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Abstract
The linear Breit–Wheeler (LBW) process—the production of an electron–positron pair through
the collision of two high-energy photons—can emerge as the dominant pair production
mechanism in the ultraintense laser-plasma interaction for laser intensities below 1023Wcm−2.
Here, we explore the role of γ photon polarization in LBW pair production for a 10 PW-class,
linearly polarized laser interacting with a solid-density plasma. The motivation for this
investigation lies in two main aspects: γ photons emitted via nonlinear Compton scattering are
inherently linearly polarized, and the LBW process exhibits a distinct sensitivity to γ photon
polarization. By leveraging particle-in-cell simulations that self-consistently incorporate
photon-polarization-resolved LBW pair production, our results reveal that γ photon polarization
leads to a 5% to 10% reduction in the total LBW positron yield. This suppression arises because the
polarization directions of the colliding γ photons are primarily parallel, reducing the LBW cross
section compared to the unpolarized case. The influence of γ photon polarization weakens as the
laser intensity increases or the scale length of preplasmas at the front of the target increases.

1. Introduction

The linear Breit–Wheeler (LBW) process describes electron–positron (e±) pair production through the
collision of two high-energy photons (γ+ γ → e±) [1]. The condition for LBW pair production to occur is
that the total energy of two colliding photons in the center-of-momentum (CM) frame—where the net
momentum of two photons is zero—must exceed twice the rest mass energy of the electron 2mec2 ≈
1.02 MeV, whereme is the electron mass and c is the speed of light in vacuum. Besides, the involved photons
must be sufficiently dense to produce a significant number of e± pairs, as the maximum of the LBW cross
section is just on the order of 10−25 cm2. The long-standing absence of high-energy and dense photon
sources has hindered the experimental observation of LBW pair production directly using real photons,
although another form of it using intermediate photons has been experimentally confirmed [2].

The development of high-power laser facilities in PW and 10 PW classes [3–5] has opened
unprecedented opportunities to investigate strong-field quantum electrodynamics (QED). The strong-field
or nonlinear QED strength is primarily characterized by a parameter χe =

eh̄
m3

e c
4 |Fµνpν |, where Fµν is the

electromagnetic field tensor, pν is the electron four-momentum, e is the elementary charge, and h̄ is the
reduced Planck constant. The energetic electron can lose a significant portion of its energy by emitting
individual γ photons via nonlinear Compton scattering (e+ nω0 → e ′ + γ) [6, 7]. Enhancing χe is typically
achieved by colliding a laser pulse with a preaccelerated GeV-level electron beam, as is done in the laser-beam
setup [8]. The emitted γ photons are high-energy, which is beneficial for the nonlinear Breit–Wheeler
process (NBW, the production of an e± pair by a γ photon in the laser field, i.e. γ+ nω0 → e±) [9–12].
However, the low density of γ photons is not conducive to the LBW process.
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Alternatively, the plasma serves as an efficient medium that facilitates the significant conversion of laser
photons into dense γ photons [13–19]. Previous studies on e± pair production in laser-plasma systems have
primarily focused on the NBW process, which requires significantly higher laser intensities [13, 14]. For laser
intensities below 1023 Wcm−2 that are currently achievable [20], the LBW process becomes dominant and
thus warrants particular attention. The use of laser-plasma-driven γ photons to probe LBW signals has
garnered considerable attention [21–26]. A conventional laser-solid setup has been proposed recently to
explicitly distinguish LBW pairs from other underlying mechanisms [27], which greatly simplifies
experimental challenges. In addition to validating this fundamental QED process, generating
quasimonoenergetic positrons seeded by the LBW process also provides new insights for positron
applications [27, 28].

To more accurately predict LBW pair production in the laser-plasma interaction, it is essential to consider
γ photon polarization for two reasons. First, γ photons emitted via nonlinear Compton scattering in the
strong-field QED regime exhibit a high degree of linear polarization, with polarization degrees surpassing
50% [29–32]. Second, the LBW cross section depends on the polarization of the colliding γ photons, which
affects the positron yield and positron emission direction [1, 33–35]. In astrophysics, for example, neglecting
the polarization of synchrotron-radiated photons can lead to an overestimation of the γγ opacity by
approximately 10% [36]. In laser-plasma systems, this issue remains unresolved as it has only recently
become possible to self-consistently simulate polarized nonlinear Compton scattering [30–32] and
unpolarized LBW pair production [26, 27] by modern particle-in-cell (PIC) simulations.

