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Generation of ultrarelativistic polarized leptons during interaction of an ultrarelativistic electron beam
with a counterpropagating ultraintense laser pulse is investigated in the quantum radiation-dominated
domain. While the symmetry of the laser field tends to average the radiative polarization of leptons to zero,
we demonstrate the feasibility of sizable radiative polarization through breaking the symmetry of the
process in the reflection regime. After the reflection, the off-axis particles escape the tightly focused beam
with polarization correlated to the emission angle, while the particles at the beam center are more likely to
be captured in the laser field with unmatched polarization and kinetic motion. Meanwhile, polarization
along the electric field emerges due to the spin rotation in the transverse plane via precession. In this way,
the combined effects of radiative polarization, spin precession, and the laser field focusing are shaping the
angle-dependent polarization for outgoing leptons. Our spin-resolved Monte Carlo simulations demon-
strate an angle-dependent polarization degree up to ∼20% for both electrons and positrons, with a yield of
one pair per seed electron. It provides a new approach for producing polarized high density electron and
positron jets at ultraintense laser facilities.
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I. INTRODUCTION

Polarized electrons and positrons are valuable investiga-
tion tools in nuclear and high-energy physics [1,2]. They are
indispensable for high-energy experiments in the next
generation of colliders, which are aiming to search for
physics beyond the standard model [3].
There are standard methods for polarization of relativistic

electron beams: illuminating a photocathode by circularly
polarized light [4], or by radiative polarization in a storage
ring via the Sokolov-Ternov effect [5–7]. Since antiparticles
are not available in the matter, generating intensely polar-
ized positrons is more challenging than polarized electrons.
It is well known that β-decay of specific radioisotopes can
produce polarized positrons [8], however, the quality of the
beam is far from practical usage. So far, there are mainly
two possible approaches to generate intensely polarized
positrons for high-energy physics [9]. One is the so-called

undulator based positron source [10], producing circularly
polarized γ-photons via electron radiation in a helical
undulator, and then converting it to electron-positron
pairs in a tungsten target. The proof-of-principle E166
experiment was performed at Stanford Linear Accelerator
Center. The positrons of 2–6 × 104=pulse are produced with
longitudinal polarization above 80% at an energy of about
6 MeV [11]. Alternatively, γ-photons can be generated by
Compton backscattering of a circularly polarized laser [12].
In the second method proposed in the Thomas Jefferson
National Accelerator Facility, which is termed Polarized
Electrons for Polarized Positrons, the polarized positrons
are produced using bremsstrahlung radiation of polarized
electrons [13]. However, upgrading the intensity of the
positron source to meet the requirement of future electron-
positron colliders (2.82 × 1014 s−1) is still an extremely
challenging task [14].
With the invention of chirped-pulse amplification and

optical parametric chirped-pulse amplification laser tech-
niques, the current laser intensity is already able to reach
1023 W=cm2 [15], and an increase up to 1025 W=cm2 is
expected in next-generation laser facilities [16–20]. Strong
lasers have been applied for generating electron-positron
jets via laser-solid interaction [21–24], as well as via laser-
electron beam interaction [25].
Spin effects in nonlinear QED processes in strong laser

fields have been investigated theoretically, in particular, in
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multiphoton Compton scattering [26–33], in Kapitz-Dirac
scattering [34–36], in the multiphoton Breit-Wheeler proc-
ess (pair production) [37–39], as well as in the multiphoton
Bethe-Heilter process in a Coulomb field [40]. However,
these studies have mostly addressed the processes in a
plane-wave field and/or not ultraintense field regimes. In an
ultrastrong laser field, the strong-field QED effects are well
described within the local constant field approximation
(LCFA) [41,42]. An efficient formalism based on LCFA
describing polarization effects during a photon emission and
pair production in background strong fields has been
developed by Baier and Katkov [6,41,43].
When an unpolarized electron radiates in a strong

external field, the electron spin after the emission is prefer-
entially oriented opposite to the magnetic field in the
electron rest frame, which is the energetically most favor-
able state. This effect is termed radiative polarization [5,6].
Similarly, during pair creation of a linearly polarized/
unpolarized photon in a strong external field, the electron
(positron) spin favors the opposite (same) direction with
respect to the magnetic field (in the electron rest frame),
which may lead to the polarization of electron-positron
pairs [41]. The polarization effect is significantly larger in
the case of a pair production process than in that for photon
emission. This is because of the larger asymmetry of the pair
production probability between the final spin-up and -down
states in a constant field, compared with that of radiation.
Available ultrastrong laser fields put forward a desire to
exploit intense fields for radiative or pair production
polarization of electron (positron) beams. However, its
straightforward realization is not possible. In fact, a laser
field represents a quite remarkable symmetric field, with the
negative and positive half-cycles inducing opposite spin
effects. Even in an ultrashort laser field, the field asymmetry

is too weak to allow a significant polarization, e.g., the
polarization is less than 8% in a single cycle plane wave
laser pulse discussed in [33]. Therefore, essentially asym-
metric laser fields are required to polarize particles either
with radiative or pair production polarization. In [44,45]
a model asymmetric laser field is devised in the form of a
strong rotating electric field, which not surprisingly yields a
large electron radiative polarization, reviving the idea to
seek radiative (pair production) polarization in more real-
istic field configurations.
Recently, we have developed a fully polarization resolved

Monte Carlo method [46–48] for investigations of spin
effects in nonlinear QED processes in ultrastrong focused
laser fields, using spin-resolved radiation and pair produc-
tion probabilities in LCFA, calculated with the Baier-
Katkov operator method [41,49]. Employing this method,
we proposed a new concept of producing polarized posi-
trons with strongly focused two-color laser pulses [50], see
also [51]. The asymmetry of the two-color laser field allows
for polarization of pairs up to ∼60% with an efficiency of
10−2 positrons per electron. Further, with a fine-tuning of
the ellipticity of the laser field, the polarized particles arising
from different laser cycles can be separated due to spin-
dependent radiation reaction, which promotes a further
enhancement of polarization [46,52,53]. The positron’s
density can be further increased to 30 nC by using laser-
solid interaction [54], or to 105–106=bunch by using
initially polarized electrons [48]. It also has been proposed
to produce polarized leptons via phase-matched radiation
reactions between particle momentum and polarization
[48,55,56], followed by the postselection technique dis-
cussed in detail in Ref. [56]. In another recent development,
the electron and photon polarization generated in strong
fields in plasma has been employed as a diagnostic tool to

FIG. 1. Scheme of laser-based polarized positron beam production. An intense linearly polarized laser pulse head-on collides with an
unpolarized relativistic electron beam, resulting in emission of γ photons in forward direction, which decay into electron-positron pairs.
The produced pairs are reflected in the laser field and polarized with spin parallel and antiparallel to magnetic field direction for polar
angle θ > 0 and θ < 0, respectively.
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monitor transient magnetic fields in plasma [57,58], or
characterize the ultrarelativistic plasma instabilities [59].
In this paper, we investigate an intense laser beam

interaction with a counterpropagating electron beam.
Although the applied laser beam is well symmetric, we
aim to obtain asymmetric electron-laser field interaction
and generate spin polarization of seed electrons and
created pairs via invoking the reflection regime of the
interaction [60,61], see the scheme in Fig. 1. Especially
advantageous for the creation of asymmetric laser-electron
interaction is the applied quantum radiation-dominated
regime (QRDR). Our simulation shows that both the
reflected seed electrons and pairs are polarized in the intense
symmetric field in the reflection regime strengthened with
QRDR. The correlation between the cycle-dependent radi-
ative polarization and the reflection angle gives rise to the
angle-dependent polarization of particles in a tightly focused
symmetric laser field. The physical picture of the interaction
and emerging polarization are analyzed in detail.
The QRDR is characterized by the following large

