs from the collision of
photons is one of the most elusive processes in QED. Breit
and Wheeler, in their seminal paper [1], were the first to con-
sider two high-energy photons producing a pair as the inverse
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process of Dirac annihilation [2]. Realizing this pair produc-
tion in the laboratory is extremely challenging because the
centre-of-mass energy of the colliding photons has to exceed
the rest mass energy of the pair, 2mc? ~ 1 MeV. The scarcity
of sources of high-energy photons with suitable flux led Breit
and Wheeler to deem such an endeavour ‘hopeless’ [1].

Pair production in the collision of a single high-energy
photon (a v ray) with an intense laser pulse, first studied in
[3-6], is called the ‘nonlinear’ Breit—Wheeler (NBW) process,
because the energy threshold can be overcome by absorbing
many photons from the laser. This process becomes efficient
if the quantum parameter x = |e|\/k, F**F, \k* /m* reaches
unity. Here k#* is the photon four-momentum, F* is the laser
field strength tensor, e and m are the electron charge and mass,
respectively. For more details on the theory of QED in strong

© 2025 The Author(s). Published by IOP Publishing Ltd
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laser fields and additional literature we refer to the recent
reviews [7-9].

High-intensity lasers are now mature enough to make labor-
atory experiments on the Breit—Wheeler process feasible. The
seminal SLAC E-144 experiment reported the production of
O(100) electron—positron pairs in collisions of TW laser pulse
with the 46.6 GeV SLAC electron beam [10]. In this experi-
ment, the high-energy photons that created the pairs were gen-
erated in same laser pulse (via nonlinear Compton scattering)
as the pairs themselves. Separating the «-ray and pair produc-
tion stages, so as to obtain a pure light-by-light interaction, has
been considered extensively in the recent literature [11-14]
and is now part of planned experimental programs [15-17].
In fact, a two-stage scenario for pair production was already
planned at E-144 but was never realized [18]. Laser-based con-
cepts for the direct observation of the linear Breit—Wheeler
process have been considered both theoretically [19-22] and
experimentally [23-25]. Furthermore, an experimental signal
of the linear Breit—Wheeler process was reported in heavy-ion
collision experiments, where the pair production can be con-
sidered as being due to the collision of ‘quasi-real’ photons
from the ions’ Lorentz-boosted Coulomb fields [26].

A crucial aspect of the Breit—Wheeler process is the way
it depends on the polarizations of the participating photons,
as shown by Breit and Wheeler themselves [1]. If we con-
sider pair production by a ~ ray colliding with a linearly
polarized laser, the probability depends on the relative ori-
entation of the y-ray and laser polarizations. The ratio of the
pair-creation probability rates for a 7 ray that is polarized
parallel or perpendicular to the laser electric field, W) and
W, respectively, is shown in figure 1, where we introduce
the laser normalized amplitude ap and an energy parameter
1= X /ao. In the limit that ay > 1, the probability rates are
relatedas W, = ZWH fory < 1[3]land W, = %WH forxy > 1
[4], showing that the probability is generally larger if the laser
and ~y-ray polarization are orthogonal. Observing this differ-
ence is a goal of experiments aimed at precision measure-
ments of QED in the strong-field regime [15, 16] (see also
[27-29])).

In this paper we discuss the prospects of measuring the
polarization dependence of NBW in a two-stage configura-
tion where the high-energy ~v-ray beam is produced via linear
inverse Compton scattering (ICS) in a dedicated interaction
point (IP), separate from the strong-field focus. The v rays
from such a source can be highly linearly polarized, parallel
to the laser electric field, which permits easy control of the
relative polarization orientation of the v rays and the second
high-intensity laser. Using nonlinear Compton scattering as a
source of polarized ~ rays to study the polarization dependence
of NBW has previously been considered in [30, 31]. Our study
is motivated by the prospects of accelerator-based strong-field
QED experiments, such as LUXE [15, 16]. The distinguishing
features of our considered scenario are the v rays’ polariza-
tion and their quasi-monoenergeticity. Throughout the paper
we use natural units with 7 = ¢ = 1. Scalar products between
four-vectors are abbreviated as k.p =k, p*. We employ the
Minkowski metric g"* = diag(1,—1,—1,—1).
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Figure 1. The ratio between W and W), the pair-creation
probability rates for a photon with energy parameter 7 = x /ao that
propagates through a linearly polarized plane electromagnetic wave
with normalized amplitude ag. The photon is either polarized
perpendicular (L) or parallel (||) to the electric field of the plane
wave. The equivalent intensity and photon energy are calculated
assuming a laser wavelength of 800 nm.

