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We investigate the optimization of the photon polarization to increase the yield of the Breit-Wheeler pair
production in arbitrarily polarized plane wave backgrounds. We show that the optimized photon
polarization can improve the positron yield by more than 20% compared to the unpolarized case, in
the intensity regime of current laser-particle experiments. The seed photon’s optimal polarization is the
result of the polarization coupling with the polarization of the laser pulse. The compact expressions of the
coupling coefficients in both the perturbative and nonperturbative regimes are given. Because of the evident
difference in the coupling coefficients for the linear- and circular-polarization components, the seed
photon’s optimal polarization state in an elliptically polarized laser background deviates considerably from
the orthogonal state of the laser polarization.
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I. INTRODUCTION

The production of an electron-positron pair in the
collision of two high-energy photons, now referred to as
the linear Breit-Wheeler process (LBW), was first proposed
in the 1930s [1]. The production yield depends not only on
the photons’ dynamical parameters, but also on the relative
polarization of the two photons [1–3].
With the improvement of the laser intensity, the decay of

a single high-energy photon into an electron-positron pair
in the collision with an intense laser pulse, which is often
referred to as the nonlinear Breit-Wheeler (NBW) pair
production [4–7], has been measured in the multiphoton
perturbative regime via the landmark E144 experiment
more than two decades ago [8,9] and has been broadly
studied within different types of laser fields [10–23]. The
dependence of the NBW process on the polarization state of
the seed photon has also been partially investigated in the
current literature [24–33], in which the laser backgrounds
are commonly specified with the pure linear and/or circular
polarization, and the production yield could be consider-
ably improved/suppressed when the polarization of the
seed photon is set to be orthogonal/parallel to that of the
background field [30–33]. However, in an arbitrarily
polarized laser background, how to assign the photon

polarization to acquire the maximal production yield has
not been clearly investigated.
In the LBW process, the polarization dependence of the

production is the result of the polarization coupling
between the two high-energy photons [1–3]. However,
how the polarization of the seed photon couples with that of
the laser pulse (or multiple laser photons) in the NBW
process is still not clear. In this paper, we concentrate on the
properties of the polarization coupling between the seed
photon and the laser pulse and reveal the optimal polari-
zation of the seed photon for the maximal yield of the NBW
process in arbitrarily polarized laser backgrounds. We find
that the linear- and circular-polarization components of the
seed photon couple with the corresponding components of
the laser polarization with quite different coefficients, and
thus in an elliptically polarized laser pulse, the optimal
polarization state of the seed photon deviates considerably
from the orthogonal state of the laser polarization.
The study of the optimal photon polarization for the

maximal production yield is partly motivated by the
upcoming high-energy laser-particle experiments, i.e.,
LUXE at DESY [34–37] and E320 at SLAC [38–41] in
which beams of photons with energy Oð10 GeVÞ are
generated to collide with laser pulses with intermediate
intensity ξ ∼Oð1Þ, and one of their main goals is to detect
the NBW process in the transition regime from the
perturbative to the nonperturbative regime [36,37], where
ξ is the classical nonlinearity parameter for laser intensity.
In this planned intensity regime, the production yield could
be enhanced/suppressed considerably by the photon polari-
zation effect [30,33], and by measuring the production
yield from differently polarized photons, the polarization
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coupling effect may also be detectable in these upcoming
experiments.
The paper is organized as follows. The theoretical model

and relevant parameters are introduced in Sec. II. In
Sec. III, we first explore the perturbative intensity regime
and discuss the photon polarization coupling in the LBW
process, and then, we go to the nonperturbative intensity
regime to discuss the polarization coupling between the
seed photon and the laser pulse in the NBW process in
Sec. IV. At the end, we conclude in Sec. V. In the following
discussions, the natural units ℏ ¼ c ¼ 1 is used, and the
fine structure constant is α ¼ e2 ≈ 1=137.