parameters: χe ≳ 1, and αa0 ≳ 1 [62]. Here, the classical
strong field parameter is a0 ¼ eE0=mω, and the quantum

strong field parameter χe ¼ jej
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jFμνpνj2

q
=m3 [42], with

the electron charge −e and mass m, the laser field tensor
Fμν, the field amplitude E0 and frequency ω, and the
electron four-momentum pν (the relativistic units ℏ ¼ c ¼
1 are used).
Our paper is organized as follows. Section II presents the

general semiclassical simulation method of spin-resolved
laser-electron interaction. The spin-resolved photon emis-
sion and pair production probabilities, as well as the
definition of the instantaneous quantization axes for simu-
lations, are given in this section. The results of the numerical
simulation are presented in Sec. III, and the polarization for
both reflected seed electrons and produced pairs are inves-
tigated. A discussion on how the radiative polarization and
the focusing effect of the laser field determine the angle-
dependent polarization of seed electrons is presented in
Sec. III A. The polarization of particles arising from pair
creation is analyzed in Sec. III B. Our conclusion is given in
Sec. V. The details on the numerical method for nonlinear
Compton scattering and nonlinear Breit-Wheeler process are
provided in the Appendices A and B, respectively.

II. SIMULATION METHOD

Recently, a semiclassical Monte Carlo method was
developed to describe the electron (positron) spin-resolved
dynamics in nonlinear QED processes in ultrastrong laser
fields [46–48,50,52,55,63]. The photon emissions and pair
productions are simulated via Monte Carlo algorithm using
spin-resolved quantum probabilities. Between photon
emissions and after the pair production, the electron’s
(positron’s) motion in the external field is governed by

the Lorentz force, while spin precession is described by
Bargmann-Michel-Telegdi (BMT) equation [64,65].
The spin-resolved photon emission and pair production

probabilities are derived with the QED operator method in
LCFA [41,49]. After summing over the polarization of
emitted photons, we obtain the probability for emitting a
photon with an energy ω during time step Δt:
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where ζ and ζ 0 are the spin polarization vectors before and
after the emission, ε and ε0 electron energies, zq ¼ 2

3χe
ω
ε0

with χe controlling the magnitude of quantum effects,
C0 ¼ αffiffi

3
p

πγ2
, b ¼ v̂ × s with v̂ and s being unit vectors along

the direction of electron velocity and acceleration, respec-
tively. The final polarization vector of the electron resulting
from the scattering process itself is ζRf ¼ b

a, which is the
quantization axis for radiation adopted in our Monte Carlo
simulations. After each photon emission, the spin of the
emitting particle is either parallel or antiparallel to nR ¼ ζRf
using the common stochastic algorithm. If a photon
emission event is rejected, then one should be aware that
the spin of electrons between emissions should be also
changed since no-emission probability WNR also has a
dependency on initial electron spin [48]:
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The no-emission probabilities WNR
↑ and WNR

↓ are asym-
metric with respect to an arbitrary quantization axis e.
Consequently, between photon emissions, the electron

spin state along e changes to ζef ¼ WNRðeÞ−WNRð−eÞ
WNRðeÞþWNRð−eÞ ¼ e·d

c .

Therefore, the final polarization vector without radiation is
given by the above expression with e taken away, i.e.
ζNRf ¼ d

c. In Monte Carlo simulations, the spin of an
electron between emissions collapses to one of the two
pure states �nNR with nNR ¼ ζNR

f =jζNR
f j using random

numbers. Note that, the polarization between emissions
is physically related to radiative correction [55,66].
Afterwards the spin precession follows the BMT equation
until the next step.
The emitted photons can further produce electron-

positron pairs while propagating in the intense laser field.
After averaging over the polarization of the electrons, the
spin-resolved pair production probability of producing an
electron with energy ε− and positron εþ reads [49]:
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Here C̄0 ¼ αm2ffiffi
3

p
πω2, zp ¼ 2

3χγ
ω2

εþε−
, ζþ and ξ ¼ ðξ1; ξ2; ξ3Þ

are the spin polarization vectors of a produced positron
and stokes parameters of a parent photon, respectively.
The quantum parameter for pair production is χγ ¼
jej

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFμνkνÞ2

q
=m3, with electron four-momentum k ¼

ðω; kÞ of the incoming γ-photon. The instantaneous spin
quantization axis for pair production is along ζþf ¼ bþ

aþ
. If

the photon is linearly polarized with ξ ¼ ð0; 0; ξ3Þ or
unpolarized, then ζþf becomes the magnetic field direction
in the frame of the center-of-mass of the produced pairs.

The polarization of the produced pairs is decided by
probability of Eq. (3) within the Monte Carlo algorithm.
After the pair is produced, the parent γ-photon is removed
from the simulation, and the created particles can further
emit photons and again produce pairs, which could lead to
a cascade in the case of large χe. In a similar manner,
photon polarization has also been included in the simu-
lation (see more details in [47,48,63]).

III. RESULTS AND ANALYSIS

In this section, we present the results of our Monte Carlo
simulations. We consider an ultrarelativistic electron beam
with energy ε0 ¼ 1.3 GeV colliding with a tightly-focused
linearly polarized strong laser field with intensity a0 ¼ 760

(I ∼ 1024 W=cm2), see the scheme in Fig. 1. In the
simulation the electrons move in a given laser field. The
laser pulse duration is τp ¼ 3T with T being the laser
period, beam waist w0 ¼ 2λ0, and wavelength λ0 ¼ 1 μm.
The electron beam in the simulation consists of ∼106
electrons that have a uniform distribution in the longi-
tudinal direction and a Gaussian distribution in the trans-
verse direction. The length of the electron beam is
Le ¼ 1.5λ0, and the radius re ¼ λ0. The angular spreading
of the electron beam is Δθ ¼ 1 mrad, and the energy
spreading Δε=ε ¼ 0.02, which are typical for laser wake-
field acceleration of electrons [67]. The parameters are
chosen such that the interaction is in the QRDR, when χe ≈
2a0ðω=mÞγ > 1 and αa0χe > 1, with the electron effective
energy in the laser field ε ¼ mγ. In addition, the electrons
experience a large energy loss, positrons are produced with
high density, and reflection occurs as a0=2 > γ, which
breaks the symmetry of the interaction. Note that due to
large radiation losses, the electron energy in the laser field ε
is significantly smaller than ε0. The specific choice of the
laser and electron parameters is to allow the electrons to be
reflected near the laser pulse peak.

A. Radiative polarization of seed electrons

The angular distribution and polarization of seed elec-
trons after the interaction are presented in Fig. 2. The strong
interaction induces a large number of photon emissions,
more than one photon per laser cycle Nγ ∼ αa0 ≳ 1 [60].
The electrons with considerable energy loss could be
reflected when the external field exerts a Lorentz force
along the laser propagation direction. In the considered
reflection regime, after the interaction, the seed electrons
move in the reflection direction jθj ¼ jcos−1ðpz=γÞj < 900

(θ is the polar angle between the particle momentum and
the laser propagation direction), as shown in Fig. 2(c).
Interestingly, the seed electrons are transversely polarized
with the highest polarization degree around 20%. Along the
laser polarization direction (x-axis), the electrons are
polarized with central symmetry, see Fig. 2(a). For θ >
20° (θ < −20°), ζx is positive at ϕ < 0 (ϕ > 0) and
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negative at ϕ > 0 (ϕ < 0). Meanwhile, polarization along
the magnetic field direction (y-axis) is opposite with regard
to θ ¼ 0, see Fig. 2(b). The electrons with θ < 0 have
negative ζy while those with θ > 0 have positive ζy. It is
worth noting that the polarization direction in the small
angle region (jθj≲ 20°) is opposite to that in the large angle
region (jθj≳ 20°).