In this paper, we introduce how to implement the photon-
polarization-resolved LBW process into a PIC code. Based upon this, we investigate the effect of γ photon
polarization on LBW pair production in the interaction of a 10 PW-class, linearly polarized laser with a
solid-density plasma. In the laser-solid interaction, electrons are accelerated by the laser fields to hundreds of
MeV, and subsequently emit γ photons via nonlinear Compton scattering. The emitted γ photons exhibit
high densities-comparable to that of solid electrons, 1023 cm−3-and their poor collimation creates favorable
conditions for γγ collisions, thereby facilitating the LBW process. We find that γ photon polarization
reduces the total LBW positron yield by 5%–10% compared to the unpolarized case. This reduction arises
because γ photons emitted via nonlinear Compton scattering are primarily linearly polarized within the laser
polarization plane. After transforming to the CM frame, the polarization directions of the colliding γ
photons are mostly parallel, leading to a smaller LBW cross section compared with the unpolarized one. The
suppression due to γ photon polarization is angle-dependent, with a stronger effect on positrons emitted in
directions perpendicular to the laser polarization plane. As the laser intensity increases, the γ photon energy
rises while γ photon polarization decreases, both of which result in a diminished effect of γ photon
polarization on LBW positrons.

The rest of this article is organized as follows. Section 2 introduces the theory and numerical method
related to γ photon polarization in nonlinear Compton scattering and LBW pair production. In section 3, we
present our PIC setup and simulation results for a solid-density plasma irradiated by a 10 PW-class linearly
polarized laser, with a particular focus on polarization of emitted γ photons and its effect on LBW positrons.
Section 4 provides a brief summary.

2. Two photon-polarization-resolved QED processes

2.1. Photon-polarization-resolved nonlinear Compton scattering
For unpolarized electrons, the polarization matrix of nonlinear Compton scattering probability under the
locally constant field approximation is given by [37]

d2W12

dudt
=

d2W21

dudt
= 0, (1)

d2W11

dudt
=

αm2
e c

4

2
√
3π h̄εe

[
u2 − 2u+ 2

1− u
K2/3 (κ)− IntK1/3 (κ)+K2/3 (κ)

]
, (2)

d2W22

dudt
=

αm2
e c

4

2
√
3π h̄εe

[
u2 − 2u+ 2

1− u
K2/3 (κ)− IntK1/3 (κ)−K2/3 (κ)

]
, (3)

where α≈ 1/137 is the fine structure constant, K1/3(κ) and K2/3(κ) are two modified Bessel functions of the
second kind, IntK1/3(κ)≡

´∞
κ

K1/3(x)dx, κ= 2u/[3(1− u)χe], u= εγ/εe, εγ is the γ photon energy, and εe
is the electron energy before photon emission. Equations (2) and (3) are only valid in the interval of
0< u< 1 as εγ cannot exceed εe.

The polarization of γ photons is characterized by the Stokes vector ξ = (ξ1, ξ2, ξ3) in the orthogonal
basis of (ê1, ê2, êv) [37, 38], where êv is the velocity direction of the emitting electron, ê1 is its transverse
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Figure 1. The photon polarization ξ3, as a function of the photon energy ratio u= εγ/εe, is plotted according to equation (6) for
three different QED parameters, χe = 0.1, 0.5, and 1. The inset illustrates the Stokes basis (ê1, ê2, êv), with the laser field linearly
polarized in the x–y plane.

acceleration direction, and ê2 = êv × ê1. In our numerical module, the emission direction of γ photons is
assumed to be collinear with the electron velocity. To simplify notation, we also use êv to represent the γ
photon velocity. The ξ1 and ξ2 components are zero, leaving only the ξ3 component [37],

