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Abstract
The spin effect of electrons/positrons (e−/e+) and polarization effect of γ photons are investigated
in the interaction of two counter-propagating linearly polarized laser pulses of peak intensity
8.9 × 1023 W cm−2 with a thin foil target. The processes of nonlinear Compton scattering and
nonlinear Breit–Wheeler pair production based on the spin- and polarization-resolved
probabilities are implemented into the particle-in-cell (PIC) algorithm by Monte Carlo methods.
It is found from PIC simulations that the average degree of linear polarization of emitted γ
photons can exceed 50%. This polarization effect leads to a reduced positron yield by about 10%.
At some medium positron energies, the reduction can reach 20%. Furthermore, we also observe
that the local spin polarization of e−/e+ leads to a slight decrease of the positron yield about 2%
and some anomalous phenomena about the positron spectrum and photon polarization at the
high-energy range, due to spin-dependent photon emissions. Our results indicate that spin and
polarization effects should be considered in calculating the pair production and laser-plasma
interaction with the laser power of 10 PW to 100 PW classes.

1. Introduction

Over the past decades, the intensity of lasers has increased rapidly [1, 2] with the laser technical progress
based on chirped pulse amplification [3]. Several multi-petawatt (PW) [4] and 10 PW-class [5, 6]
femtosecond laser systems have been built, which are expected to achieve an unprecedented peak power
density up to the order of 1023–24 W cm−2 with tightly focusing. Such ultraintense lasers enable
laser-plasma interactions to enter the quantum electrodynamics (QED) regime [7–9]. Electrons
experiencing the ultraintense transverse field can stochastically radiate γ photons by nonlinear Compton
scattering and lose a considerable amount of energy if the quantum parameter χe = (|e|�/m3

ec4)|Fμνpν | � 1
[10–12], where Fμν is the field tensor, pν is the electron four-momentum, and the constants �, me, e and c
are the reduced Planck constant, the electron mass and charge, and the speed of light, respectively. As
another cross channel of the same reaction, γ photons traveling through the ultraintense field possibly
further decay into electron–positron (e−e+) pairs by nonlinear Breit–Wheeler process [13] with another
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characteristic parameter χγ = (|e|�2/m3
ec4)|Fμνkν |, where �kν is the photon four-momentum. This sort of

pair production by light-by-light scattering was first demonstrated by the famous SLAC E-144 experiment
[14] in the 1990s, where only about one hundred positrons were detected due to the limitation of the laser
intensity at that time. The laser pulse and electron beam collisions utilizing today’s high-intensity laser
facilities in all-optical setups are also studied recently [15, 16].

With upcoming 10 PW-class lasers [6], abundant e−e+ pairs can even be produced in laser-plasma
interactions without the need to pre-accelerate electrons to GeV energies. When such an ultraintense laser
irradiates plasmas, electrons would be accelerated to ultrarelativistic energies and deflected by laser or
strong self-generated fields in plasmas to gain a Lorentz boosted field strength in the electron’s rest frame to
achieve χe � 1. Many theoretical proposals for producing dense e−e+ pairs or even avalanche-like cascades
have been put forward, such as through the laser collision configuration seeded by electrons/positrons
(e−/e+) [17–19] or plasmas [20], and directly laser-solid interactions [21–24]. Generating copious
positrons or dense e−e+ plasmas in the laboratory is of great importance in astrophysics [25–27], nuclear
physics [28], and materials science [29].

Moreover, the e−e+ spin effect and γ-photon polarization effect have aroused interest in the strong-field
QED regime [30–32]. An ultrarelativistic electron beam is found to be transversely spin-polarized by a
single-shot collision of an elliptically polarized laser pulse [33] or a two-color laser pulse [34, 35] due to
hard γ photon emissions, analogous to the Sokolov–Ternov effect [36, 37] in the static magnetic field.
Similar spin polarization processes for newly created e−e+ pairs are also investigated [38–40]. The general
view is that constructing an asymmetric laser field is the key to realize spin-polarized electrons or positrons.
The emitted γ photons could be polarized via nonlinear Compton scattering [41–43], whose polarization
strongly depends on the initial spin of electrons [42]. It is found that only linearly polarized γ photons can
be generated by unpolarized or transversely polarized electrons [30, 42].

A more sophisticated description for e−e+ pair production by taking into account the e−e+ spin and
γ-photon polarization has been discussed [30, 44, 45], based on single-particle-model analyses or
simulations. The photon polarization is shown to significantly reduce the pair yield by a factor of over 10%
in the collision of an ultraintense laser pulse and an electron beam [44]. In the rotating electric fields, the
growth rate of the e−e+ cascade is also found to be suppressed [45]. However, in the laser-plasma
interaction, it still demands to be studied to what extent the e−e+ spin and γ-photon polarization impact
on the positron yield.