1. Large angle electrons: Polarization along
the magnetic field

In the investigation of the angle-dependent polarization,
we start with the analysis of the electron dynamics. We
calculate the average momentum evolution and the
trajectories for electrons with θ > 20° and θ < −20°,
respectively (see Fig. 3). On average, the electrons
with final momentum pf

x > 0 and pf
x < 0 are initially

distributed with x̄ð0Þ ¼ �λ0=2, respectively. Generally,
the electrons are reflected due to the damping in z-motion
induced by radiation reaction and further acceleration in
the laser propagation direction induced by the Lorentz
force. Defining the reflection point in terms of the laser
phase by p̄z ¼ 0, the electrons initially distributed at
x̄ð0Þ ¼ �λ0=2 are reflected at the laser phase φ=2π ¼
4.2 and φ=2π ¼ 4.1, respectively [see Fig. 3(a)].
In the case of a0 ≫ 1, the reflected electrons become

ultrarelativistic along the laser propagation direction
within the laser quarter cycle due to the Lorentz force
effect. Because of the ultrarelativistic drift in the laser
propagation direction, the electron dephasing time with
respect to the laser field is much longer than the laser
period. At the same time, the electrons are transversely
pushed away from the beam axis by the ponderomotive
potential of the tightly focused laser field. As illustrated in
Figs. 3 and 4, the electrons initially distributed at x̄ð0Þ ¼
λ0=2 are accelerated to pz ∼ 2 × 103 in the acceleration
cycle 4.55 < φ=2π < 4.8 [Fig. 3(a)] and stay in this cycle
for a long time until they slowly drift to the deceleration
cycle 4.8 < φ=2π < 5.05 [Fig. 4]. During the phase-
matched motion at 4.55 < φ=2π < 5.05, the transverse
coordinate x̄ increases up to 2.6λ0 [Fig. 3(d)] because p̄x
remains positive [Fig. 4]. As the employed laser field is
short, during the phase-matched motion, the electrons travel
half of the Rayleigh length of the laser beam [z̄ reaches to
5λ0, see Fig. 3(c)], where the field intensity is significantly
reduced. After they further drift to the next half-cycle
5.05 < φ=2π < 5.55, the laser field attempts to pull the
electrons back towards the beam center. However, the rather

FIG. 3. The electron dynamics vs the laser phase φ=2π: (a) p̄z

normalized to m, (b) magnetic field B̄y normalized to mω=jej,
(c) trajectory z̄ and (d) x̄, normalized to λ0. The overline indicates
averaging over electrons within ðθ;ϕÞ ∈ ½−20°; 20°� for the final
momentum pf

x > 0 (blue solid line) and pf
x < 0 (red dashed line).

FIG. 4. (Upper row) The number density d2N=ðdtdφÞ versus
evolution time t=T and phase φ=2π, and (bottom row) the number
density d2N=ðdpxdφÞ versus px and φ=2π: for electrons with
final momentum pf

x > 0 (left column) and pf
x < 0 (right column).

The electrons are within ðθ;ϕÞ ∈ ½−20°; 20°�. The superimposed
dot-dashed lines are the corresponding magnetic fields.

FIG. 2. The averaged polarization distribution (a) ζx, (b) ζy, and
(c) angular distribution d2N=dΩ vs the polar angle θ (degree,
black scale) and azimuthal angle ϕ (degree, white scale) for seed
electrons after the interaction at t ¼ 20T.
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weak field [Fig. 3(b)] could not flip the sign of p̄x.
Eventually, the electrons are scattered out of the beam in
the transverse direction [see Figs. 3(c) and 3(d) where x̄ is
increasing, while z̄ is decreasing at φ=2π > 6]. In our
stochastic simulation, some electrons directly fly out of the
laser beam at the half-cycle 4.55 < φ=2π < 5.05. Those are
the electrons with linear time dependence on the phase until
20T [Fig. 4] and having a constant px after φ=2π ¼ 5.05
[Fig. 4]. However, most of the electrons are scattered out of
the beam at 5.55 < φ=2π < 6.05 [Fig. 4 (left column)].
Thus, the electron dynamics is mostly determined by

the half-cycles near the pulse peak, which could exert a
strong transverse acceleration to push the electrons out of
the laser beam. For electrons distributed with xð0Þ > 0, pf

x

is mainly affected by the negative half-cycle peaked
at φ=2π ¼ 5.55, which catches the electrons in the
acceleration phase of pz and provides strong transverse
acceleration along x > 0, pushing the electrons further
away from the beam center. Due to the features of the
focused laser beam, the effects of the next positive half-
cycle on the electron’s motion cannot cancel out that from
the previous negative half-cycle. Similarly, the dynamics
of electrons distributed with xð0Þ < 0 is mainly deter-
mined by the positive half-cycle peaked at φ=2π ¼ 5.05,
which catches the electrons in the acceleration phase of pz
and exerts a strong negative transverse acceleration [Fig. 4
(right column)].
With the information on the electron dynamics at

hand, we proceed to interpret the correlation of momen-
tum and polarization (see Fig. 5). After the reflection at
φ=2π ¼ 4.2, the electrons with x̄ð0Þ > 0 are accelerated
and are phase matched by the main negative half-cycle
peaked at φ=2π ¼ 4.55, where the electron’s average
quantum strong-field parameter χ̄e is large [Fig. 5(c)],
and the electrons emit a considerable amount of photons
[Fig. 5(b)] with a significant recoil due to the large χ̄e.
This leads to polarization of electrons antiparallel with
the magnetic field direction, i.e. By < 0, ζy > 0. After the
main negative peak, χe (spin effects) and emission times
are both suppressed due to copropagation geometry and
weakened fields [Fig. 5(c)], consequently ζ̄y is relatively
constant after φ=2π ¼ 4.55 [Fig. 5(a)]. Similarly, the
electrons with x̄ð0Þ < 0 are accelerated by the main

positive half-cycle peaked at φ=2π ¼ 5.05, where the
electrons are radiatively polarized with ζy < 0 [see
Fig. 5(b)]. Therefore, we conclude that the polarization,
similar to the electron motion, is also mostly determined
by the main acceleration half-cycle, leading to the corre-
lation of ζy and px.

2. Large angle electrons: Polarization along
the electric field

The spin precession also plays a role in electron spin
dynamics, leading to rotation of the polarization vector
along velocity direction with a frequency

dζxðφÞ
dφ

¼−ωsðφÞζyðφÞ

ωsðφÞ≈
jejγ
mk ·p

��
g
2
− 1

��
1−

γ

γþ 1
vz

�
þ 1

γþ 1

�
vyExðφÞ:

ð4Þ

Before the arrival of the laser pulse peak, the spin precession
is insignificant due to the smallness of vy, while becoming
notable near the pulse peak, especially for electrons moving
at large ðθ;ϕÞ, due to the enhancement of ponderomotive
force associated with finite beam size. Take the electrons
within θ > 0 and φ > 20° for an example, see Fig. 6. These
electrons are initially distributed with ȳð0Þ > 0 and move in
the x–z plane before they meet the laser peak at φ=2π ¼
4.55 [Fig. 6(c)]. When the laser peak arrives, the electrons
are accelerated to py > 0 because of the ponderomotive
force Fy ∝ y > 0. Consequently, the spin precession starts
to take effect inducing a transverse polarization along the
electric field ζx via Eq. (4) [Fig. 6(d)], while the spin

FIG. 5. The evolution of y-component polarization ζ̄y (a),
emitted photon number n̄γ (b), and χ̄e (c) averaged over electrons

with ðθ;ϕÞ ∈ ½−20°; 20°�: for final momentum pf
x > 0 (blue solid

line) and pf
x < 0 (red dashed line).