ξ1 =
dW12 + dW21

dW11 + dW22
= 0, (4)

ξ2 =
i(dW12 − dW21)

dW11 + dW22
= 0, (5)

ξ3 =
dW11 − dW22

dW11 + dW22
=

K2/3 (κ)
u2−2u+2

1−u K2/3 (κ)− IntK1/3 (κ)
. (6)

For simplicity of expression, we denote the third Stokes parameter ξ3 as the photon polarization.
The mixed polarization state |ξ3|⩽ 1 represents the mean polarization of an ensemble of many real

photons, or a macrophoton [38], which aligns with the PIC method. Unless otherwise specified, the term
‘photon’ in our simulation refers to this macrophoton. In particular, a γ photon with polarization ξ3 means
that a fraction of (1+ ξ3)/2 of real γ photons are linearly polarized along ê1, while a fraction of (1− ξ3)/2 are
polarized along ê2. Thus, the sign of ξ3 determines the predominant orientation of γ photon polarization.

In principle, the Stokes bases for each γ photon are different, so they cannot be directly compared.
However, for the linearly polarized laser field we focus on, the vectors ê1 and êv of γ photons lie within the
laser polarization plane, which holds strictly in the one-dimensional (1D) setup and two-dimensional (2D)
PIC setup with the p-polarized laser incidence. Here, we consider a laser linearly polarized in the x–y plane,
consistent with the configuration adopted in section 3.1. Under the action of the laser field, electrons move
within the laser polarization plane/simulation plane, i.e. the x–y plane. The transverse acceleration direction
ê1 of the electrons is also parallel to the x–y plane, so ê2 = êv × ê1 is directed along the z-axis, as illustrated in
the inset of figure 1. As a result, γ photon polarization ξ3 in the linearly polarized laser field can be
interpreted as follows: (1+ ξ3)/2 of real γ photons are linearly polarized parallel to the laser polarization
plane, denoted as γ∥ photons, and (1− ξ3)/2 are linearly polarized perpendicular to the laser polarization
plane, denoted as γ⊥ photons.

Equation (6) is visualized in figure 1 for three different QED parameters: χe = 0.1, 0.5, and 1. It shows
that emitted γ photons are highly linearly polarized, with the average photon polarization ξ3 > 0, indicating
that γ photons are primarily polarized along ê1. As the photon energy ratio u= εγ/εe increases, ξ3 rises from
50% at u→ 0, reaching a maximum of 0.6–0.8 at u≈ 0.2–0.4, and then decreases to 0 as u→ 1. Additionally,
ξ3 decreases with increasing χe at a given u, indicating that γ photon polarization weakens as χe, which is
mainly determined by the laser intensity in laser-plasma interactions, increases.

2.2. Photon-polarization-resolved LBW pair production
In the pioneering work [1], Breit and Wheeler derived the LBW cross section for two types of pure linear
polarization states. In the CM frame, the linear polarizations of two colliding photons are represented by ξ ′

3

and ξ ′ ′
3 , with the primes distinguishing the first and second photon, respectively. The emission direction of

the generated positron, ê+, is defined in terms of a polar angle θ (relative to the êv axis) and an azimuthal
angle φ (in the plane spanned by ê1 and ê2), such that ê+ = cosθ êv + sinθ cosφ ê1 + sinθ sinφ ê2 and the
corresponding solid angle dΩ= sinθdθdφ. The LBW cross sections for parallel photon polarization (ξ ′

3 = 1

3
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Figure 2. The theoretical LBW cross sections, with the positron emission angle resolved, for parallel γ photon polarization
((a)–(c), where both γ photons are linearly polarized along the ê1 direction) and perpendicular γ photon polarization ((d)–(f),
with one γ photon linearly polarized along the ê1 direction and the other along the ê2 direction) are shown for three different CM
photon energies C= 1.1 ((a), (d)), C= 2 ((b), (e)), and C= 3.5 ((c), (f)), as calculated using equations (7) and (8).