In this paper, we study the e−e+ pair production in the laser-plasma interaction by taking into account
the spin of e−/e+ and the polarization of γ photons. The spin- and polarization-resolved probabilities of
nonlinear Compton scattering and nonlinear Breit–Wheeler pair production are both implemented into the
widely employed QED particle-in-cell (PIC) algorithm, which can self-consistently capture the collective
plasma dynamics and QED processes. Here, we focus on the pair production in the interaction of two
counter-propagating linearly polarized laser pulses of the same frequency and intensity with a thin foil
target. This is a particularly advantageous configuration under the near-term laser intensity for triggering
the QED pair production, due to the formation of the linearly-polarized electromagnetic standing wave
(EMSW) [19, 46]. Our simulation results show that the positron yield is reduced by about 10% with the
spin and polarization effects included for laser pulses with peak intensity 8.9 × 1023 W cm−2. This
significant difference is primarily caused by the polarized intermediate γ photons with an average
linear-polarization degree of more than 50%. In addition, we also observe a decrease of positron number by
about 2% and some anomalous phenomena for high-energy particles due to local spin polarization of
e−/e+. This work indicates that the previously widely adopted spin- and polarization-averaged probabilities
implemented in QED-PIC codes cannot accurately calculate the positron yield in the laser-plasma
interaction for lasers of 10 PW to 100 PW classes, and spin and polarization effects should be considered.

2. Theoretical model and simulation method

In order to determine the spin of electron after the photon emission and also the polarization of emitted γ

photon, the spin- and polarization-resolved photon emission probability is employed, which is derived in
the Baier–Katkov QED operator method [12, 40, 42],

d2Wrad

du dt
=

Crad

4

{
u2 − 2u + 2

1 − u
K2/3(y) − Int K1/3(y) − uK1/3(y)(Si · e2)

+
[
2K2/3(y) − Int K1/3(y)

]
(Si · Sf) −

u

1 − u
K1/3(y)(Sf · e2)

2
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+
u2

1 − u

[
K2/3(y) − Int K1/3(y)

]
(Si · ev)(Sf · ev)

+
u

1 − u
K1/3(y)(Si · e1)ξ1 +

[
2u − u2

1 − u
K2/3(y) − u Int K1/3(y)

]
(Si · ev)ξ2

+

[
K2/3(y) − u

1 − u
K1/3(y)(Si · e2)

]
ξ3

}
, (1)

where Kν(y) is the second-kind modified Bessel function of the order of ν , Int K1/3(y) ≡
∫∞

y K1/3(x)dx,

Crad = (αm2
ec4)/(

√
3π�εe), y = 2u/[3(1 − u)χe], u = εγ/εe, εe is the electron energy before the photon

emission, εγ is the emitted photon energy, and α ≈ 1/137 is the fine structure constant. Variable ev is the
unit vector along the electron velocity, e1 is the unit vector along the electron transverse acceleration, and
e2 = ev × e1. Si and Sf are the spin vectors of an electron before and after the photon emission, respectively,
with |Si,f | = 1. The photon polarization is represented by Stokes parameters ξ = (ξ1, ξ2, ξ3) with |ξ| = 1,
defined with respect to the basis vector (e1, e2, ev). The case ξ1 = ξ2 = 0, ξ3 = +1(−1) means the photon is
linearly polarized along e1(e2), and the case ξ1 = ξ3 = 0, ξ2 = +1(−1) means the photon is right-hand
(left-hand) circularly polarized with respect to ev . After averaging over Si and summing up over Sf and ξ,
the widely employed spin- and polarization-averaged photon emission probability [18, 47] is obtained. The
above description can also be applied to the positron by replacing electron quantities with positron ones.

We have ignored the correlation terms involving both Sf and ξ in equation (1), because the final
electron spin and photon polarization are calculated separately in our Monte-Carlo algorithm for efficiency
[48]. In particular, ξ-dependent terms are averaged in the calculation of Sf ; similarly, Sf -dependent terms
are averaged as calculating ξ. The simulation results via this algorithm are consistent with that of calculating
Sf first and then using the obtained Sf to determine ξ [40] (see the good agreement in appendix A), which
can also be proved analytically in appendix B. The radiative spin polarization with complete three
dimensional (3D) information are resolved via the method adopted in [40, 48]. If a photon is emitted in a
short time interval Δt, the spin vector of electron flips along the direction parallel or antiparallel to the
instantaneous spin quantization axis (SQA) chosen as S∗

R/|S∗
R|, where S∗

R =
[
2K2/3(y) − Int K1/3(y)