FIG. 6. (a) The number density d2N=ðdtdφÞ vs evolution time
t=T and phase φ=2π. (b) The number density d2N=ðdpxdφÞ vs px
and φ=2π. (c) The evolution of y=λ0 vs laser phase φ=2π.
(d) Average polarization ζ̄x (blue solid line) and ζ̄y (red dashed
line) vs laser phase φ=2π. The electrons are within θ > 20° and
ϕ > 20°. The superimposed dot-dashed lines in (a) and (b) are the
corresponding magnetic fields.
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dynamics of ζy are still determined by radiative polarization
until the electrons run away from the beam center after
φ=2π ≈ 5.55 [Figs. 6(a) and 6(b)]. Assuming the electrons
move in a monochromatic plane wave EðφÞ ¼ E0 cosφ, the
radiative polarization gives rise to a transverse polarization
ζy ∝ − sinφ, while the spin precession induces a rotation of
the spin to ζx ∝ − cosð2φÞ=4, which qualitatively is in
accordance with the spin dynamics shown in Fig. 6(d). As
electrons are escaping the laser beam at the negative half-
cycle peaked at φ=2π ¼ 5.55, they gain positive ζy and
negative ζx, as shown in Figs. 2(a) and 2(b). In contrast, the
electrons with small ϕ are free from spin precession even
after the main peak arrives since the ponderomotive force
along y (Fy ∝ y) is negligible along the x-axis (φ ¼ 0°).
Therefore, the electrons distributed at φ ∼ 0 have negligible
ζx and a maximum for ζy, see Figs. 2(a) and 2(b).

3. Small angle electrons: Angle-dependent polarization

Now let us discuss the polarization of the electrons in a
small angle region. At t ¼ 20T, the reflected electrons could
either be scattered out of the laser beam in the transverse
direction or still propagate forward along with the laser
beam. The former corresponds to the case of the large-angle
electrons described above, while the latter to the small-angle
electrons which have opposite polarization (see Fig. 2). To
analyze polarization features in the small angle region, we
select the electrons with final polar angle within ½−10°; 10°�
and plot their trajectory, as well as the evolution of
momentum, see Fig. 7. Apparently, the small-angle electrons
are initially distributed around the beam center with
x̄ð0Þ ∼ 0, see Fig. 7 (Top row). Unlike the off-axis electrons,
the on-axis electrons are less likely to be scattered out

of the beam when the laser peak arrives. When the
on-axis electrons meet the negative half-cycle peaked at
φ=2π ¼ 4.55, they are accelerated to relativistic velocity and
stay in the half-cycle 4.55 < φ=2π < 5.05 for a few periods
[see Fig. 7 (second row)], during which the electrons move
towards x > 0 with px > 0 [see Fig. 7 (third row)]. The
radiative polarization still is non-negligible at this point as
χe ∼ 0.45 and induces polarization ζy > 0 correlated with
momentum px > 0. Unlike the large-angle electrons, the
small-angle electrons are not scattered off the laser beam but
continue to oscillate inside the laser beam. In the next half-
cycle, the momentum px becomes negative, but the polari-
zation ζy could not keep up with the changes of px as the
radiative polarization is gradually suppressed along with
decreasing χe, see Fig. 7 (fourth row). For instance, at the
detection time t ¼ 20T, the electrons with pf

x < 0 are
centred at φ=2π ¼ 5.156; they have px < 0 [Fig. 7] but
still ζy > 0 [Fig. 7]. Therefore, after reflection, the polariza-
tion of the small-angle electrons is barely changed as χe → 0
while the momentum px further evolves with laser fields,
which breaks the correlation between px and ζy. At t ¼ 20T,
the dephasing between px and ζy causes the opposite
polarization for electrons distributed at small and large
angles. However, the angle-dependent polarization observed
at t ¼ 20T is not stable for small angle electrons since px
further evolves with time as long as the electrons stay in the
laser field. The electrons with different polarization could be
mixed with each other, leading to a vanishing polarization for
small angle electrons at t ¼ 100T. In contrast, the electrons in
a large angle region are free from depolarization as they are
already out of laser pulse at t ¼ 20T (see Fig. 8).

B. Polarization of created pairs

The strong interaction induces efficient pair production;
the number of emitted pairs per laser cycle is [42]

Neþe− ≈ Nγ
27Γ7ð2=3Þαmλ

56π5ωγλC

�
3χγ
2

�
2=3

: ð5Þ

When each electron during a single laser cycle emits
one high energy photon, Nγ ∼ αa0 ∼ 1; for our parameters

FIG. 7. (Top row) The trajectory x, (second row) evolution
time t, and (third row) momentum evolution px vs the laser phase
φ=2π, for electrons within θ ∈ ½−10°; 10°� and ϕ ∈ ½−20°; 20°�;
for electrons with final momentum pf

x > 0 (left column), and
pf
x < 0 (right column); (last row) χ̄e and ζ̄y vs the laser phase

φ=2π for electrons with final momentum pf
x > 0 (blue solid line)

and pf
x < 0 (red dashed line).

(a) (b)

FIG. 8. The particle number distribution dN=dθ (a) and the
averaged spin component ζy (b) at t ¼ 20T (solid blue line) and
t ¼ 100T (dash red line).

LASER-DRIVEN LEPTON POLARIZATION IN THE QUANTUM … PHYS. REV. D 108, 033001 (2023)

033001-7



one can achieve Neþe− ∼ 1 per laser cycle via Eq. (5). In
qualitative terms this means that each electron emits one
high-energy photon, which further is converted to an
electron-positron pair in one laser cycle, yielding one
positron per each initial electron. In this case, the positron
number is comparable with the number of seed electrons
(this yield is about 2 orders of magnitude larger than that of
Ref. [50] using a two-color scheme).
Similar to the seed electrons, the created pairs are

polarized with ζy > 0 at θ > 0 and ζy < 0 at θ < 0, but
with more particles distributed at θ > 20° (see Fig. 9). This
is because the created pairs have a larger x̄�ð0Þ than that of
initial electrons and therefore more likely to be scattered out
of the laser beam than captured by it. The polarization
mechanism for seed electrons also works for the produced
pairs. The created electrons and positrons are polarized
according to the quantization axis in the creation phase.
Positron (electron) polarization is most probably to be along
(opposite to) the laser magnetic field. Therefore, the

positrons (electrons) created at By > 0 are likely to be
polarized with ζþy > 0 (ζ−y < 0). After creation, these
positrons (electrons) with ζþy > 0 (ζ−y < 0) lost most of
their energy due to significant radiation at the half-cycle
By > 0 since the radiation probability dWζi;ζf for positrons
(electrons) is dominated by dW↑;↑ (dW↓;↓). The reflected
positrons (electrons) are rapidly accelerated to relativistic
velocity and stay at the acceleration phase By > 0, pþ

x > 0

(By > 0, p−
x < 0) for a long time, during which the positrons

(electrons) with xð0Þþ > 0 (xð0Þ− < 0) can be rapidly
scattered out of the laser beam (Fig. 10). Consequently,
the positrons (electrons) created at By > 0, ζþy > 0 (ζ−y < 0)

have final momentum pf
x > 0 (pf

x < 0), while created at
By < 0, ζþy < 0 (ζ−y > 0) have pf

x < 0 (pf
x > 0). Therefore,

the angle distribution of density and polarization for pairs
are similar to seed electrons, except for a higher density
distribution in the large angle region.