and ξ ′ ′
3 = 1) and perpendicular photon polarization (ξ ′

3ξ
′ ′
3 =−1) are expressed as [1]

dσ∥

dΩ
(θ,φ) = σ0

[
S2 − 2S2

(
N2 −M2

)
− S4

(
N2 −M2

)2
+ S2C2

(
1−Λ2

)]
, (7)

dσ⊥

dΩ
(θ,φ) = σ0

[
C2 − 4S4M2N2 + S2C2

(
1−Λ2

)]
, (8)

where σ0 = r2eS/[2C
3(C2 −Λ2S2)2] and re = e2/mec2 ≈ 2.82× 10−13 cm is the classical electron radius. Here,

C≡ coshΘ is defined as the energy of one of the photons normalized tomec2 in the CM frame—hereafter
referred to as CM photon energy, and S≡ sinhΘ. The cosine values of the angles between the positron
emission direction ê+ and the vectors ê1, ê2, and êv are denoted byM, N, and Λ, respectively. Therefore, the
relationM2 +N2 +Λ2 = 1 holds.

According to equations (7) and (8), the LBW cross sections for two types of photon polarization at three
different CM photon energies are illustrated in figures 2(a)–(f). For the low CM photon energy of C= 1.1,
parallel photon polarization significantly affects the angular distribution of positron emission, with
positrons being preferentially emitted along the photon polarization direction ê1 (figure 2(a)). In contrast,
perpendicular photon polarization has a small effect on the positron emission direction for the small C, with
positrons being emitted somewhat preferentially along the photon velocity direction (figure 2(d)). As the
CM photon energy increases to C= 3.5, the polarization effect weakens, and positron emission becomes
more concentrated along the photon velocity direction êv for both polarization types (figures 2(c) and (f)).

By summing over the positron emission angle θ and φ in equations (7) and (8), the total LBW cross
sections for both parallel and perpendicular photon polarizations can be obtained [1]:

σ∥ =
π r2e
2

(
4ΘC−2 + 4ΘC−4 − 3ΘC−6 − 2SC−3 − 3SC−5

)
, (9)

σ⊥ =
π r2e
2

(
4ΘC−2 + 4ΘC−4 −ΘC−6 − 2SC−3 − SC−5

)
. (10)

In a linearly polarized laser field, equations (7)–(10) are readily generalized to partially polarized
photons. The collision of two partially polarized photons with polarization ξ ′

3 and ξ ′ ′
3 involves four distinct

classes of real photons according to whether their polarization is parallel or perpendicular to the laser
polarization plane: γ ′

∥, γ
′
⊥, γ

′ ′
∥ , and γ ′ ′

⊥ . Following Lorentz transformation to the CM frame, γ ′
∥ and γ ′ ′

∥
photons maintain parallel polarization [39], accounting for a fraction of (1+ ξ ′

3)(1+ ξ ′ ′
3 )/4 of the total real
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Figure 3. The total LBW cross section σ as a function of the CM photon energy C for parallel (ξ ′
3 ξ

′ ′
3 = 1), perpendicular

(ξ ′
3 ξ

′ ′
3 =−1), and unpolarized (ξ ′

3 ξ
′ ′
3 = 0) photon polarizations, plotted based on equation (12). The relative deviation of the

polarized cross section from the unpolarized result,∆σ = (σ−σ)/σ, is shown in the inset.

photons. Similarly, γ ′
⊥ and γ ′ ′

⊥ photons also preserve parallel polarization, contributing (1− ξ ′
3)(1− ξ ′ ′

3 )/4.
When one photon is polarized parallel to the laser polarization plane and the other perpendicular, such as γ ′

∥
and γ ′ ′

⊥ photons, or γ ′
⊥ and γ ′ ′

∥ photons, their mutual perpendicular polarization persists in the CM frame,
contributing fractions (1+ ξ ′

3)(1− ξ ′ ′
3 )/4 and (1− ξ ′

3)(1+ ξ ′ ′
3 )/4, respectively. Finally, the LBW cross

section, with positron emission angle and photon polarization resolved, is formulated as

dσ

dΩ
(θ,φ) =

1+ ξ ′
3

2

1+ ξ ′ ′
3

2
×

dσ∥

dΩ
(θ,φ)+

1− ξ ′
3

2

1− ξ ′ ′
3

2
×

dσ∥

dΩ
(θ,φ+π/2)