2. Proposed experimental configuration

We consider here NBW pair production, where a single photon
with four-momentum & interacts with n photons of momentum
K to produce an electron and positron with momenta p and
p’ respectively. From the conservation of momentum, k+
nk=p+p’, one may show that a quantum energy para-
meter 7 = k.xm? >2/n is required in order to exceed the
mass-energy threshold at given n (neglecting for the moment
intensity-dependent mass shifts). In an asymmetric configur-
ation where the n photons are provided by a high-intensity
optical laser, the single photon must have an energy of several
GeV. Furthermore, for efficient pair production one requires a
quantum nonlinearity parameter xy = agn 2 1, at least for the
multi-photon channels with n > 2.

In addition to having multi-GeV energies, the high-energy
photons (v rays) should ideally be bright, monoenergetic and
highly polarized. We consider therefore ICS off a multi-GeV
electron beam, which fulfils all three, as the source (coher-
ent bremsstrahlung is another possibility [32, 33]). The source
is spatially separated from the strong-field IP, where the ~
rays collide with a second laser pulse, by a baseline length L.
Electron and positrons are produced by the NBW process at
this second IP. By rotating the polarizations of the two lasers,
parameterized by the pitch angle 6, we may alter the angle
between the polarization of the y rays and the second laser.

A schematic of the experimental configuration is shown in
figure 2. The baseline needs to be long enough that the primary
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Figure 2. A laser pulse with polarization E; collides with an
electron beam to create ICS «y rays, which are predominantly
polarised along E;. After travelling along the baseline, the  rays
collide with a second laser pulse, which is polarized along E> (at a
pitch angle 0 relative to E), and electron—positron pairs are created
via the NBW process.

electron beam, which creates the ICS-+ rays, can be deflected
away from the beam axis, while not so long that the flux of
~ rays at the second IP is too low for pair production to be
observed. An ultrarelativistic electron (Lorentz factor v > 1)
that travels a length Ay through a magnetic field of strength B
is deflected by an angle 15 ~ eBAg/(ym). The perpendicular
distance between the electron beam and the original axis, d | ,
assuming that beam travels freely for a distance L after the
magnetic field is

B[T] Ag[m]

where B is the magnetic field strength and E is the elec-
tron energy. For BAg ~ 1Tm and E ~ 10GeV, we require
baselines of several meters.

We describe the y-ray and positron production stages in
sections 2.1 and 2.2, respectively.

2.1 Gamma-ray generation stage

The purpose of the first stage is to generate a quasi-
monoenergetic and linearly polarized GeV -ray beam via the
ICS process. Precise knowledge of the properties of the vy-rays
at the strong-field IP is crucial for studying NBW in stage 2.
Therefore we simulate the «-ray properties using the Monte
Carlo code PICA (Polarized ICS Calculator, available at [34])
taking into account realistic laser, electron beam and colli-
sion parameters. We simulate three different scenarios, with
the simulation parameters collected in table 1.

In ICS, a low-energy photon from a laser with frequency
wics 1 scattered off a counter-propagating multi-GeV electron
beam, which blueshifts the photon frequency to [35, 36]

2
(.U('l?) ~ 4/7 wics (2)

~ .
147292 + 2mcs + 5

Here v = 1/(1 — 3%)!/2 is the initial electron Lorentz factor
and 1) denotes the angle between the electron velocity ﬁ and the
direction of the scattered photon. Because the initial electron
is ultra-relativistic, the scattered photons are beamed along

E with a typical angular divergence ¥ ~ 1/ < 1. The max-
imum photon energy is emitted in the electron forward direc-
tion ¥ = 0; this is called the Compton edge. In equation (2)
we also take into account the nonlinear intensity-dependent
redshift [37], which becomes relevant as the ICS scattering
laser normalized vector potential ajcs approaches unity. For
our simulations this effect plays a negligible role, as we oper-
ate in the linear regime at ajcs = 0.1.