II. THEORETICAL MODEL

We consider the typical scenario in the modern-day
laser-particle experiments in which a beam of high-energy
photons interacts with an intense laser pulse in the
geometry close to the head-on collision. The laser pulse
is modeled as a plane wave with scaled vector potential
aμðϕÞ ¼ jejAμðϕÞ depending only on the laser phase
ϕ ¼ k · x, where kμ ¼ ωð1; 0; 0;−1Þ is the laser wave
vector, ω is the central frequency of the laser pulse, and
jej is the charge of the positron. This plane wave back-
ground is a good approximation for the collision between a
high-energy particle and a weakly focused pulse [10,42–
45]. The collision is characterized by the energy parameter
η ¼ k · l=m2 and laser intensity parameter ξ, where lμ is
the photon momentum and m is the electron rest mass.
The total yield of the NBW pair production from a

polarized seed photon can be acquired via the standard
S-matrix approach [33] or by taking the imaginary part of
the polarization operator [46], and can be given as

P ¼ α

ð2πηÞ2
Z

ds
ts

Z
d2r

ZZ
dϕ1dϕ2 e

i
R

ϕ1
ϕ2

dϕ0l·πqðϕ0Þ
m2ηt

× fhsΔ2=2þ 1 − ihsΓ3wðϕ1Þ × wðϕ2Þ
− Γ1½wxðϕ1Þwxðϕ2Þ − wyðϕ1Þwyðϕ2Þ�
− Γ2½wxðϕ1Þwyðϕ2Þ þ wyðϕ1Þwxðϕ2Þ�g; ð1Þ

where Δ ¼ i½a⊥ðϕ1Þ − a⊥ðϕ2Þ�=m, hs ¼ ðs2 þ t2Þ=ð2stÞ,
wðϕÞ ¼ r − a⊥ðϕÞ=m, and wðϕ1Þ × wðϕ2Þ ¼ wxðϕ1Þ×
wyðϕ2Þ − wyðϕ1Þwxðϕ2Þ, s ¼ k · q=k · l (t ¼ 1 − s) is the
fraction of the light front momentum taken by the produced
position (electron), and r ¼ ðq⊥ − sl⊥Þ=m denotes the
transverse momenta of the positron, and πqðϕÞ is the
positron’s instantaneous momentum in the laser pulse:

πμqðϕÞ ¼ qμ − aμðϕÞ þ q · aðϕÞ
k · q

kμ −
a2ðϕÞ
2k · q

kμ:

The polarization of the seed photon is comprehensively
described with the classical Stokes parameters ðΓ1;Γ2;Γ3Þ
[47,48]: Γ1 (Γ2) is the degree of linear polarization

indicating the preponderance of the polarization in the εx
state (ε45° state) over that in the εy state (ε135° state), and Γ3

is the degree of circular polarization giving the prepon-
derance of the polarization in the εþ state over that in the ε−
state. The polarization bases are given as

εμx ¼ ϵμx −
l · ϵx
k · l

kμ; εμy ¼ ϵμy −
l · ϵy
k · l

kμ;

εμψ ¼ ϵμψ −
l · ϵψ
k · l

kμ; εμ� ¼ ϵμ� −
l · ϵ�
k · l

kμ;

where ϵμx ¼ ð0;1;0;0Þ, ϵμy¼ð0;0;1;0Þ and ϵψ ¼ ϵx cos ψ þ
ϵy sin ψ , ϵ� ¼ ðϵx � iϵyÞ=

ffiffiffi
2

p
. For fully polarized photon

beams, the Stokes parameters satisfy Γ2
1 þ Γ2

2 þ Γ2
3 ¼ 1 and

for partially polarized photon beams, Γ2
1 þ Γ2

2 þ Γ2
3 < 1.