+

[
1+ ξ ′

3

2

1− ξ ′ ′
3

2
+

1− ξ ′
3

2

1+ ξ ′ ′
3

2

]
× dσ⊥

dΩ
(θ,φ) . (11)

Similarly, the photon-polarization-resolved total LBW cross section is written as

σ =

(
1+ ξ ′

3

2

1+ ξ ′ ′
3

2
+

1− ξ ′
3

2

1− ξ ′ ′
3

2

)
×σ∥ +

(
1+ ξ ′

3

2

1− ξ ′ ′
3

2
+

1− ξ ′
3

2

1+ ξ ′ ′
3

2

)
×σ⊥

=
π r2e
2

[
4ΘC−2 + 4ΘC−4 − (2+ ξ ′

3ξ
′ ′
3 )ΘC−6 − 2SC−3 − (2+ ξ ′

3ξ
′ ′
3 )SC−5

]
. (12)

Using the two basic mathematical identities C2 − S2 = 1 andΘ= ln
(
C+

√
C2 − 1

)
, the

photon-polarization-averaged total LBW cross section σ can be expressed into a commonly used form [40]:

σ =
π r2e
2

(
1− ν2

)[
2ν3 − 4ν+

(
3− ν4

)
ln

(
1+ ν

1− ν

)]
, (13)

where ν =
√
1− 1/C2.

Figure 3 shows the total LBW cross sections, calculated using equation (12), for parallel, perpendicular,
and unpolarized photon polarizations. Parallel polarization results in a reduced cross section compared to
the unpolarized case at the same CM photon energy C. In contrast, perpendicular polarization increases the
cross section. For both parallel and perpendicular polarizations, the modulus of relative variation between
the polarized and unpolarized results,∆σ = (σ−σ)/σ, decreases from 100% at C→ 1 to 0 as C≫ 1.
Therefore, the polarization effect on LBW pair production is most pronounced by relatively low-energy
photons.

The normalized CM photon energy C must be greater than 1 for LBW pair production. In the laboratory
frame, this implies that the product of two photon energies ε1ε2 must be greater than 2m2

e c
4/(1− cosθ12),

where θ12 is the intersecting angle between two photons. Given that the energy of a laser photon is only about
1 eV, the threshold energy required for the other photon is about 1 TeV. However, the maximum energy of
emitted γ photons in laser-plasma interactions typically reaches only the sub-GeV level. Therefore, laser
photons cannot produce e± pairs by colliding with γ photons via the LBW process. Two involved photons are
both the emitted γ photons.

5
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Figure 4. The comparison of LBW cross sections between theories and simulations, with the positron emission angle resolved, for
parallel ((a)–(c)) and perpendicular ((d)–(f)) photon polarizations.

2.3. PIC implementation
The photon-polarization-resolved nonlinear Compton scattering has been implemented into the YUNIC PIC
code [41] in our previous works [31, 42]. Here, we introduce how to implement
photon-polarization-resolved LBW pair production into the 1D/2D PIC code using the Monte-Carlo
sampling based on equation (11).

For the linearly polarized laser field in the 1D setup or the 2D setup with the p-polarized laser incidence,
the motion of electrons and γ photons is confined to the laser polarization plane. Therefore, the polarization
ξ3 of emitted γ photons calculated via equation (6) can be directly inserted into equation (11) without the
need for additional transformation, according to section 2.2. Specifically, three uniform random numbers
U1, U2 and U3 between 0 and 1 are required to determine if an e± pair is generated after the collision of γ
photons and its possible angular distribution. The polar and azimuthal angles of the generated positron are
sampled by θ = U1 ×π and φ = U2 × 2π. If the pair production probability
PLBW = π× 2π×FmultNratioMax(w1,w2)

dσ
dΩ (θ,φ)

(1− cosθ12)c∆t/∆V is greater than U3, then an e± pair with the weight of Min(w1,w2)/Fmult is created;
otherwise, pair production is rejected. Here, w1,2 denotes the weight of two colliding γ photons,∆t the PIC
time step,∆V the PIC cell volume, Nratio is to compensate for not making all possible pairings for efficiency,
and Fmult is the multiplication factor that actually does not affect the positron yield. The pairwise collision of
γ photons with different weights was detailed in [26], including the functional roles of two factors Nratio and
Fmult [43].