The linear polarization of the ICS laser is (partially)
transferred to the 7-rays. In the low-energy (Thomson)
limit, characterized by nics < 1, the emitted radiation has a
dipole character. Thus for perfect back-scattering ¥ =0, the
~ rays would be fully polarized. Here 1ics = po.Kics m> ~
2~ywics m, the electron initial four-momentum py = my(1, )
and the laser four-momentum kics = wics(1,0,0,—1). Athigh
energy, nics ~ 1, it is known that the recoil of the photon
imparted on the electron and spin-flip transitions lead to non-
dipole contributions, reducing polarization degree.

The main objective for the ICS simulations is to accurately
describe the photon flux, spectral bandwidth and polarization
properties at the strong-field (stage 2) IP, which subtends a
very small angular region, O(wg/L) < 1/~, where wy is the
focal spot radius of the strong field focus and L is the baseline
distance. To this end, it is necessary to accurately describe the
initial electron beam energy distribution, transverse emittances
in x and y, as well as the longitudinal and transverse beam size
at the ICS IP. A large part of the spectral bandwidth of the ~
rays stems from the electron beam emittance. For the paramet-
ers chosen for our simulation, see table 1, the typical angular
spread of the electrons in the beam ~ ¢, /70, , is comparable
to the typical photon emission angle ~ 1/~. Consequently, the
value of ¥ for photons observed at a fixed global polar angle v
varies so much that w(?) varies significantly over the electrons
in the beam increasing the y-ray bandwidth. In PICA the beam
is sampled by a distribution of macro-electrons with weights
chosen to match the total beam charge.

For the laser pulse we employ the infinite Rayleigh
approximation, which is a good approximation as long as
wicsWo,ics > 1. Another crucial aspect for correctly predict-
ing the ~ photon spectrum is to take into account the laser
bandwidth due to the finite pulse duration 7. In all our sim-
ulations the ICS laser is linearly polarized in the x-z plane.

The PICA event generator creates macro-photons in a spe-
cified acceptance range (w,1,®) using rejection sampling,
where v and ¢ are the polar and azimuthal angles of the gen-
erated photon in the global reference frame. The event genera-
tion employs the Compton cross section for polarized incident
photons, but the final state polarization is unresolved, as is the
electron spin orientation [38, 39]. For the polarization proper-
ties of the v rays we assign the Stokes parameters S for each
macro-photon using the standard approach (for more details
see appendix A). In our convention the value of S; charac-
terises the linear polarization component along 0°/90° with
respect to the x—z plane, S, is for the 45°/135° polarization
component, and S3 is for circular polarization. The macro-
photons’ weights, positions, momenta and Stokes parameters
are written to HDF5-formatted output files for subsequent use
in the pair production simulations, see section 2.2.
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Table 1. Collection of parameters for the three considered scenarios. This includes the properties of the primary electron-beam, the ICS
laser, as well as the main characteristics of the produced ~ rays in stage 1.

Case 1: LUXE Case 2: E-144-like Case 3: ILC-like
Electron energy mry (GeV) 16.5 50 200
Relative energy spread Ay /vy 1073 1073 1073
Laser photon frequency wICs V) 4.1 1.55 1.55
Compton edge Wmax (GeV) 8.4 27 165
Laser spot size Wo,1CS (pm) 5 5 5
Laser normalized vector potential aics 0.1 0.1 0.1
Laser FWHM duration T (ps) 1 1 1
Horizontal normzlized emittance Ex (mm mrad) 1.4 1.4 0.03
Vertical normalized emittance €y (mm mrad) 1.4 14 10
Horizontal rms beam size Ox (pm) 5 5 3
Vertical rms beam size oy (pm) 5 5 15
Beam length o; (pm) 20 20 150
Beam charge PO 100 100 1000
Baseline length L (m) 7.5 10 25
Quantum energy parameter (at stage 2) n 0.1 0.32 1.95
Threshold harmonic (at stage 2, low ap) Ny 20 >6 > 1