IV. IMPACT OF LASER AND ELECTRON
PARAMETERS

For experimental convenience, we investigate the impact
of laser and electron parameters on polarization, see
Fig. 11. The average polarization ζ̄y is inversely propor-
tional to the seed electrons energy [Fig. 11(a)]. This is
because the energetic electrons can penetrate through the
laser pulse instead of being reflected. Since the forward
electrons have vanishing average polarization in a sym-
metric laser field, the average polarization decreases with
higher electron energy. The dependence of ζ̄y on ε0 is less
sensitive for larger a0 since the radiation loss is more
dramatic in an intense laser field, which is beneficial for the
occurrence of reflection and suppresses forward scattering.
Meanwhile, an intense laser pulse provides a higher
transverse acceleration and stronger focusing effects, mak-
ing it easier for electrons to escape the field with correlated
polarization and deflection angle. Therefore, with the
increase of a0 the average polarization increases. To show
the importance of the focusing effect, we simulate the

FIG. 9. Angular distribution d2N=dΩ vs the polar angle θ
(degree) and the azimuthal angle ϕ (degree): (a) for produced
electrons e− and (d) for positrons eþ. The averaged polarization
distribution along the electric field direction ζx: (b) for e− and
(e) for eþ. The averaged polarization distribution along the
magnetic field direction ζy: (c) for e− and (f) for eþ.

FIG. 10. The trajectory x of positrons within jθj ∈ ½50°; 60°� and
ϕ ∈ ½−20°; 20°� vs the laser phase φ for positrons with pf

x > 0

(parula) and pf
x < 0 (hot). The superimposed lines are the

corresponding magnetic fields.

FIG. 11. (a) The average polarization ζ̄y for electrons with θ > 0
vs seed electron energy ε0 for a0 ¼ 600 (blue solid), a0 ¼ 700
(red dashed), and a0 ¼ 800 (green dotted), respectively. (b) The
average polarization ζ̄x at θ < 0, ϕ > 0 (blue-solid), ζ̄y at θ > 0

(red dashed) and reflectivity R of the electron beam vs laser beam
waist w0, a0 ¼ 760.
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scattering with various laser beam waists w0. Generally,
the average polarization decreases with the increase of the
beam waist due to the weaker focusing effects at larger w0

[Fig. 11(b)]. However, ζ̄y increases with the growth of w0 at
w0 ≤ 3λ0, which can be explained as follows. As is shown
in Sec. III A 2, the ponderomotive force in a tightly focused
laser beam induces a rotation of the polarization vector.
When the beam waist decreases from 3λ0 to 2λ0, the
enhanced ponderomotive force causes the decrease of ζ̄y
and increase of ζ̄x [Fig. 11(b)]. Meanwhile, when the laser
beam waist is further decreased, part of the electron beam
may not be able to interact with strong lasers and
consequently cannot be reflected. The reflection rate
decreases to 76% at w0 ¼ λ0, resulting in a decrease of
ζ̄x and ζ̄y [Fig. 11(b)]. Therefore, ζ̄y increases with w0 at
w0 ≤ 3λ0 as a result of enhanced spin precession and a
reduction in the reflection rate.
The impact of initial transverse displacement of the

electron beam is analyzed in Fig. 12. ForΔx̄ð0Þ ¼ λ0=2, the
symmetric angular distribution of electrons is distorted,
with more electrons moving towards θ > 0 and ζy > 0, see
Fig. 12. The electrons with larger initial displacement are
more likely to be scattered out of laser field, and con-
sequently more electrons are distributed in the larger angle
region [Figs. 12(a) and 12(c)], where the polarization
degree is higher [Figs. 12(b) and 12(d)]. Therefore, a finite
displacement of the electron beam from the laser pulse axis
is beneficial for polarization. However, Δx̄ð0Þ should be

restricted, because the electrons far away from the laser
beam axis would experience a rather weak field, which will
reduce the average polarization of the beam.
Finally, we have investigated the impact of the collision

angle between laser pulse and electron beam axis, see
Fig. 13. We rotate the electron beam clockwise in the x–z
plane around the beam center with θcol ¼ 15° and shift the
beam downwards with a displacement of Δx̄ð0Þ ¼ −λ0=2
for a collision. As discussed above, the negative displace-
ment causes more electrons to be deflected towards θ < 0
and ζy < 0. However, some particles starting with negative
displacement along the x axis can enter the region of
positive displacement due to the initial momentum. The
initial momentum cancels out the polarization effects of
displacement, leading to a negligible variation of angular
distribution [Figs. 13(c) and 13(d)]. Therefore, our results
are robust with regard to the collision angle.

V. CONCLUSION

We have demonstrated that an electron beam counter-
propagating an ultrastrong ultrashort laser pulse can be
polarized in the QRDR due to reflections. With a similar
mechanism the crated electron-positron pairs during the
interaction are polarized, resulting in the generation of a
dense beam of polarized particles with a linearly polarized
laser pulse. Strong spin-dependent radiation reaction is
essential to enable the reflection scenario and creates
angle-dependent polarization in tightly focused laser fields.

FIG. 12. Angular distribution of d2N=dΩ (a) and averaged
polarization distribution along the magnetic field direction ζy
(b) versus the polar angle θ (degree) and the azimuthal angle ϕ
(degree) for electrons with an initial displacement of
Δx̄ð0Þ ¼ λ0=2. The electron number distribution dN=dθ (c)
and the averaged spin component ζy (d) versus polar angle θ
for electron beam with (solid blue line) and without (dash red
line) initial beam displacement.

FIG. 13. Angular distribution of d2N=dΩ (a) and averaged
polarization distribution along the magnetic field direction ζy
(b) versus the polar angle θ (degree) and the azimuthal angle ϕ
(degree) for electrons with a collision angle θcol ¼ 15° and
displacement Δx̄ð0Þ ¼ −λ0=2. The electron number distribution
dN=dθ (c) and the averaged spin component ζy (d) versus polar
angle θ for electron beam with θcol ¼ 0° (solid blue line) and
θcol ¼ 15° (dash red line).
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The tightly focusing of the laser beam and its ultrashort
duration are necessary ingredients to enable the polariza-
tion mechanism. After the interaction of reflected particles
with the dominant half-cycle, the field intensity is dramati-
cally decreased due to the focusing effect of the laser field,
resulting in the asymmetric and correlated kinetic and spin
dynamics. Particles distributed with large transverse posi-
tion can be scattered out of the laser beam rapidly within
the acceleration cycle, leading to the angle-dependent
polarization along the laser magnetic field.
Furthermore, we have found that the spin precession also

plays a role for developing polarization features of the
reflected particles. It reduces the polarization degree along
the magnetic field induced by the radiative polarization,
diverting it to the angle-dependent polarization along the
electric field. In the same setup efficient pair production
and their polarization with the same mechanism takes
place. For instance, with a possible ultrahigh-charge
(∼100 nC) electron beam, a polarized positron beam with
a density of 109–1010=bunch is foreseeable.
The important point of the presented reflection scheme of

the particle polarization is that the polarization arises from
the asymmetric laser-electron interaction dynamics, and it
does not demand the challenging task of constructing
asymmetric strong laser fields. With next generation laser
facilities, the reflection scheme may provide a relatively
simpleway of producing dense polarized lepton beams and a
valuable tool to search for qualitative signatures of radiative
spin effects.
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APPENDIX A: SPIN- AND POLARIZATION-
RESOLVED MONTE CARLO METHOD FOR

NONLINEAR COMPTON SCATTERING

In this section, we summarize the spin- and polarization-
resolved Monte Carlo method for nonlinear Compton
scattering, which was developed in our previous works
[47–49,55,63] (also see [54] for a similar algorithm).