]
Si − u

1−u K1/3(y)e2 +
u2

1−u

[
K2/3(y) − Int K1/3(y)

]
(Si · ev)ev . When the photon emission is rejected,

the spin vector should also flip [40, 48] with respect to another SQA chosen as S∗
NR/|S∗

NR| due to the
selection effect [48] originated from the third term −uK1/3(y)(Si · e2) of equation (1), where

S∗
NR = Si

{
1 − CradΔt

∫ 1
0

[
u2−2u+2

1−u K2/3(y) − Int K1/3(y)
]

du
}
+ e2CradΔt

∫ 1
0 uK1/3(y)du. Another Monte

Carlo method [33] for determining Sf does not require the no-emission flip by choosing a selected SQA,
e.g. along ev or e2, so that it cannot retain 3D spin information. Therefore, our employed method
[40, 48] here is more applicable to the complex electromagnetic field environment in laser-plasma
interactions. Meanwhile, the Stokes parameters of emitted photon ξ is set to be one of two pure states

±ξ∗/|ξ∗|, where ξ∗ = (ξ∗1 , ξ∗2 , ξ∗3 ), ξ∗1 = u
1−u K1/3(y)(Si · e1), ξ∗2 =

[
2u−u2

1−u K2/3(y) − u Int K1/3(y)
]

(Si · ev),

and ξ∗3 = K2/3(y) − u
1−u K1/3(y)(Si · e2) [42]. For convenience, we define high-energy photons with

u/(1 − u) > 1 and low-energy photons with u/(1 − u) � 1.
Utilizing the similar method, the probability of the pair production with the photon polarization

included can be written as [12, 40],

d2Wpairs

dε+dt
=

Cpairs

2

{
ε2
+ + ε2

−
ε+ε−

K2/3(y) + Int K1/3(y) − ξ′3K2/3(y)

− ξ′1
εγ
ε−

K1/3(y)(S+ · e′1) −
(
εγ
ε+

− ξ′3
εγ
ε−

)
K1/3(y)(S+ · e′2)

+ ξ′2

[
εγ
ε+

Int K1/3(y) +

(
ε+
ε−

− ε−
ε+

)
K2/3(y)

]
(S+ · e′v)

}
, (2)

where Cpairs = (αm2
ec4)/(

√
3π�ε2

γ), y = 2ε2
γ/(3χγε+ε−), ε− and ε+ are the energies of the produced

electron and positron, respectively. S+ is the spin vector of newly produced positron. The third
term −ξ′3K2/3(y) of equation (2) accounts for the photon polarization effect on the pair production
probability d2Wpairs/(dε+ dt). It is apparent that if ξ′3 is a positive value, d2Wpairs/(dε+ dt) is reduced and
consequently the positron yield decreases. The decrease can be up to 30% for medium-energy positrons
[44]. The Stokes parameters need to be transformed from the photon emission frame (e1, e2, ev) to the pair
production frame (e′1,e′2, ev) to obtain a new set of Stokes parameters (ξ′1, ξ′2, ξ′3) that required in

3
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equation (2), through the matrix rotation [49]

ξ′1 = ξ1 cos(2θ) − ξ3 sin(2θ),

ξ′2 = ξ2, (3)

ξ′3 = ξ1 sin(2θ) + ξ3 cos(2θ),

where e′1 is the unit vector along E + ev × B − ev · (ev · E), e′2 = e′1 × ev , and θ is the angle between e1 and
e′1. When a pair of electron and positron is newly produced, the spin vector S+ of the positron is set to be
S∗
+/|S∗

+| via the stochastic procedure [40], where S∗
+ = −ξ′1(εγ/ε−)K1/3(y)e′1 − (εγ/ε+ − ξ′3εγ/ε−)K1/3

(y)e′2 + ξ′2
[
(εγ/ε+)Int K1/3(y) + (ε+/ε− − ε−/ε+)K2/3(y)

]
e′v . Similarly, the spin vector S− of the electron

can be calculated by exchanging ε+ and ε−, and simultaneously setting e′1 along −[E + ev × B − ev ·
(ev · E)]. In our cases, the spin vectors of pairs at birth according to equation (2) have a relatively weak
influence on the pair production in the considered linearly-polarized EMSW. Their initial spin information
will be quickly erased in the process of radiative polarization due to the photon emission, and the
symmetrical field oscillation between positive and negative cycles also weakens the effects of initial spin
states.