2.2. Pair production stage

We simulate the pair production stage using the Monte Carlo
particle-tracking code Ptarmigan (version 1.4.1, archived
at [40]). This code models the interaction of high-energy
electrons, positrons and ~ rays with high-intensity laser
pulses, taking into account the spatiotemporal structure of
the laser pulse, the particles’ classical dynamics and strong-
field QED processes: for details see [41]. In this work we use
Ptarmigan in locally monochromatic approximation (LMA)
mode, which includes interference effects at the scale of the
laser wavelength and is therefore accurate in both the trans-
ition regime, ap =~ 1, and the quasistatic regime, ao > 1 [42].
In particular, this approximation allows us to resolve harmonic
structure in the spectra of outgoing particles, which is a key
signature of how pair production changes from two-photon, to
multi-photon, and eventually tunnelling [43]. Explicit expres-
sions for the LMA pair creation rate for a linearly polarized
laser are collected in appendix B. The LMA gives accurate
results if the spatiotemporal gradients of the laser pulse are
not too large, such that the envelope varies slowly on the scale
of the laser wavelength, i.e. as long as the number of cycles
corresponding to the pulse duration N 2 4 and the focal spot
size wo 2 2\ [41, 42].

Ptarmigan has recently been upgraded with the capabil-
ity to import data for the individual particles that compose
the incident beam, so that laser-collision simulations can be
run using the output of other codes [40]. As discussed in
section 2.1, PICA produces a Ptarmigan-compatible HDF5-
formatted output file, which describes a beam of ~y rays in
terms of their weights w;, four-positions xf , four-momenta
ki, and Stokes parameters S;. Once the coordinate systems
have been aligned, it is necessary only to specify the distance
between the IPs, i.e. the baseline length L, to run a simulation.
Ptarmigan imports the data, reconstructs the macroparticles,

and then propagates them ballistically between the IPs, up to
the edge of the high-field region. From there, the usual particle
tracking and Monte Carlo sampling for strong-field QED pro-
cesses takes place, continuing until the particles have left the
high-field region [41].

This high-field region is created by a focused, linearly
polarized laser with fixed energy &. The pulse has Gaussian
spatial and temporal envelopes. The laser spot size wy needed
to reach a given ap may be determined as:

- Alpm] [ &[]
wo [pm] = 38.2 o T30 £5] 3)

where A is the laser wavelength and 7 the FWHM pulse
duration. In our simulations, the laser intensity is varied in
the range 0.5 < gp < 10. The pitch angle, the relative angle
between the polarizations of the two lasers, is 6 € [0, 7].

3. Simulation results

We simulated the polarization dependence of NBW pair pro-
duction for three different experimental scenarios, the para-
meters of which are summarized in table 1. Our choices of
parameters are guided by currently planned LUXE experiment
[15, 16], the seminal E-144 experiment at SLAC [10], and sim-
ilar configurations that could become available at future linear
colliders if one were to co-locate high-power lasers near them.

3.1 Case 1 (LUXE)

We begin by investigating a LUXE-like setup. The LUXE
experiment has two main planned modes, e-laser and ~y-laser,
as well as an ICS-laser mode. In e-laser mode, high-energy
electrons from European XFEL are directed to collide with
a powerful laser, which produces high-energy photons and
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Figure 3. Properties of the y-ray beam at the strong-field IP (a)—(d) and of the positrons they produce (e)—(g) for case 1 (LUXE). (a) The
radially resolved ~-ray energy spectrum. (b) Orientation and magnitude of the polarization (arrow orientation and length), as well as the
energy (colour), of a subset of photons at the IP. (c) and (d) Stokes parameters S; and S», respectively. (e) Positron spectrum for ap = 0.5
and two pitch angles 8 = 0, 7 /2. (f) Total positron yield as a function of aq (and laser spot size wy) for the two pitch angles. (g) The ratio of

the yields at § = 7/2 and 6 =0.

electron—positron pairs within the same laser field. In y-laser
mode, the electron beam interacts with a thin foil to produce
a broad band of bremsstrahlung photons. The electrons are
diverted by a magnetic field and the photons collide with the
laser pulse downstream to produce pairs [15, 16].