1. Spin- and polarization-resolved photon
emission probability

The radiation probability including all the polarization
and spin characteristics takes the form

dWRðζ; ζ 0; ξÞ ¼ 1

2
ðF0 þ ξ1F1 þ ξ2F2 þ ξ3F3Þ; ðA1Þ

where the three-vector ξ ¼ ðξ1; ξ2; ξ3Þ is the Stokes param-
eter of the emitted photon, F0 ¼ dW11 þ dW22, F1¼
dW12þdW21, F2¼ iðdW12−dW21Þ, F3 ¼ dW11 − dW22,
with the polarization matrix of radiation probability per
unit time:

dW11 þ dW22 ¼
C0

2
dω

��
ε2 þ ε02

ε0ε
K2

3
ðzqÞ −

Z
∞

zq

dxK1
3
ðxÞ

�
þ
�
2K2

3
ðzqÞ −

Z
∞

zq

dxK1
3
ðxÞ

�
ζ · ζ 0 −

�
ω

ε
ζ · bþ ω

ε0
ζ 0 · b

�
K1

3
ðzqÞ

þ ω2

ε0ε

�
K2

3
ðzqÞ −

Z
∞

zq

dxK1
3
ðxÞ

�
ðζ · v̂Þðζ 0 · v̂Þ

�
;

dW12 þ dW21 ¼
C0

2
dω

�
ε2 − ε02

2ε0ε
K2

3
ðzqÞðv̂½ζ 0 × ζ�Þ þ

�
ω

ε0
ðζ · sÞ þ ω

ε
ðζ 0 · sÞ

�
K1

3
ðzqÞ −

ω2

2ε0ε

Z
∞

zq

dxK1
3
ðxÞ½ðζ · sÞðζ 0 · bÞ

þ ðζ · bÞðζ 0 · sÞ�
�
;

dW12 − dW21 ¼ i
C0

2
dω

�
ε2 − ε02

2ε0ε
K1

3
ðzqÞðs · ½ζ 0 × ζ�Þ þ

�
−
ε2 − ε02

ε0ε
K2

3
ðzqÞ þ

ω

ε

Z
∞

zq

dxK1
3
ðxÞ

�
ðζ · v̂Þ

þ
�
−
ε2 − ε02

ε0ε
K2

3
ðzqÞ þ

ω

ε0

Z
∞

zq

dxK1
3
ðxÞ

�
ðζ 0 · v̂Þ þ ω2

2ε0ε
K1

3
ðzqÞ½ðζ · v̂Þðζ 0 · bÞ þ ðζ · bÞðζ 0 · v̂Þ�

�
;

dW11 − dW22 ¼
C0

2
dω

�
K2

3
ðzqÞ þ

ε2 þ ε02

2ε0ε
K2

3
ðzqÞζ · ζ 0 −

�
ω

ε0
ðζ · bÞ þ ω

ε
ðζ 0 · bÞ

�
K1

3
ðzqÞ

þ ω2

2ε0ε

�
−K2

3
ðzqÞðζ · v̂Þðζ 0 · v̂Þ þ

Z
∞

zq

dxK1
3
ðxÞ½ðζ · bÞðζ 0 · bÞ − ðζ · sÞðζ 0 · sÞ�

��
; ðA2Þ
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where ζ and ζ 0 are the spin polarization vectors before and after emission, ε and ε0 the corresponding electron energies,
zq ¼ 2

3χe
ω
ε0 with χe controlling the magnitude of quantum effects, C0 ¼ αffiffi

3
p

πγ2
and b ¼ v̂ × s with v̂ and s being unit vectors

along the direction of electron velocity and acceleration, respectively.

a. Spin quantization axis for final electron spin

After summing over the polarization of emitted photons, we obtain the probability for emitting a photon with an energyω
and spin ζ 0 during the time step Δt:

dW̄Rðζ; ζ 0Þ ¼ 1

2
ðaþ b · ζ 0Þ

a ¼ C0dω

8<
:ε2 þ ε02

ε0ε
K2

3
ðzqÞ −

Z∞
zq

dxK1
3
ðxÞ − ω

ε
ζbK1

3
ðzqÞ

9=
;;

b ¼ C0dω

8<
:
2
42K2

3
ðzqÞ −

Z∞
zq

dxK1
3
ðxÞ

3
5ζ − ω

ε0
K1

3
ðzqÞbþ ω2

ε0ε

2
4K2

3
ðzqÞ −

Z∞
zq

dxK1
3
ðxÞ

3
5ðζ · v̂Þv̂

9=
;: ðA3Þ

The final polarization vector of the electron resulting from the scattering process itself is ζRf ¼ b
a, which determines the spin

quantization axis for electrons after radiation adopted in our Monte Carlo simulations: nR ¼ ζRf =jζRf j.

b. Polarization quantization axis for emitted photon

Summing over the final electron polarizations, the radiation probability becomes

dW̃Rðζ; ξÞ ¼ 1

2
ðF̃0 þ ξ1F̃1 þ ξ2F̃2 þ ξ3F̃3Þ;

F̃0 ¼ C0dω

�
ε2 þ ε02

ε0ε
K2

3
ðzqÞ −

Z
∞

zq

dxK1
3
ðxÞ − ω

ε
ζ · bK1

3
ðzqÞ

�
;

F̃1 ¼ C0dω
ω

ε0
ðζ · sÞK1

3
ðzqÞ;

F̃2 ¼ −C0dω

�
−
ε2 − ε02

ε0ε
K2

3
ðzqÞ þ

ω

ε

Z
∞

zq

dxK1
3
ðxÞ

�
ðζ · v̂Þ;

F̃3 ¼ C0dω

�
K2

3
ðzqÞ −

ω

ε0
ðζ · bÞK1

3
ðzqÞ

�
: ðA4Þ

The polarization of the emitted photon resulting from the
scattering process itself takes the form ξf ¼ ðF̃1=F̃0; F̃2=
F̃0; F̃3=F̃0Þ, which determines the quantization axis for the
emitted photons’ polarization: nRγ ¼ ξf=jξfj.
After summing over final polarizations, we obtain the

spectral probability depending on the initial spin of the
electron ζ:

dWR
TðζÞ ¼ F̃0: ðA5Þ

2. Spin-resolved no-emission probability

While electron polarization emerges mostly due to spin-
flips at photon emissions, there is a nonradiative contribu-
tion to the polarization which stems from the one-loop QED
radiative corrections to the self-energy. In physical terms,
the nonradiative polarization effect emerges due to the
dependence of the photon emission probability on the
initial electron spin. The electrons which do not emit will
be polarized because the emission is preferred in a certain
spin state. For a detailed discussions on this topic, please
refer to our recent paper [66].
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The spin-resolved no-emission probability can be
derived from the emission probability Eq. (A5) based on
unitarity:

WNRðζ; ζ 0Þ ¼ 1

2
ðcþ ζ 0 · dÞ;

c ¼ 1 −
Z

ε

0

F̃0dωΔt;

d ¼ ζ

�
1 −

Z
ε

0

F̄0dωΔt
�

þ bC0

Z
ε

0

ω

ε
K1

3
ðzqÞdωΔt; ðA6Þ

where

F̄0 ¼ C0dω

8<
:ε2 þ ε02

ε0ε
K2

3
ðzqÞ −

Z∞
zq

dxK1
3
ðxÞ

9=
;:

The final polarization vector of the electron resulting from
the scattering process itself is ζNR

f ¼ d
c, which determines

the spin quantization axis for electrons after no-emission
process: nNR ¼ ζNR

f =jζNR
f j.