The full definition of the photon Stokes parameters
ðΓ1;Γ2;Γ3Þ can be found in Ref. [33].
Based on (1), the total yield of the NBW process can be

expressed in form as

P ¼ n0 þ Γ1n1 þ Γ2n2 þ Γ3n3; ð2Þ
where n0 is the unpolarized contribution independent on
the photon polarization ðΓ1;2;3 ¼ 0Þ [22,23], and n1;2;3
denote the contributions coupling to the polarization of
the seed photon. As one can simply infer, to maximize the
production yield

Pm ¼ n0 þ np; ð3Þ
the photon polarization should be selected as

ðΓ1;Γ2;Γ3Þ ¼ ðn1; n2; n3Þ=ðn21 þ n22 þ n23Þ1=2; ð4Þ
which prompts the existence of the optimal photon polari-
zation for the specified laser pulse and collision parameter η
to achieve the maximal production yield, where np ¼
ðn21 þ n22 þ n23Þ1=2 is the maximal contribution from the
photon polarization. If one reverses the optimal polarization
of the seed photon, i.e., Γ1;2;3 → −Γ1;2;3, the pair produc-
tion would be largely suppressed.

III. LINEAR BREIT-WHEELER PROCESS

One may realize that the polarization contribution Γini in
(2) comes from the polarization coupling between the seed
and laser photons, and thus the optimal photon polarization
(4) depends on the polarization of the laser photons. To
manifest this polarization coupling effect, we resort to the
perturbative approximation of (1), which is often referred to
as the LBW process, by expanding the integrand in (1),
keeping only the Oðξ2Þ terms and integrating over s,

Pl ¼ πα2ƛ2e
2

Z þ∞

ν�
dνDðνÞ

× fΞþ κcΓ3ς3ðνÞ þ κl½Γ1ς1ðνÞ þ Γ2ς2ðνÞ�g; ð5Þ
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where ν� ¼ 2=η is the frequency threshold of the laser
photon required to trigger the pair production, DðνÞ ¼
νjãðνÞj2=ð4π2αƛ2em2Þ is the (areal) number density of
the laser photon with the frequency νω, ƛe ¼ 1=m ¼
386.16 fm is the electron’s reduced Compton wavelength
ãðνÞ ¼ R

dϕ½axðϕÞ; ayðϕÞ� expðivϕÞ, and

ς1ðνÞ ¼
jãxðνÞj2 − jãyðνÞj2

jãðνÞj2 ;

ς2ðνÞ ¼
ã�xðνÞãyðνÞ þ ãxðνÞã�yðνÞ

jãðνÞj2 ;

ς3ðνÞ ¼ i
ãxðνÞã�yðνÞ − ã�xðνÞãyðνÞ

jãðνÞj2 ð6Þ

are the classical Stokes parameters of the laser photon νω
[48] satisfying ς21ðνÞ þ ς22ðνÞ þ ς23ðνÞ ¼ 1 as the laser
photon stays in the coherent polarization state. Similar
as the seed photon, ς1;2;3ðνÞ characterize the polarization
property of the laser photon: ς1ðνÞ [ς2ðνÞ] describes the
preponderance of the ϵx (ϵ45°)-linear polarization over the
ϵy (ϵ135°)-linear polarization, and ς3ðνÞ denotes the pre-
ponderance of the ϵþ-circular polarization over the ϵ−-
circular polarization. The parameter

Ξ ¼ ð1 − β2Þ
�
ð3 − β4Þ ln

�
1þ β

1 − β

�
− 2βð2 − β2Þ

�
ð7Þ

is the contribution from the unpolarized photon [49,50],
and

κc ¼ 2ð1 − β2Þ
�
ln

�
1þ β

1 − β

�
− 3β

�
; ð8Þ

κl ¼ −
ð1 − β2Þ3

2

�
ln

�
1þ β

1 − β

�
þ 2β

1 − β2

�
ð9Þ

are, respectively, the circular- and linear-polarization
coupling coefficients, and indicate the amplitude of the
contributions from two kinds of polarization couplings
between the seed and laser photon, where β ¼ ð1 − ν�=νÞ1=2
is actually the normalized velocity of the produced par-
ticles in the center-of-mass frame. Equation (5) is actually the
integral of theLBWcross sectionover the energydistribution
DðνÞ of the laser photons.
In (5), we can clearly see the contributions from the

polarization coupling between the seed and laser photon to
the LBW cross section. To maximize the polarization
contribution, the polarization of the seed photon is opti-
mized, based on the polarization of the laser photon as