The semiclassical formulas of photon emission probability of equation (1) and pair production
probability of equation (2) are derived based on the locally-constant-field approximation [50, 51], which is
justified at an ultraintense laser intensity of a0 = |e|EL/mecω0 	 1, where ω0 is the laser frequency. The
stochastic photon emission by an electron or a positron and the pair production by a γ photon are
calculated using the standard QED Monte-Carlo algorithm [47, 52–54] but with the spin- and
polarization-resolved probabilities. The e−e+ dynamics in the external electromagnetic field are described
by classical Newton–Lorentz equations, and their spin dynamics are calculated according to the
Thomas–Bargmann–Michel–Telegdi equation [55, 56]. More detailed Monte-Carlo methods for
numerically modeling of spin and polarization effects we employ can be found in references [40, 48].

3. Simulation results and analysis

3.1. Simulation setup
We implement the spin- and polarization-resolved probabilities of equations (1) and (2) into the
two-dimensional (2D) version of QED-PIC code YUNIC [57] by Monte-Carlo methods as described in
section 2, to self-consistently study the e−e+ spin and γ photon polarization effects on the pair production
in the laser-plasma interaction. The standard QED modules have been benchmarked in [57], and other
benchmarks about the spin and polarization modules are presented in appendix A. In the following
simulations, we can artificially switch on or off these two modules to better identify their impacts by
comparison. In our simulation setups, two counter-propagating laser pulses with the same profile of
aL = a0 sin2(πt/τ0) × exp(−r2/σ2

0) within 0 < t � τ 0 are normally incident from the left and right
boundaries, respectively, and they are both linearly polarized along the y axis, where r = y − y0. We take the
laser normalized peak intensity a0 = 800 (peak intensity I0 ≈ 8.9 × 1023 W cm−2), spot size σ0 = 2λ0,
pulse duration τ 0 = 10T0, and propagation axis y0 = 7.5λ0, where λ0 = 1 μm is the laser wavelength, and
T0 = 2π/ω0 ≈ 3.33 fs is the laser period. The corresponding laser peak power is approximately 56 PW. A
1 μm-thickness fully ionized foil target, composed of electrons and carbon ions (C6+), is initially placed in
the laser overlapping center of 3.5λ0 < x < 4.5λ0 with an electron density of ne = 50nc, where
nc = meω

2
0/4πe2 is the critical density. The computational domain has a size of 8λ0 × 15λ0 in x × y

directions with 384 × 720 cells. Each cell contains 100 macro electrons and 16 macro carbon ions.
Absorbing boundaries are used for both particles and fields in any direction.

In the first simulation case, labeled as case (i), both the spin and polarization effects are incorporated. As
reference cases, we have also performed another three simulations under the same physical parameters as
those in case (i) except that: in case (ii), the spin and polarization effects are not included, which is the
widely adopted method in the current QED-PIC codes [47, 52, 54]; in case (iii), only the spin effect is
included, where the polarization-dependent terms are summed up over in equation (1) and averaged over
in equation (2), while retaining spin-dependent terms in these two probability equations; in case (iv), we
switch off the photon annihilation and pair production processes but still include the spin and polarization
effects, to check the original polarization characteristics of emitted γ photons.

3.2. Simulation results
For case (i), figure 1(a) illustrates the spatial distribution of the positron density n+ at the end of the
laser-foil interaction at t = 12T0 when two laser pulses have passed through each other. Dense and spatially
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Figure 1. Simulation results of case (i). (a) Spatial distribution of the density of produced positrons n+, together with the
electric field Ey of two counter-propagating laser pulses at t = 12T0, where Ec is me cω0/|e|. The dotted lines outline the initial
boundaries of the foil target. Space-time evolution of (b) the radiation power Prad of photons with energies above 100 MeV and
(c) the average electron spin Sz along y = 7.5λ0. The laser magnetic field Bz normalized by me cω0/|e| is also shown by contour
lines to outline the magnetic region of the EMSW both in (b) and (c).

modulated [58] positrons are produced, with a maximum density of n+ = 60nc, already exceeding the
initial electron density of the foil target. A transient linearly-polarized EMSW responsible for the abundant
positron production is constructed by two counter-propagating linearly polarized laser pulses in the time
interval 7T0 < t < 11T0, covering the entire foil plasma zone. The space-time evolution of magnetic field
component Bz of EMSW along y = 7.5λ0 is shown by contour lines both in figures 1(b) and (c). The
formed EMSW is divided into electric region (maximize at magnetic nodes x = mλ0/2 and
t = nT0/2 + T0/4) and magnetic region (maximize at magnetic antinodes x = mλ0/2 + λ0/4 and
t = nT0/2), where m and n are integers. These two distinct regions are shifted by λ0/4 spatially and T0/4
temporally (π/2 phase offset). Furthermore, electrons are accelerated or decelerated by the electric field
along the y direction in the electric region, while emitting photons and simultaneously losing energies
primarily in the magnetic region [22]. The photon radiation power Prad shown in figure 1(b) verifies that
more high-energy photons are emitted in the early stage after entering the magnetic region. The previous
study [46] has presented that this type of field configuration is favorable for improving quantum parameter
χe at laser intensity ∼1023 W cm−2, and consequently are the photon emission and pair production. In this
simulation case, χe can reach a maximum of 3. At the end of the simulation, about 30% laser energies are
absorbed, among which, 24% are transformed into photons, 5.5% into electrons and positrons, and less
than 0.5% into ions.