To enable ICS-laser mode, a fraction of the main laser is
extracted, frequency-tripled to 4.1 eV using a nonlinear crys-
tal, and collided with the electron beam to produce high-
energy photons via ICS. The advantage of a source like this
is that it has a narrow energy distribution, high photon flux
with a high degree of polarization [15]. The ability to rotate
the polarization of the laser pulse allows us to control the -
ray polarization.

Our simulation results for case 1 yield a mean photon
energy of about 8 GeV at the center of the strong-field IP,
with a root-mean-square (rms) bandwidth of approximately
0.5 GeV, see figures 3(a) and (b). The central part of the y-ray
beam has a photon fluence of 40 photons/m? per bunch cross-
ing (BX). The photons are highly linearly polarized approxim-
ately along the x-axis with a polarization degree

S=\/St+85=71%, 4)
where the bar denotes an average over all photons in a circular
spot of radius 4 ym in the IP plane.

As can be seen in figure 3, photons with energies above
8 GeV can be found in quite a large spot at the IP. In the
periphery of the strong-field focus we find photons of lower
energy, mainly due to the angular dependence of the scattered
photon frequency according to equation (2). In this region the
photons’ Stokes vectors are aligned more in a radial pattern.
When averaging over a 100 um spot, the mean polarization
degree is ~=75%, which decreases to ~60% for a 300 um spot.
Panels (c) and (d) show two-dimensional histograms of the
Stokes parameters S| and S, at the IP. While S| is nearly con-
stant in the center with value S; ~ 0.77, the values of S, are
nearly zero in the center, and can be positive or negative in the
periphery. This is in agreement with the observed polarization
pattern in (b) since the polarization tilt angle (w.r.t. the x axis)
is given by 1 arctan(S, /S, ). Naturally, the average polarization
degree over a larger focal spot is significantly reduced due to
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the radial pattern (misalignment of the Stokes vectors). What
this means for the pair production process is that for larger
focal spots (smaller ag) the effective polarization degree of the
~ rays is lower. However, this is in general quite complicated
since the periphery has lower ~y-ray energies and therefore the
pair production rate can change significantly over the focus.

The positron yield at the second IP is simulated using the
collision parameters given in the LUXE Conceptual Design
Report [15], namely, a baseline length of 7.5 m and laser para-
meters corresponding to the ‘phase 0’ configuration (peak
power 40 TW, duration 30fs). The energy spectrum of the
positrons produced when ICS-v rays collide with a laser of
ap = 0.5 is shown in figure 3(e). Changing the pitch angle 6
from O to 7/2 increases the positron yield without changing
the shape, which is mostly symmetric in both cases. However,
there are no distinguishable harmonics here, because the low-
est allowed harmonic order,

. 2(144d}/2) 5
* T] i

is n, =23 for ap = 0.5 [43], which also explains the sup-
pressed yield. Distinguishing individual harmonics, in terms
of their energy bounds, is possible if n is smaller, which
requires higher 7, i.e. higher centre-of-mass energy. We will
see this in the following two sections.

In figure 3(f), the total number of positrons is shown as a
function of ag. The laser spot size required to achieve a given
ap, according to equation (3), is shown on the upper horizontal
axis. The positron yield increases exponentially as one would
have expected from theory. At ap = 0.5, increasing the pitch
angle from O to 7/2 increases the positron yield (per bunch
crossing BX) from 0.2 to 0.3. At ap = 10.0, the increase is
from 3.8 to 5.8. These yields are significantly lower than what
is expected if the LUXE electron beam collides directly with
the laser, because the vy-ray flux is much larger if the two stages
are effectively collapsed into one: at ag = 5.0, for example, the
number of positrons is already 3.0 x 103 [16]. However, they
are similar in magnitude to those expected in ~y-laser mode,
where the positron yield per BX is predicted to be 0.91 at ap =
5.0, and 5.1 at ap = 10.0 [16].