3. Classical spin precession in the external laser field

Between quantum events, the electron dynamics in the
ultraintense laser field is described by the Lorenz equation

dp=dt ¼ eðEþ β ×BÞ: ðA7Þ

The spin procession is governed by the Thomas-
Bargmann-Michel-Telegdi equation:

dS
dt

¼ e
m
S ×

"
−
�
g
2
− 1

�
γ

γ þ 1
ðβ ·BÞβ

þ
�
g
2
− 1þ 1

γ

�
B −

�
g
2
−

γ

γ þ 1

�
β ×E

#
; ðA8Þ

where E and B are the laser electric and magnetic fields,
respectively, and g is the electron gyromagnetic factor:
gðχeÞ ¼ 2þ 2μðχeÞ, μðχeÞ ¼ α

πχe

R∞
0

y
ð1þyÞ3 L1

3
ð 2y
3χe
Þdy, with

L1
3
ðzÞ ¼ R

∞
0 sin ½3z

2
ðxþ x3

3
Þ�dx. As χe ≪ 1, g ≈ 2.00232.

4. Algorithm of event generation

a. Decide photon emission event

At each simulation step, the photon emission and the
photon energy are determined by the spectral probability
dWR

T of Eq. (A5), using the common stochastic procedure:
(1) Generate two random numbers r1; r2 ∈ ½0; 1� with

uniform probability.

(2) Compute the radiation probability Pmðr1Þ for the
given initial spin ζ and photon energy ω ¼ r31ε. The
probability Pmðr1Þ in a given time interval Δt is
computed using [68]

Pmðr1Þ ¼
∂fðr1Þ
∂r1

P½fðr1Þ�; ðA9Þ

with fðxÞ ¼ x3 and PðωÞ ¼ dWR
Tðζ;ωÞΔt, i.e.

Pðr1Þ ¼ 3r21dW
R
Tðζ; r31εÞΔt with Δt ¼ 10−3T.

(3) If r2 < Pmðr1Þ, then a photon is emitted with energy
ω ¼ r31ε. Otherwise, a photon emission is rejected.

b. Decide the polarization of outgoing particles

Case 1: Pmðr1Þ > r2: photon emission occurs. After each
photon emission, the spin of the emitting particle (polari-
zation of emitted photon) is either parallel or antiparallel
to nR (nγ) using the stochastic procedure with another
random number r3 ∈ ½0; 1�. For the given photon energy ω
and initial spin ζ, compute the radiation probability
Pζ 0ξ ¼ dWRðζ; ζ 0; ξÞΔt. Here fζ 0; ξg ∈ f↑;↓g indicates
the final spin is parallel or antiparallel with respect to
the quantization axis.
(1) If r3 < P↓↓, then the electron is spin down with

respect to nR, and the emitted photon is in the
polarization state of −nγ .

(2) If P↓↓ < r3 < P↓↓ þ P↓↑, then ζ 0 ¼ −nR and
ξ ¼ nγ .

(3) If P↓↓ þ P↓↑ < r3 < P↓↓ þ P↓↑ þ P↑↓, then ζ 0 ¼
nR and ξ ¼ −nγ .

(4) If P↓↓þP↓↑þP↑↓ < r3 <P↓↓þP↓↑þP↑↓þP↑↑,
then ζ 0 ¼ nR and ξ ¼ nγ .

Case 2: Pmðr1Þ < r2: photon emission is rejected. The
electron spin state is collapsed into one of its basis states
defined with respect to the instantaneous spin quantization
axis nNR:
(1) Generate another random number r4 ∈ ½0; 1�.
(2) Compute Pζ 0 ¼ WNRðζ; ζ 0Þ with ζ 0 ∈ f↑;↓g indi-

cating spin parallel or antiparallel with nNR.
(3) If P↑=ðP↑ þ P↓Þ > r4, then ζ 0 ¼ nNR; otherwise,

ζ 0 ¼ −nNR.
Note that, in our algorithm, the spin of the electron

after the emission is determined by the spin-resolved
emission probabilities according to the stochastic algo-
rithm and instantaneously collapses into one of its basis
states defined with respect to the instantaneous spin
quantization axis (SQA). The pure state is more physically
meaningful and more suitable to show a realistic detection
result. Alternatively, one could set the final electron after
emission in a mixed spin state ζ 0 ¼ ζRf and photon
polarization ξ ¼ ξf; or ζ 0 ¼ ζNR

f in the case of no emission.
The mixed state is more relevant for describing the average
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polarization of electron ensembles or macroparticles in particle-in-cell. Nevertheless, these two methods are equivalent for
sufficient running [69].

APPENDIX B: SPIN- AND POLARIZATION-RESOLVED MONTE CARLO METHOD
FOR BREIT-WHEELER PROCESS

In this section, we summarize the spin- and polarization-resolved Monte Carlo method for the Breit-Wheeler process.

1. Spin- and polarization-resolved pair
production probability

The pair production probability including all the polarization and spin characteristics takes the form

dWPðξ; ζ−; ζþÞ ¼
1

2
ðdW11 þ dW22Þ þ

ξ1
2
ðdW11 − dW22Þ − i

ξ2
2
ðdW21 − dW12Þ þ

ξ3
2
ðdW11 − dW22Þ

¼ 1

2
ðG0 þ ξ1G1 þ ξ2G2 þ ξ3G3Þ; ðB1Þ

where

G0 ¼
C̄0

2
dε

��Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ

�
þ
�Z

∞

zp

dxK1
3
ðxÞ − 2K2

3
ðzpÞ

�
ðζ− · ζþÞ

þ
�
ω

εþ
ðζþ · bÞ − ω

ε
ðζ− · bÞ

�
K1

3
ðzpÞ þ

�
ε2þ þ ε2

εεþ

Z
∞

zp

dxK1
3
ðxÞ − ðεþ − εÞ2

εεþ
K2

3
ðzpÞ

�
ðζ− · v̂Þðζþ · v̂Þ

�

G1 ¼
C̄0

2
dε

�
−
ε2þ − ε2

2εþε
K2

3
ðzpÞv̂ · ðζþ × ζ−Þ þ

�
ω

ε
ðζþ · sÞ − ω

εþ
ðζ− · sÞ

�
K1

3
ðzpÞ

−
ω2

2εþε

Z
∞

zp

dxK1
3
ðxÞfðζ− · bÞðζþ · sÞ þ ðζ− · sÞðζþ · bÞg

�

G2 ¼
C̄0

2
dε

�
−

ω2

2εþε
K1

3
ðzpÞ½s · ðζ− × ζþÞ� þ

�
ω

εþ

Z
∞

zp

dxK1
3
ðxÞ þ ε2þ − ε2

εþε
K2

3
ðzpÞ

�
ðζþ · v̂Þ

þ
�
ω

ε

Z
∞

zp

dxK1
3
ðxÞ − ε2þ − ε2

εþε
K2

3
ðzpÞ

�
ðζ− · v̂Þ − ε2þ − ε2

2εþε
K1

3
ðzpÞ½ðζ− · v̂Þðζþ · bÞ þ ðζ− · bÞðζþ · v̂Þ�

�
;

G3 ¼
C̄0

2
dε

�
−K2

3
ðzpÞ þ

ε2þ þ ε2

2εþε
K2

3
ðzpÞðζ− · ζþÞ þ

�
−
ω

ε
ðζþ · bÞ þ ω

εþ
ðζ− · bÞ

�
K1

3
ðzpÞ

−
ðεþ − εÞ2
2εþε

K2
3
ðzpÞðζ− · v̂Þðζþ · v̂Þ þ ω2

2εþε

Z
∞

zp

dxK1
3
ðxÞ½ðζ− · bÞðζþ · bÞ − ðζ− · sÞðζþ · sÞ�

�
: ðB2Þ

Here C̄0 ¼ αm2ffiffi
3

p
πω2, zp ¼ 2

3χγ
ω2

εþε−
and χγ ¼ jFμνkνj=mFcr controlling the magnitude of quantum effects, v̂ is the unit vector

along velocity of the produced electron, s the unit vector along the transverse component of electron acceleration, and
b ¼ v̂ × s. The three-vector ξ ¼ ðξ1; ξ2; ξ3Þ is the Stokes parameter of the incoming photon, ω the photon energy, and εþ
and ε− are the energies of the created positron and electron, respectively.
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a. Spin quantization axis for the produced electron