The time evolution of the total positron number N+ of cases (i)–(iii) is illustrated in figure 2(a). During
the existence of EMSW in the time interval of 7T0 < t < 11T0, N+ increases dramatically. The
stair-step-like growth with a period of 0.5T0 is attributed to the fact that electrons strongly emit photons
mostly in magnetic regions as already shown in figure 1(b). The most important feature is that when the
spin and polarization effects are fully considered in case (i), the total number of positrons is reduced by
12% compared with the case (ii) that excluding the two effects, i.e. ΔN i–ii

+ = (N i
+ − N ii

+)/N ii
+ ≈ −12%.

Furthermore, the relative deviation of positron energy spectrum δN i–ii
+ also depends on the positron energy

ε+ shown in figure 2(b), exhibiting a maximum difference as large as −20% at ε+ = 0.2 GeV. The
difference of positron yield is mainly attributed to the linear polarization of emitted γ photons, which will
be detailed in the next subsection.

Then, we analyze the spin dynamics of electrons in the linearly-polarized EMSW. As emitting a
high-energy photon, the electron spin more probably flips to the direction antiparallel to the magnetic field
in the electron’s rest frame, according to equation (1) (see figure 4(b) in reference [34]). In the magnetic
region where photon emissions are concentrated, the spin-flip trend of electrons is determined by the
direction of magnetic field Bz. More specifically, the electron spin is more likely antiparallel to the Bz

direction after the photon emission (and positron spin is more likely parallel to that). This is evidenced by
the time-space evolution of the average spin component Sz of electrons shown in figure 1(c), which
characterizes their transverse spin polarization because electrons move almost perpendicularly to the z axis.
It shows that Sz is temporally oscillating with a laser frequency ω0. However, the total degree of spin
remains nearly zero due to the symmetry between positive and negative cycles of the laser field, which is a
kind of local spin polarization.

By comparing the total positron number N+ of cases (ii) and (iii) in figure 2(a), one also notices that
the positron yield is reduced by about 2.5% due to the pure spin effect. This reduction is caused by the local

5
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Figure 2. (a) The time evolution of total positron number N+ in three simulation cases: case (i) with spin and polarization
effects (blue solid line), case (ii) without spin and polarization effects (red dashed line), and case (iii) with only spin effect (green
dotted line). (b) Positron energy spectrum dN+/dε+ under the three cases at the end of the laser interaction. The relative
deviation δN i–ii

+ = (dN i
+/dε+ − dN ii

+/dε+)/(dN ii
+/dε+) between cases (i) and (ii) is also presented by the cyan line. (c) The

relative deviation δN iii–ii
γ = (dN iii

γ /dεγ − dN ii
γ /dεγ)/(dN ii

γ /dεγ) of photon energy spectrum between cases (iii) and (ii).

Figure 3. Spatial distribution of (a) photon density nγ and (b) average photon polarization ξ3 at t = 12T0 in case (i). (c) ξ3

versus photon energy εγ obtained from cases (i) and (iv), respectively, where we switch off the pair production module while
include spin and polarization effects in case (iv).

spin polarization of electrons in the EMSW. When electrons just enter the magnetic region, their initial
spins are mainly parallel to the direction of the magnetic field (spin-up, defined by Si · e2 > 0) (see
figure 1(c)), owing to the radiative spin polarization in the previous magnetic region. The spin-dependent
photon emission probability is therefore reduced, especially for high-energy photons [see the third
term −uK1/3(y)(Si · e2) of equation (1) and figure 4(a) in reference [34]]. Then, the electron spin gradually
flips to be antiparallel to the magnetic field direction (spin-down, defined by Si · e2 < 0). After entering the
next magnetic region, the direction of the magnetic field Bz is reversed. The electron spin direction becomes
parallel to the Bz direction again, and consequently the same process arises with slightly weaker photon
emission. The relative deviation of photon energy spectrum δN iii–ii

γ is plotted in figure 2(c). The absolute
value of δN iii–ii

γ increases with the increase of photon energy εγ for εγ < 0.4 GeV. These high-energy γ

photons more likely decay into e+e− pairs, leading to a slightly smaller positron yield in figure 2(a). The
spin effect discussed above is five times weaker than the photon polarization effect in terms of positron
yield, and therefore we will mainly focus on the latter one. However, we note that the polarization of
high-energy emitted photons highly relies on the spin of emitting electrons, hence the local spin
polarization could have a prominent impact on the high-energy positron yield (see the next subsection).