In figure 3(g) we show the ratio between the yields at 6 =0
and 7/2. The amplification is mostly constant over the entire
range of ap, with an average value of 1.7. This difference
would be observable at LUXE, given the expected precision,
statistics, and sustained operation that are planned.

3.2. Case 2 (E-144-like)

Here we consider a similar setup to case 1, but with an
increased electron beam energy of 50 GeV, like the SLAC linac
used in the E-144 experiment [10]. The main difference in this
case is that the ICS laser does not have to be frequency tripled
first before producing the ~y rays in the ICS stage: for all para-
meters see table 1.

The ~ ray beam from the PICA simulation has a mean
energy of 25.8 GeV in the center, with an rms energy spread

of 1.18GeV, and a photon flux of 69 photons/um?. In the
central region the polarization degree is 73% and the photons
are polarized dominantly along the x-axis, which is compar-
able in magnitude to case 1. For larger spots, the polarization
degree rapidly decreases, falling to 64% when averaging over
a 100 pm spot, and only 37% for a 300 pm spot. This stronger
decrease compared to case 1 is due to the different polarization
pattern, which can be seen in figure 4(b). The main reason for
this difference is the relatively smaller baseline length L ,such
that the ratio L/~ = 102 pm compared to L/~ = 232 pm for
case 1. This brings the polarization nodes of the forward boos-
ted dipole emission pattern closer to the center of the IP spot,
which results in a stronger misalignment of the polarization
axes of photons in the periphery of the IP focal plane.

In order to simulate the pair production stage, we assume
a nominal baseline length of 10 m, but the laser parameters
are kept identical to case 1. The main effect of larger baseline
length L is to reduce the positron yield by a factor of L™2.
In figure 4(e) we show the energy spectrum of the positrons
for ap = 0.5. The yield is much higher than in case 1 because
of the higher photon energy. There is now clearly visible har-
monic structure, which is calculated to be of order n = 8. The
energy interval spanned by this harmonic is given by

S-a-as) ] <s<S[iva-as)?] ©

where s ~ €, /w, €4 is the positron energy, w is the photon
energy at the Compton edge from table 1, s, =2nn/(1+
a3/2) and n is the harmonic order as in equation (5). These
bounds are shown by vertical dashed lines in figure 4(e) with
good agreement. Note that the positron spectrum is slightly
asymmetric for both pitch angles, being higher at the lower
bound. This is caused by the asymmetric energy spectrum of
the photons at the IP: in figure 4(a) one can see that larger
focal spots encompass more of the lower energy part of the
spectrum.

In figure 3(f) the total number of positrons is shown as a
function of ay, where we see that the total yield is much higher
than the LUXE-like setup. The yield for ap = 5.0 is 60.6 and
95.9 positrons for pitch angle =0 and 6 = 7 /2 respectively,
and for ay = 10.0 the yield is 123.7 and 186.3 positrons. The
ratio between the yields, shown in figure 3(g), is around 1.66,
which is lower than case 1 because 7 is larger.

3.3. Case 3 (ILC-like)

Finally, we consider what would happen if this experiment
were realised at a future linear collider like the ILC [44]. With
an electron beam of energy 200 GeV and a high-power laser,
this would represent a ‘Super-LUXE’ experiment with a vastly
increased centre-of-mass energy for the SFQED collisions.
For the electron beam emittance, we consider very asym-
metric values, in correspondence with the flat beam focus-
ing that is envisioned for future colliders. The mean photon
energy in the IP focal plane is 158 GeV with an rms spread of
9.2 GeV, and a mean fluence of 311 photons/um~2 per BX.
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Figure 4. Properties of the y-ray beam at the strong-field IP (a)—(d) and of the positrons they produce (e)—(g) for case 2 (E-144-like). (a)
The radially resolved «-ray energy spectrum. (b) Orientation and magnitude of the polarization (arrow orientation and length), as well as the
energy (colour), of a subset of photons at the IP. (c) and (d) Stokes parameters S| and S», respectively. (e) Positron spectrum for ap = 0.5
and two pitch angles 8 = 0, 7/2. () Total positron yield as a function of gy (and laser spot size wy) for the two pitch angles: vertical dashed
lines give harmonic boundaries. (g) The ratio of the yields at @ = 7/2 and 6 =0.