We benchmark our photon-polarization-resolved LBW algorithm through simulating the collision
between two linearly polarized γ photon beams using the 1D version of the YUNIC code. The simulation is
performed in a 10µm domain discretized into 320 uniform grid cells. Periodic boundary conditions are
applied for both fields and particles. Two monoenergetic γ photon beams, each with an uniform density of
1.1× 1024 cm−3 and an energy of 1.3MeV, collide head-on. Figures 4(a)–(f) show the angular number
distribution of generated positrons for parallel and perpendicular photon polarizations. Quantitative
comparison reveals that our simulation results demonstrate excellent agreement with theoretical predictions
for both polarization types.

3. Simulation parameters and results

3.1. Simulation setup
To investigate the effect of γ photon polarization on LBW pair production in the laser-plasma interaction, we
perform PIC simulations using the 2D version of the YUNIC code. We model a thick, fully ionized solid carbon
target, with the target’s front positioned at x= 10µm and its rear extending to the right boundary of the
simulation domain. The electron density of the bulk plasma is set to 200nc, where nc =meω

2
0/4π e

2 is the
critical plasma density and ω0 is the laser angular frequency. To account for laser prepulses in real

6
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Figure 5. PIC simulation results for three laser intensities at the end of the interaction (t= 24T0 for a0 = 100 (a), (d), (g),
t= 26T0 for a0 = 200 (b), (e), (h), and t= 28T0 for a0 = 300 (c), (f), (i)). (a)–(i) Snapshots of the laser electric field Ey, together
with the electron density ne ((a)–(c)), γ photon density nγ with the photon energy greater than 0.1mec2 ((d)–(f)), and positron
density n+ (positron motion is ignored) ((g)–(i)), where γ photon polarization is included. The inserts in (d)–(i) show the
corresponding angular number distribution in the x–y plane. (j) The average γ photon polarization ξ3 as a function of the photon
energy εγ . The normalized number distribution of annihilated γ photons as a function of the polarization product ξ ′

3 ξ
′ ′
3 and

CM photon energy C is displayed in (k) and (l), respectively.

experiments, a low-density preplasma with an exponential scale length of L0 = 1µm is assumed at the
target’s front. A laser pulse, linearly polarized along the y direction, is normally incident from the left
boundary onto the target. The laser has a central wavelength of λ0 = 1µm, a normalized amplitude
a0 = eE0/mecω0 = 100–300, a FWHM duration of 5T0 (T0 = λ0/c≈ 3.3 fs), and a waist radius of 3λ0. The
simulation domain in the x–y plane is set to Lx × Ly = 15µm× 15µm, with a resolution of 480× 480 cells.
The number of ions per cell is fixed at 36, while the number of electrons per cell depends on the laser
intensity: 400 for a0 = 100, 225 for a0 = 200, and 100 for a0 = 300. The increased number of electrons per cell
at lower laser intensities is aimed at improving the statistical accuracy of generated LBW pairs. Absorbing
boundaries are applied for both fields and particles in each direction. Only photons with energy exceeding
0.1mec2 are saved in our simulations. Based on our recent work [26] using similar parameters, the LBW
process dominates over the NBW process for normalized laser amplitudes a0 < 400–500 as the NBW process
is exponentially suppressed in the weak field. Thus, only the LBW process is discussed here.