3.3. Photon polarization properties
The remarkable difference of the positron yield between cases (i) and (ii) (see figures 2(a) and (b)) mostly
originates in the highly linearly polarized γ photons. Figures 3(a) and (b) present spatial distributions of the
photon density nγ and average photon polarization ξ3 at t = 12T0 in case (i), in which both spin and
polarization effects are included. The other two polarization components ξ1 and ξ2 are nearly zero, so not
shown here. ξ3 is rather uniform in space with a positive value of about 0.58, indicating that photons are
emitted predominantly with a linear polarization along e1 at each photon emission frame, i.e. always in the
x–y plane.

6
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Figure 4. Theoretical calculations according to equation (4). (a) ξ3 versus emitted photon energy ratio u = εγ/εe and the initial
electron spin vector Si · e2 for χe = 1. (b) ξ3 versus u at Si · e2 = 0 for χe = 1, 5, and 10.

The spin- and polarization-resolved probabilities in equations (1) and (2) can be simplified in the
interaction between the considered linearly-polarized EMSW and un-prepolarized electrons. It is
appropriate to sum up over Sf terms, neglect Si · e1 and Si · ev terms, but retain Si · e2 terms in equation (1),
since electrons are only spin-polarized along ±e2 via the radiative polarization process, i.e. parallel or
antiparallel to Bz direction. Therefore, the average Stokes parameters of emitted photons can be
approximately as

ξ̄1 ≈ 0,

ξ̄2 ≈ 0, (4)

ξ̄3 ≈
1

2

dWξ3=+1
rad − dWξ3=−1

rad

dWξ3=+1
rad + dWξ3=−1

rad

=
K2/3(y) − u

1−u K1/3(y)(Si · e2)
u2−2u+2

1−u K2/3(y) − Int K1/3(y) − uK1/3(y)(Si · e2)
,

where

dWξ3=±1
rad =

Crad

2

{
u2 − 2u + 2

1 − u
K2/3(y) − Int K1/3(y) − uK1/3(y)(Si · e2)

±
[

K2/3(y) − u

1 − u
K1/3(y)(Si · e2)

]}
. (5)

Equation (4) indicates that the emitted photons cannot be circularly polarized since ξ2 = 0. Accordingly,
the theoretical ξ3 as a function of u and Si · e2 is shown in figure 4(a). For the low-energy photon, ξ3 is
always positive with a value of about 0.5, insensitive to the initial spin vector Si of the emitting electron.
While for the high-energy photon, ξ3 strongly depends on Si · e2. Spin-up electrons are prone to emit
photons linearly polarized along e2 axis (z axis in our case) with ξ3 < 0; for spin-down electrons, one can
obtain an opposite result of ξ3 > 0. In general, ξ3 value decreases with the increase of photon energy εγ .
This trend is supported by the simulation curve for case (i) shown in figure 3(c), that ξ3 ≈ 0.5 at εγ = 0.1
GeV and only ξ3 ≈ 0.1 at εγ = 0.6 GeV.

The transformation of Stokes parameters from (ξ1, ξ2, ξ3) to (ξ′1, ξ′2, ξ′3) can also be greatly simplified in
our case with the linearly-polarized EMSW. One can obtain the transformation angle θ ≈ 0 or π for the fact
that the acceleration direction and velocity direction of electrons are both well confined in the x–y plane
(laser polarization plane). Consequently, ξ3 with respect to the emission frame (e1, e2, ev) can be directly
substituted into equation (2), i.e. ξ3 ≈ ξ′3. Hence, the positive values of ξ3 directly leads to the reduction of
the positron yield.

The photon polarization and positron yield at their higher energies exhibit some anomalous phenomena
compared with those at their lower energy range, due to the local spin polarization of electrons. As outlined
above, the most intense photon emissions occur in the early stage of each magnetic region, in which the
spin-up emitting electrons dominate. The resulting decrease in the photon yield has been observed in
figure 2(c). Besides the photon yield, the polarization of high-energy photons is also strongly affected by
these locally spin-polarized electrons. Figure 3(c) for case (iv) indicates the original emitted photons with
εγ > 0.5 GeV possess the negative ξ3. It is coincident with the theoretical analysis shown in figure 4(a) that
spin-up electrons are in favor of emitting high-energy photons of negative-value ξ3. This eventually leads to
an increase of positron yield at positron energies higher than 0.5 GeV, rather than decreasing like that at low
energies in figure 2(b). Moreover, as we switch on the pair production process and include the γ-photon
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Figure 5. The absolute relative deviation of (a) positron number |ΔN+| = |(N i
+ − N ii

+)/N ii
+| and (b) absorption fraction of

laser energy |Δη| = |(ηi − ηii)/ηii| between including and excluding spin and polarization effects, under various laser strengths
a0 = 500 to 1200 and initial plasma densities n0/nc = 50 and 200.

annihilation in case (i), the polarization ξ3 of high-energy photons increases as compared to those in case
(iv), shown in figure 3(c). This can be explained by that photons of negative ξ3 are easier to annihilate into
e−e+ pairs, according to the polarization-dependent pair production probability of equation (2).