½Γ1ðνÞ;Γ2ðνÞ;Γ3ðνÞ� ¼
κ̂l½ς1ðνÞ; ς2ðνÞ; σlς3ðνÞ�

½ς21ðνÞ þ ς22ðνÞ þ σ2l ς
2
3ðνÞ�1=2

ð10Þ

where κ̂l is the sign of κl, and σl ¼ κc=κl implies the
nontrivial dependence of the optimal polarization on the
energy of the laser photon in the LBW process. As we can
also see in (5), the two sets of linear polarizations have
the identical coupling coefficient κl, because of the
symmetry by rotating the linear-polarization axis 45°.
This identity results in the orthogonality between the
linear-polarization components of the seed and laser photon
as ½Γ1ðνÞ;Γ2ðνÞ� ∼ −½ς1ðνÞ; ς2ðνÞ� as shown in (10) where
κ̂l ¼ −1 is obtained in Fig. 1.
In Fig. 1, the unpolarized contribution Ξ and the

polarization coupling coefficients κl;c are presented with
the change of the parameter β. As shown, the polarization
contributions are indeed appreciable compared with the
unpolarized contribution, especially in the low-energy
region β < 0.2, where Ξ ≈ −κc ≈ −κl and the energy of
the laser photon is close to the frequency threshold ν → ν�.
With the proper photon polarization, the production could
be doubled if Γ · ςðνÞ → −1 or completely suppressed if
Γ · ςðνÞ → 1. Similar to the variation of the unpolarized
contribution Ξ with β ∈ ð0; 1Þ [50], the amplitudes of the
coupling coefficients κc;l increase from zero at β ¼ 0 to the
maximum at around β ≈ 0.45 and then fall off again to zero
at β ¼ 1. In the region of β < 0.4, the two kinds of
polarizations have the same coupling coefficient, κc ≈ κl.
This means that, to acquire the maximal polarization
contribution, the seed photon should be fully polarized
in the state orthogonal to that of the laser photon, i.e.,
ðΓ1;Γ2;Γ3Þ ¼ −½ς1ðνÞ; ς2ðνÞ; σς3ðνÞ� with σl ≈ 1 in (10).
However, in the higher-energy region with β > 0.4, the
difference between κc and κl becomes considerable, which
implies that the highest production yield is acquired from
the seed photon polarized in the state deviating from the
orthogonal state of the laser photon. Especially in the
extremely high-energy region with β > 0.95 in which κl is
close to zero and κc becomes positive and dominates the
polarization contribution, the highest yield appears when
the seed and laser photon have the pure circular polarization
parallel to each other.
We now know that the polarization coupling between

the two photons in the LBW process could contribute

0 0.2 0.4 0.6 0.8 1

-0.5

0

0.5

1

FIG. 1. Comparison between the polarization contributions κc;l
and the unpolarized contribution Ξ with the change of the
parameter β in the linear Breit-Wheeler process. β is defined
in the text and can be simply understood as the normalized
velocity of the produced particles in the center-of-mass frame.
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considerably to the production yield and the polarization
contributions n1;2;3 in (2) are proportional to the Stokes
parameters of the laser photon as n1;2 ∼DðνÞκlς1;2ðνÞ and
n3 ∼DðνÞκcς3ðνÞ with the coupling coefficients κl;c
depending only on the dynamic parameter β in the
perturbative regime ξ ≪ 1. While in the upcoming laser-
particle experiments [34,39], the laser intensity has
increased to the magnitude of ξ ∼Oð1Þ, in which the
Breit-Wheeler pair production is in the transition regime
from the perturbative to the nonperturbative regime, a high
number of laser photons would be involved to satisfy the
energy threshold in the center-of-mass frame, and the NBW
process would dominate the pair production. The polari-
zation contributions would, therefore, come from the
polarization coupling with the laser pulse, i.e., multiple
laser photons, but not with a single laser photon, and the
coupling coefficients would depend also on the laser
intensity and field ellipticity.