3.2. Simulation results
Figures 5(a)–(i) display snapshots of the laser electric field, electron density, γ photon density and positron
density at the end of the interaction for three different laser intensities. The positron density as shown in
figures 5(g)–(i), less than 0.01nc for a0 < 300, is much lower than the target plasma density, indicating that
the feedback from generated e± pairs on laser-plasma dynamics can be neglected. Since we focus on the

7
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Figure 6. The positron number distributions as a function of the positron energy ε+ (a), polar angle of positron emission θ+
relative to the+x axis (b), and azimuthal angle of positron emission φ+ measured counterclockwise from the+y axis with
respect to+x axis (c) for the polarized (solid) and unpolarized (dashed) cases, and their relative variations (dashed-dotted).

influence of γ photon polarization on LBW pair production, the subsequent motion of positrons after their
creation is not considered. The corresponding angular number distribution of γ photons is shown in the
insets of figures 5(d)–(f). Overall, γ photon emission in the laser-solid interaction is somewhat isotropic
within the laser polarization plane. While this isotropy is unfavorable for the application of γ photons, it is
highly beneficial for the LBW process, in which γ photon collisions are essential. More specifically, γ photon
emission shifts from being predominantly backward-directed to forward-directed as the laser intensity
increases from a0 = 100 to 300. Similarly, the angular distribution of positron emission mirrors that of γ
photons, as shown in the insets of figures 5(g)–(i).

Figure 5(j) illustrates that emitted γ photons are highly linearly polarized. The average γ photon
polarization ξ3 > 0 indicates that linear polarization of emitted γ photons is predominantly parallel to the
laser polarization plane. As the γ photon energy increases, ξ3 initially increases, reaching a peak of
approximately 0.8, 0.75, and 0.72 for laser intensities a0 = 100, 200, and 300, respectively. As the laser
intensity increases, γ photon polarization decreases across the entire energy range, consistent with figure 1.
The high polarization of emitted γ photons results in the polarization product ξ ′

3ξ
′ ′
3 > 0 for LBW pair

production, as both ξ ′
3 > 0 and ξ ′ ′

3 > 0 for two colliding γ photons. The normalized number distribution of
annihilated γ photons as a function of the polarization product is shown in figure 5(k). The polarization
product associated with the highest number of annihilated γ photons is approximately 0.45, 0.4, and 0.38 for
a0 = 100, 200, and 300, respectively. Another important parameter for assessing the impact of γ photon
polarization is the CM photon energy. The CM energy of annihilated γ photons is primarily concentrated in
the low-energy range, peaking at around C= 1.3 for all three laser intensities, as shown in figure 5(l). This is
consistent with figure 3, which shows the LBW cross section is maximized at around C= 1.3.

The positive polarization product and low CM photon energy suggest that γ photon polarization will
have a suppression impact on LBW pair production, according to figure 3. When γ photon polarization is
taken into account, our PIC simulation results indicate that the total LBW positron yield is reduced by
approximately 5%–10% compared to the unpolarized case. To reduce the uncertainty introduced by the
Monte-Carlo method, the same random number seed is used in both the polarized and unpolarized
simulations to ensure that the emitted γ photons and pairwise collisions are identical. With the increase of
laser intensities, the modulus of relative variation in the total positron yield between the polarized and
unpolarized cases, |∆N+|, decreases from 9.7% at a0 = 100 to 6.5% at a0 = 300, with∆N+ defined as

(Npol
+ −Nunpol

+ )/Nunpol
+ . There are two main reasons for this decrease: (i) the photon polarization product

decreases (figure 5(k)); (ii) the CM photon energy increases (figure 5(l)). According to theoretical
predictions shown in figure 3, both the increase of the CM photon energy and the decrease of the
polarization product reduce the influence of γ photon polarization on the LBW cross section, which is
consequently reflected in∆N+.

The suppression of positron production by γ photon polarization also depends on the positron energy
and the positron emission direction. Figure 6(a) illustrates that the positron energy at the creation time is
relatively low, as low-energy γ photons dominate in nonlinear Compton scattering. In agreement with
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Figure 7. The relative variations in the total positron number between the polarized and unpolarized cases,∆N+, as a function of
the laser intensity for different preplasma scale lengths at the normal laser incidence (a) and as a function of the laser incidence
angle for a0 = 200 and L0 = 1.0 µm (b).

figure 3, the impact of γ photon polarization on low-energy positrons is generally more significant than on
high-energy positrons, i.e. |∆(dN+/dε+)| decreases as the positron energy increases. The influence of γ
photon polarization on the positron number is most pronounced at θ+ = π/2 and φ+ = π±π/2, as shown
in figures 6(b) and (c). This indicates that γ photon polarization primarily affects positron emission in
directions outside the laser polarization plane, while its effect within the laser polarization plane is relatively
weak. This behavior can be explained by the theoretical LBW cross sections shown in figures 3(a) and (b)
that positrons are predominantly emitted along the γ photon polarization direction for parallel γ photon
polarization, which is parallel to the laser polarization plane. Therefore, the number of positrons emitted
perpendicular to the laser polarization is significantly lower compared to the unpolarized case.