After taking the sum over positron polarizations,

dW̃pðξ; ζ−Þ ¼
1

2
ðG̃0 þ ξ1G̃1 þ ξ2G̃2 þ ξ3G̃3Þ;

G̃0 ¼ C̄0dε

�Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ −

ω

ε
ðζ− · bÞK1

3
ðzpÞ

�

G̃3 ¼ C̄0dε

�
−K2

3
ðzpÞ þ

ω

εþ
ðζ− · bÞK1

3
ðzpÞ

�

G̃1 ¼ −C̄0dε
ω

εþ
ðζ− · sÞK1

3
ðzpÞ

G̃2 ¼ C̄0dε

��
ω

ε

Z
∞

zp

dxK1
3
ðxÞ − ε2þ − ε2

εþε
K2

3
ðzpÞ

�
ðζ− · v̂Þ

�
; ðB3Þ

which can be rewritten in the form

dW̃pðξ; ζ−Þ ¼
1

2
ða− þ ζ− · b−Þ

a− ¼ C̄0dε
�Z

∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ − ξ3K2

3
ðzpÞ

�

b− ¼ −C̄0dε

�
ξ1

ω

εþ
sK1

3
ðzpÞ þ

�
ω

ε
− ξ3

ω

εþ

�
bK1

3
ðzpÞþ

�
−
ω

ε

Z
∞

zp

dxK1
3
ðxÞ þ ε2þ − ε2

εþε
K2

3
ðzpÞ

�
ξ2v̂

�
: ðB4Þ

The final polarization vector of the produced electron resulting from the scattering process itself is ζ−f ¼ b−
a−
, which

determines the spin quantization axis for the produced electron ζ−f : n
− ¼ ζ−f =jζ−f j.

b. Spin quantization axis for the produced positron

After taking the sum over electron polarizations,

dW̄pðξ; ζþÞ ¼
1

2
ðḠ0 þ ξ1Ḡ1 þ ξ2Ḡ2 þ ξ3Ḡ3Þ;

Ḡ0 ¼ C̄0dε

�Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ þ

ω

εþ
ðζþ · bÞK1

3
ðzpÞ

�

Ḡ3 ¼ C̄0dε

�
−K2

3
ðzpÞ −

ω

ε
ðζþ · bÞK1

3
ðzpÞ

�

Ḡ1 ¼ C̄0dε
ω

ε
ðζþ · sÞK1

3
ðzpÞ

Ḡ2 ¼ C̄0dε

��
ω

εþ

Z
∞

zp

dxK1
3
ðxÞ þ ε2þ − ε2

εþε
K2

3
ðzpÞ

�
ðζþ · v̂Þ

�
; ðB5Þ

which can also be written as

dW̄pðξ; ζþÞ ¼
1

2
ðaþ þ ζþ · bþÞ

aþ ¼ C̄0dε
�Z

∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ − ξ3K2

3
ðzpÞ

�

bþ ¼ C̄0dε

�
ξ1K1

3
ðzpÞ

ω

ε
sþ

�
ω

εþ
− ξ3C̄0dε

ω

ε

�
bK1

3
ðzpÞþξ2v̂

�
ω

εþ

Z
∞

zp

dxK1
3
ðxÞ þ ε2þ − ε2

εþε
K2

3
ðzpÞ

��
: ðB6Þ
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The final polarization vector of the produced positron
resulting from the scattering process itself is ζþf ¼ bþ

aþ
,

which determines the spin quantization axis for the pro-
duced positron: nþ ¼ ζþf =jζþf j.
After taking the sum over positron and electron polar-

izations, we get the spin unresolved pair production
probability:

dWP
TðξÞ ¼ aþ: ðB7Þ

2. Polarization-resolved no-production probability

If a pair production event is rejected, then the photon
polarization should also change due to the dependency of
no-pair-production probability on photon polarization:

WNPðξ; ξ0Þ ¼ 1

2
ðcNP þ dNP · ξ0Þ

cNP ¼ 1 −
Z

ω

0

aþdεΔt

dNP ¼ ξ

�
1 −

Z
ω

0

dεC̄0

�Z
∞

zp

dxK1
3
ðxÞ

þ ε2þ þ ε2

εεþ
K2

3
ðzpÞ

�
Δt

�

þ
Z

ω

0

dεC̄0ê3K2
3
ðzpÞΔt; ðB8Þ

where ê3 ¼ ð0; 0; 1Þ. The final polarization state of
the photon after the no-pair-production step becomes
ξNP
f ¼ dNP=cNP, which defines a quantization axis for
photon polarization: nNP ¼ ξNP

f =jξNP
f j.

The polarization induced by the no-pair-production
process can be estimated as

ΔξNP ¼ WNRðξNP
f − ξiÞ

¼
Z

ω

0

dεC̄0ðê3 − ðξi · ê3ÞξiÞK2
3
ðzpÞΔt: ðB9Þ

In our scheme, the intermediate gamma photons are linearly
polarized with ξ3 ≈�1, such that the polarization of the
photon is unchanged during the no-pair-production proc-
ess, i.e. ΔξNP ≈ 0. Therefore, no-pair-production polariza-
tion is trivial in this study.

3. Algorithm of event generation

a. Decide pair production event

At each simulation step, the pair production and the
electron energy are determined by the probability of
Eq. (B7), using the common stochastic procedure:
(1) Generate two random numbers r1; r2 ∈ ½0; 1� with

uniform probability.
(2) Compute the pair production probability Pðr1Þ ¼

dWP
Tðξ; r1ωÞΔt for the given initial photon polari-

zation ξ, electron energy ε ¼ r1ω, and positron
energy εþ ¼ ð1 − r1Þω.

(3) If r2 < Pðr1Þ, then an eþe− pair is created. Other-
wise, reject.

b. Decide the polarization of outgoing particles

Case 1: Pðr1Þ > r2: pair production occurs. After each
pair production, the spin of the produced electron (positron)
is either parallel or antiparallel to n− (nþ) using the
stochastic procedure with another random number
r3 ∈ ½0; 1�. With the given ε−, εþ and photon polarization
ξ, compute the pair production probability Pζ−ζþ ¼
dWPðξ; ζ−; ζþÞΔt with fζ−; ζþg ∈ f↑;↓g indicating par-
allel or antiparallel with respective quantization axis.
(1) If r3 < P↓↓, then the electron is spin down with

respect to n−, and the positron is spin down with
respect to nþ, i.e. ζ− ¼ −n−, ζþ ¼ −nþ.

(2) If P↓↓ < r3 < P↓↓ þ P↓↑, then ζ− ¼ −n−
and ζþ ¼ nþ.

(3) If P↓↓ þ P↓↑ < r3 < P↓↓ þ P↓↑ þ P↑↓, then ζ− ¼
n− and ζþ ¼ −nþ.

(4) If P↓↓þP↓↑þP↑↓ < r3 <P↓↓þP↓↑þP↑↓þP↑↑,
then ζ− ¼ n− and ζþ ¼ nþ.

Case 2: Pðr1Þ < r2: pair production is rejected. The
photon polarization state collapses into one of its basis
states defined with respect to nNP:
(1) Generate another random number r4 ∈ ½0; 1�.
(2) Compute the no-pair-production probability Pξ0 ¼

WNPðξ; ξ0Þ for a given initial photon polarization ξ.
Here ξ0 ∈ f↑;↓g indicates spin parallel or antipar-
allel with nNP.

(3) If P↑=ðP↑ þ P↓Þ > r4, then ξ0 ¼ nNP. Otherwise,
ξ0 ¼ −nNP.
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