The mean polarization degree is 40 % for phtons in the cent-
ral 4 pm spot, which decreases to 22 % and 12 % when aver-
aging over 100 and 300 pum spots, respectively. These values
are much smaller than in cases 1 or 2, as indeed in the beam
center. The main reason for this behaviour lies in the fact that
in case 3 the quantum energy parameter 7cs =~ 2.37 which
means that recoil effects and spin-flips during the Compton
scattering become important. This is known to result in non-
dipole contributions to the scattered ~ rays.

In figure 5(e) the positron energy spectrum is plotted for
ap = 0.5, where we see an asymmetry due to the asymmetric
photon energy distribution. However, there are now two dif-
ferent harmonic orders visible, n=2 and n=3 (n=1 is not
present as it is forbidden). The corresponding energy inter-
vals are indicated with vertical dashed lines, assuming that the
photons Compton edge is around 165 GeV.

Again we show the number of positrons as a function of
ap (and spot size wp) in figure 5(f). At ap < 1 the scaling of

the yield is approximately quadratic, as indicated by the black
dashed line. This may be explained by considering the how the
pair probability scales with ag. The number of positrons Ny o
ag™ wj where n, is the lowest allowed harmonic order and w3
is the area of the overlap between the beams. In this case n, =
2 and wo < a, ! (because the laser energy is fixed equation
(3)), so we expect Ny aﬁ. At larger ap a turning over of
the positron yield can be observed due to nonlinear effects
and the shrinking laser spot size. From figure 5(g) we see that
the ratio between the yields is closer to unity, indicating that
the pitch angle plays a smaller role for this case due to the
increased 7).

An additional opportunity in this case, where 1 > 1, is to
study channel closings [13, 45, 46]. In figure 6 we show
the positron spectrum for the transition between ay = 0.5 and
ap = 1.5. As qy increases, the energy intervals for each har-
monic close in towards the midpoint s = 1/2. The fact that
the bounds depend on a is a consequence of the so-called



Plasma Phys. Control. Fusion 67 (2025) 035002

D Seipt et al

300 b 200
160 (b)
. 100
200 £
140 a 0
©®
100 - > _
120 100
- 3
S 3 -200
o o 0 - —-200 -100 0 100 200
€ 100 200
3 ® 3 P
>
80 - —100 - - 100
E
2
o 0
60 1 ~200 @
> -100
40 -
-300 . : . . . -200
0 100 200 300 -300 -200 -100 0 100 200 300 -200 -100 0 100 200
r@ IP (um) X @ IP (um) X @ IP (um)
m Wo (llm)
S 30 20 15 10 8
X
- 8
;12.5 T_J 4
8 >
10,0 o 2
g 7.5 1
]
g 50 1.4
7 2 13
+® S 2 . N
1.2
0.0
0 20 40 60 80 100 120 140 160 L1l-5% 10 50 50 10.0
Energy (GeV) ao

Figure 5. Properties of the y-ray beam at the strong-field IP (a)-(d) and of the positrons they produce (e)—(g) for case 3 (ILC-like). (a) The
radially resolved «-ray energy spectrum. (b) Orientation and magnitude of the polarization (arrow orientation and length), as well as the
energy (colour), of a subset of photons at the IP. (c) and (d) Stokes parameters S| and S», respectively. (e) Positron spectrum for ap = 0.5
and two pitch angles § = 0, 7 /2: vertical dashed lines give harmonic boundaries. (f) Total positron yield as a function of a¢ (and laser spot
size wy) for the two pitch angles; quadratic scaling (black, dashed line). (g) The ratio of the yields at § = 7/2 and 6 =0.

‘mass shift’ [37, 47], a nonlinear effect which may be under-
stood classically as the contribution of the quiver energy to
the effective mass of the electron and positron inside the laser

pulse, m, =m4/1 +a(2)/2. Using equation (6) one finds that
n =2 vanishes for ay =~ 1.4, which may be seen in the way the

shape changes in the transition from @y = 1.0 to ag = 1.5.