Figure 7(a) illustrates the suppression of the total positron yield by γ photon polarization for various
laser intensities and preplasma scale lengths at the normal laser incidence. As the normalized laser amplitude
a0 increases, the modulus of relative suppression |∆N+| decreases across all preplasma scale lengths. For the
shortest scale length (L0 = 0.5 µm), |∆N+| falls from about 0.11 at a0 = 100 to roughly 0.07 at a0 = 300. For
the intermediate and long scale lengths (L0 = 1.0 µm and 2.0 µm), the suppression decreases from
approximately 0.095 and 0.09 at a0 = 100 to about 0.065 and 0.058 at a0 = 300, respectively. This trend
indicates that shorter preplasma scale lengths amplify the polarization-induced reduction in positron
production. We have also examined the case of the p-polarized laser under the oblique incidence. The results
shown in figure 7(b) indicate that for the incidence angle up to 20 degree, there is no significant difference
compared to the normal incidence.

Finally, we would like to add three points. First, although our comparison shows that γ photon
polarization reduces the LBW positron yield, this does not imply that the γ photon polarization effect can be
directly verified in experiments. It is impossible to ‘turn off ’ γ photon polarization in corresponding
laser-solid experiments. Therefore, to experimentally verify the influence of γ photon polarization on the
LBW process, a carefully designed experimental setup is required. Since the polarization of emitted γ
photons depends on the polarization of the laser, at least two laser pulses may be required. By varying the
relative polarization between the two laser pulses, one could control the polarization of the colliding γ
photons. How to ensure that the γ photon density for the collision is not affected by the laser polarization
may be a challenge. Second, the angle-dependent impact of γ photon polarization on positron production is
observed at the moment of their creation. Once the subsequent influence of laser fields is considered,
positrons will acquire significant momentum parallel to the laser polarization plane via laser acceleration
[27], which will substantially disrupt this angular dependence. Therefore, in future laser-plasma experiments
aimed at verifying the angle-dependent γ photon polarization effect on the LBW process, it will be crucial to
minimize the influence of laser fields on generated positrons. Third, although we used 2D simulations, the γ
photon energy spectrum in the 3D case agrees well with the 2D results when the laser waist radius exceeds 3
µm. Moreover, the γ photon emission remains well confined within the laser polarization plane. Therefore,
our 2D results can reliably reflect the essential features of the realistic three-dimensional scenario.

4. Conclusion

We have investigated the impact of γ photon polarization on LBW pair production during the interaction of
a linearly polarized laser with solid-density plasmas. The γ photons emitted via nonlinear Compton
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scattering are predominantly linearly polarized parallel to the laser polarization plane, with a polarization
degree exceeding 50%. During the collision of such polarized γ photons, parallel γ photon polarization
dominates, resulting in a reduced LBW cross section relative to the unpolarized case. Our 2D PIC simulations
reveal that γ photon polarization reduces the total LBW positron yield by 5%–10%. Additionally, increasing
laser intensities reduces the suppression effect of γ photon polarization. Although we focus on the
interaction between a laser and a solid-density plasma, the findings have implications for other laser-plasma
systems as γ photons emitted through nonlinear Compton scattering are intrinsically linearly polarized.

Remarkably, when these results are combined with our previous investigations on NBW pair production
[31, 42], it becomes clear that γ photon polarization suppresses both LBW and NBW processes by a similar
extent (approximately 5%–10%) in linearly polarized laser-driven plasmas. Moreover, in both processes, the
γ photon polarization effect weakens as the laser intensity increases.
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