3.4. Impacts of laser intensity and plasma density
In figure 5(a), we investigate the difference of positron yield between with and without spin and
polarization effects under various laser intensities a0, to find the laser intensity at which these two effects
need to be taken into account. For the case of initial plasma density n0 = 50nc, the absolute relative
deviation |ΔN+| of total positron number first slightly increases with a0 and reaches a maximum 12% at
a0 = 800, then it gradually decreases to 7% at a0 = 1200 (I0 ≈ 2.0 × 1024 W cm−2). For a higher-density
plasma of n0 = 200nc, |ΔN+| always decreases with a0 within the range of scanning parameters, i.e.
decreasing from 11% at a0 = 500 (I0 ≈ 3.5 × 1023 W cm−2) to 6% at a0 = 1200. On the whole, |ΔN+| is
larger in the case of n0 = 50nc than that of n0 = 200nc at the same a0. These results can be basically
explained according to figure 4(b), in which the average polarization ξ3 as a function of u(εγ/εe) under
three different quantum parameters χe is plotted according to equation (4). Here, we assume Si · e2 = 0,
which is approximately valid since electrons or positrons cannot gain a net degree of spin polarization in
the linearly-polarized EMSW, and the influence of local spin polarization on the positron yield is smaller
compared with the photon polarization one. From figure 4(b), ξ3 is smaller for a larger χe (corresponding
to a larger a0); hence a smaller difference between positron yields can be expected.

The decrease of generated e−e+ yield can result in a lowered laser absorption since less e−/e+ are
accelerated in the laser field (absorb laser energy) and less γ photons are emitted. Figure 5(b) shows the
spin and polarization effects on the absorption fraction of laser energy η as a function of laser intensity a0.
The absolute relative deviation |Δη| can reach a maximum of 6% for n0 = 50nc and 2% for n0 = 200nc,
respectively. Above a0 = 800, |Δη| decreases with the increase of a0, which is similar to |ΔN+|. Below
a0 = 800, |Δη| also decreases as reducing a0 and only Δη < 0.5% is observed at a0 = 500, indicating that
the spin and polarization effects have a negligible impact on the laser absorption below a0 = 500, although
the difference of positron yield is more obvious at relatively low laser intensities. This is because the pair
production probability d2Wpairs/(dε+ dt) of equation (2) is exponentially small for χγ � 1, so that only a
small number of positrons is produced. At a0 < 500, the energy conversion efficiency from laser to positron
is less than 1%, hence the impact of |ΔN+| on |Δη| can be neglected.

4. Conclusion

In conclusion, with e−e+ spin and γ-photon polarization effects implemented, we have investigated the pair
production in the interaction of two counter-propagating laser pulses with a thin foil target via QED-PIC
simulations. These two effects can lead to a decrease of total positron yield by about 10%, and the relative
difference can even reach 20% for medium-energy positrons. The positron decrease mainly comes from up
to 50% linear polarization of emitted γ photons. In addition, we also observe several anomalous
phenomena about positron yield and photon polarization of high-energy particles caused by the local spin
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polarization of e−/e+. Basically, the spin and polarization effects on the pair production become weaker
with the increase of laser intensities from 3.5 × 1023 W cm−2 to 2.0 × 1024 W cm−2. In terms of laser
absorption, their impacts are strongest at a moderate intensity around 8.9 × 1023 W cm−2, and weaker both
at lower and higher laser intensities. Our results indicate that the spin- and polarization-averaged
probabilities widely adopted in QED-PIC simulations overestimate the positron yield for laser pulses of
10 PW to 100 PW classes, and correspondingly lead to an overestimated laser absorption in the laser-plasma
interaction.
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Appendix A. Spin and polarization benchmarks

We have performed two additional 2D QED-PIC simulations with the code YUNIC to benchmark against
Monte-Carlo simulations in reference [40], where ultrarelativistic electrons with 1 GeV move along +x axis
in the x–y plane under a perpendicularly static external magnetic field of B0 = 100mecω0/|e|. We take the
computational domain of 8λ0 × 8λ0 in x × y directions with 128 × 128 cells, and 16 macro electrons per
cell, where λ0 = 2πc/ω0 = 1 μm. The electron density is low enough to avoid the influence of the
self-generated electromagnetic field, and periodic boundaries are employed. Figures A1(a) and (b) show the
time evolution of average spin vector S of electrons and average Stokes parameters ξ of emitted photons for
the initially unpolarized electrons, respectively; figures A1(c) and (d) are those for initially longitudinally
polarized electrons. Our QED-PIC simulations are in good agreement with Monte-Carlo simulations in
reference [40].