IV. NONLINEAR BREIT-WHEELER PROCESS

In this section, we consider the NBW process stimulated
by a high-energy photon in the collision with the laser pulse
in the intermediate intensity region ξ ∼Oð1Þ. This is the
typical setup for the upcoming laser-particle experiment in
LUXE [34,37]. To show the polarization effect clearly, we
fix the energy parameter η and adjust the relative polari-
zation of the seed photon and laser pulse.
The background laser field is expressed as

aμðθ;ϕÞ ¼ mξRef½0; axðθÞ; ayðθÞ; 0�e−iϕgfðϕÞ; ð11Þ

where Ref·g means the real part of the argument,
axðθÞ ¼ cos θ − iδ sin θ, ayðθÞ ¼ sin θ þ iδ cos θ. δ ∈
½−1; 1� characterizes not only the rotation of laser field:
δ=jδj ¼ 1 is the left-hand rotation and δ=jδj ¼ −1 is the
right-hand rotation, but also the ellipticity jδj of the laser
pulse. jδj ¼ 0, 1 corresponds, respectively, to the linearly
and circularly polarized laser background and 0 < jδj < 1
gives a laser pulse with the elliptical polarization. The
semimajor axis of the elliptical laser field is along
(cos θ; sin θ) with the deflection angle θ ∈ ½−π; π� in the
transverse plane. fðϕÞ depicts the envelope of the laser
pulse. The polarization of the laser field could also be
described with the classical Stokes parameters ðς1; ς2; ς3Þ
[48] as

ς1 ¼
jaxj2 − jayj2
jaxj2 þ jayj2

¼ 1 − δ2

1þ δ2
cos 2θ;

ς2 ¼
a�xay þ axa�y
jaxj2 þ jayj2

¼ 1 − δ2

1þ δ2
sin 2θ;

ς3 ¼ i
axa�y − a�xay
jaxj2 þ jayj2

¼ 2δ

1þ δ2
; ð12Þ

where ς21 þ ς22 þ ς23 ¼ 1. The total linear-polarization
degree of the laser pulse is given as ςl ¼ ðς21 þ ς22Þ1=2 ¼
ð1 − δ2Þ=ð1þ δ2Þ, and the laser’s circular-polarization
degree is given by ς3. The equivalence between the laser
Stokes parameters (12) and those of the laser photon (6) can
be seen when we consider a relatively long laser pulse with
the slowly varying envelope f0ðϕÞ ≈ 0 and jf̃ðνþ 1Þj ≪
jf̃ðν − 1Þj at ν ≥ 1 [23]. The frequency components of the
laser pulse can be written approximately as ãμðνÞ ≈mξ=2
½0; axðθÞ; ayðθÞ; 0�f̃ðν − 1Þ and therefore ςi ≈ ςiðνÞ with
i ¼ 1, 2, 3.

A. Numerical results

To show the importance of polarization contributions and
their dependence on the corresponding laser Stokes param-
eters, we first present the numerical results for the NBW
process stimulated by a 16.5 GeV photon in the head-on
collision with the laser pulse in the intermediate intensity
region ξ ∼Oð1Þ. The pulse envelope is given as fðϕÞ ¼
cos2½ϕ=ð4σÞ� in jϕj < 2πσ and fðϕÞ ¼ 0 otherwise, where
σ ¼ 8. The calculations have been done with the laser
central frequency ω ¼ 4.65 eV, as an example, which is
the third harmonic of the normal laser with the wavelength
λ ¼ 0.8 μm. For the detailed calculation of (1), one
can refer to the presentation in Ref. [22] and the analogous
calculation in Ref. [51] for the polarized nonlinear
Compton scattering.
In Fig. 2, we present the energy spectra of the produced