4. Summary

In this work we have considered the prospects for preci-
sion measurements of nonlinear Breit—Wheeler pair produc-
tion (NBW), using the collision of inverse Compton scattered
(ICS) ~ rays and a high-intensity laser pulse. Crucially, the
high degree of linear polarization provided by ICS enables

the polarization dependence of NBW to be studied in detail.
The positron yields achievable with the ICS-laser config-
uration of the LUXE experiment are comparable to those
achievable with the bremsstrahlung source, which is already
planned. The 70% increase in the positron yield when the
laser polarization is rotated by 90° is large enough to be dis-
tinguishable from shot-to-shot fluctuations, given the expec-
ted runtime [16]. Increasing the electron-beam energy, and
so the centre-of-mass energy, to higher values, makes har-
monic structure visible in the positron energy spectra. A
strong-field QED experiment colocated with a future linear
collider would also be able to explore the transition from
linear to multiphoton pair production and to observe chan-
nel closings as a function of the intensity-dependent mass
shift.
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Appendix A. Gamma-ray polarization

In this appendix we provide some details on the calcula-
tion of the polariztion properties of the gamma-ray photons
produced in stage 1. Pica first samples the emitted photon
momentum from the differential Compton cross section using
rejection sampling. Once the photon momentum is determ-
ined, the Stokes parameters in the scattering plane S; are
assigned according to the standard procedure as S; = F; /Fo.
For linearly polarized initial photons with polarization vector
€y = (0,1,0,0) we have

(AD)
(A2)

Fo =My +M; + M3,
Fy =M} — M3,

2 2
M, = ep.€1 — — (€0-po) (€1-p1) + — (€0-p1) (€1.p0) ,  (A6)
Xo Yo
2 2
M, = €y.€2 — — (€0-po) (€2.p1) + — (€0-p1) (€2.p0) , (A7)
Xo Yo
final photon polarization vectors
€)' = (0,costpcosp,cossinp, —sine) , (A8)
eb = (0,—siny,cosp,0) , (A9)

scattered electron four momenutm p; = po + ko — k, and

(A10)
(Al1)

X0 = 2K0-Po

Yo =2k.po.

The Stokes parameters in a fixed coordinate frame follow by

simple rotation
—sin2¢\ S
cos2p ) \S,)’

S1\ _ [cos2p
Sy ) \sin2p

where ¢ is the azimuthal angle of the emitted photon.

(A12)

Appendix B. LMA pair production rate

The pair creation rate, W=, as calculated in the LMA for a
linearly polarized laser, is given by (see [41] and references
therein):

om o0 %-&-An 27
Wy=— d do (Xo — S1X; — 52X
+ ZFZ/éA” S/O ¢ (Xo — $1X1 — $:X)

n=n*

1
XQ = A(z) + afms |: S) - 2:| (A% - A()Az)

s(l—
2
X, = (Ao FpCOS — \ﬁarmsAl) —(Agry sinqS)2

(B1)

X, =2A¢r,sing (Ao 7 CoSp — \fZarmsAl)
where the arguments of the functions A; = A;(n,x,y) are

V251 COS 10)
XxX=——

s(—s) (B2)
2
al"mS
y:4ns(l—s)’ (B3)
rﬁzZnns(l—s)— (l—l—afms). (B4)

The total rate depends on the photon energy parameter 7,
the Stokes parameter S, and the normalized r.m.s. amp-
litude of the laser ans. The threshold harmonic order is
n* = [2(1+a%,)/n]. The range of s, the fraction of the
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photon lightfront momentum transferred to the positron, is

bound by A, =+/1/4 —1/s,.

The A functions are defined:

AO (”M@y) = Jn (x,y) P
Jon—1 (X,y) +]n+l (x7y>
2 )
Jn_z (x,y) + 2.],1 (X,y) +Jn+2 (x,y)

AZ (nax7y) = 4 .

Ay (n,xy) = (BS)

where the ‘double Bessel functions’ J,(x,y) extend the usual
Bessel functions J,(x) in the following way:

Jn (x,y) = Z Jn2r (X)Jn () -

r=—o0

(B6)
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