Appendix B. Determination order of spin and polarization

Here, we prove that both the average spin vector of the electron Sf after the emission and the average Stokes
parameters of the emitted photon ξ in nonlinear Compton scattering by calculating Sf first and then ξ are
the same as those by calculating them separately. The complete spin- and polarization-resolved photon
emission probability [12, 40, 42] can be written in the following form,

Wrad = Q0 + Sf · Q1 + ξ · Q2 + Q3(Sf, ξ), (B.1)

where Q0, Q1, and Q2 are independent of Sf and ξ. Q3(Sf , ξ) is the correlation term involving both Sf and
ξ, which is ignored in equation (1).

The spin vector of the electron Sf after emitting a photon is chosen as ±Q1/|Q1|, and their relative
probabilities can be calculated from equation (B.1) by averaging ξ-dependent terms:

P+

(
Sf =

Q1

|Q1|

)
=

Q0 + |Q1|
2Q0

, (B.2)

P−

(
Sf = − Q1

|Q1|

)
=

Q0 − |Q1|
2Q0

. (B.3)

Therefore, the obtained average vector Sf is along

S∗
f =

Q1

|Q1|
P+ − Q1

|Q1|
P− =

Q1

Q0
. (B.4)
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Figure A1. Comparison of our 2D QED-PIC simulations (thick colored lines) with Monte-Carlo simulations in reference [40]
(thin black lines) in the radiative spin polarization of initially (a) and (b) unpolarized and (c) and (d) longitudinally polarized
electrons, respectively. (a) and (c) Average spin vector of electrons Sx, Sy and Sz. (b) and (d) Average Stokes parameters of all
emitted photons ξ1, ξ2 and ξ3 with respect to the emission frame.

After Sf is determined, we proceed to determine ξ by inserting the obtained Sf into equation (B.1), and
note that Q3(Sf , ξ) = −Q3(−Sf , ξ) = −Q3(Sf ,−ξ). The Stokes parameters ξ is set to be
±(Q2 + q3)/|Q2 + q3|, with relative probabilities

P++

(
Sf =

Q1

|Q1|
, ξ =

Q2 + q3

|Q2 + q3|

)
=

Q0 + |Q1|
2Q0

× Q0 + |Q1|+ |Q2 + q3|
2(Q0 + |Q1|)

, (B.5)

P+−

(
Sf =

Q1

|Q1|
, ξ = − Q2 + q3

|Q2 + q3|

)
=

Q0 + |Q1|
2Q0

× Q0 + |Q1| − |Q2 + q3|
2(Q0 + |Q1|)

, (B.6)

P−+

(
Sf = − Q1

|Q1|
, ξ =

Q2 − q3

|Q2 − q3|

)
=

Q0 − |Q1|
2Q0

× Q0 − |Q1|+ |Q2 − q3|
2(Q0 − |Q1|)

, (B.7)

P−−

(
Sf = − Q1

|Q1|
, ξ = − Q2 − q3

|Q2 − q3|

)
=

Q0 − |Q1|
2Q0

× Q0 − |Q1| − |Q2 − q3|
2(Q0 − |Q1|)

, (B.8)

where q3 is the mean vector of Q3(Sf , ξ) with respect to ξ. Accordingly, the average vector ξ is along

ξ∗ =
Q2 + q3

|Q2 + q3|
P++ − Q2 + q3

|Q2 + q3|
P+− +

Q2 − q3

|Q2 − q3|
P−+ − Q2 − q3

|Q2 − q3|
P−− =

Q2

Q0
. (B.9)

Equations (B.4) and (B.9) suggest that the average vectors ξ and Sf via calculating Sf first and then ξ are
independent of Q3(Sf , ξ), which are the same as those via calculating them separately. Similarly, the
identical results can be obtained by calculating ξ first and then Sf ; however, in practice this determination
order is very challenging, since Q3(Sf , ξ) cannot be written in the form of Sf · q′

3 (ξ), which greatly increase
the difficulty for knowing its mean vector q′

3 with respect to Sf . We conclude that it is favorable for
determining Sf and ξ separately to avoid computing the complex correlation term, as we performed in this
work.
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