positrons in the laser backgrounds with the same intensity
ξ ¼ 1 and deflection angle θ ¼ 0 but different ellipticity
δ ¼ 1, 0.5, 0 in Figs. 2(a)–2(c) respectively. As shown, the
potential contributions coupling to the photon polarization
are indeed appreciable for the total positron yield. For the
circularly polarized laser background, δ ¼ 1 in Fig. 2(a)
with ðς1; ς2; ς3Þ ¼ ð0; 0; 1Þ, the relative importance of the
contribution n3 coupling to the circular polarization Γ3 of
the seed photon is about jn3j=n0 ≈ 22.3% compared to the
unpolarized contribution n0. The contributions n1;2 cou-
pling to the photon’s linear polarization are zero, because
the background field has no linear polarization [33]. By
increasing the linear polarization of the background field
ðς1; ς2; ς3Þ ¼ ð0.6; 0; 0.8Þ in Fig. 2(b) with the ellipticity
δ ¼ 0.5, the polarized contribution n1 becomes important
with jn1j=n0 ≈ 27.8%, while the importance of the polar-
ized contribution n3 decreases to about jn3j=n0 ≈ 14.5%.
For the laser pulse with the full linear polarization in
Fig. 2(c) with δ ¼ 0 and ðς1; ς2; ς3Þ ¼ ð1; 0; 0Þ, the polar-
ized contribution n3 becomes zero, and the relative impor-
tance of the polarized contribution n1 increases to about
jn1j=n0 ≈ 32.6%. With the decrease of the laser ellipticity,
the harmonic structure becomes more clear in the energy
spectra and appears around sn>5 ¼ f1� ½1 − ð2þ ξ2Þ=
ðnηÞ�1=2g=2 [33] when δ ¼ 0. The boundary of the
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harmonic structure is smoothed because of the finite-pulse
duration [23].
In Fig. 2, the contribution n2 is always zero with the

change of the laser ellipticity δ. This is because the laser has
no polarization preponderance along the direction of
θ ¼ π=4, i.e., ς2 ¼ 0. To see the effect of the field
deflection angle θ, we plot the variation of the polarization
contribution ni with the change of θ in Fig. 3(a) for ξ ¼ 1
and δ ¼ 0.5. As shown, the polarization contributions n1;2
vary in the trend as ðn1; n2Þ ∝ −ðcos 2θ; sin 2θÞ and n3 is
unchanged for different θ. All are in the same trend as the
variation of the corresponding laser Stokes parameters ς1;2;3
in (12). We also note that the amplitude of the linearly
polarized contribution ðn21 þ n22Þ1=2 is constant with the
change of θ shown as the green dotted lines in Fig. 3(a).
Therefore, the maximized polarization contribution np in
(3) from the optimized polarization (4) is independent of
the field’s deflection angle θ as shown in Fig. 3(b), in which
we also find that the unpolarized contribution n0 is
unchanged for different θ. This is because of the azimuthal
symmetry of the interaction geometry. We can thus con-
clude that, for laser pulses with the fixed ellipticity δ and
intensity ξ, the field’s deflection angle θ can only alter the
relative values of the linear-polarization contributions n1;2
with the constant amplitude ðn21 þ n22Þ1=2, but not change

the circularly polarized (n3) and unpolarized (n0) contri-
butions. To show the correlation between the polarization
contribution ni and the corresponding laser Stokes para-
meter ςi, we fit the numerical results in Fig. 3(a) respec-
tively as n1; n1ðθ ¼ 0Þ=ς1ðθ ¼ 0Þς1; n2; n2ðθ ¼ π=4Þ=
ς2ðθ ¼ π=4Þς2; n3; n3ðθ ¼ 0Þ=ς3ðθ ¼ 0Þς3, and find the
precise agreement between the numerical results and data
fitting.
In Fig. 4, we show the variation of the different con-

tributions to the positron yield with the change of the
laser ellipticity δ for the fixed deflection angle θ ¼ π=9
and laser power density I ¼ 1, corresponding to 3.84×
1019 W=cm2. As shown in Fig. 4(a), both the unpolarized
contribution n0 and the maximized polarization con-
tribution np from the optimal polarization (4) [shown in
Fig. 5(b)] decrease with the increase of the laser ellipticity δ
from 0 to 1. This is because of the decrease of the field
intensity ξ ¼ ½2I=ð1þ δ2Þ�1=2. Simultaneously, the relative
importance, np=n0, of the maximized polarization contri-
bution decreases from about 31.6% at δ ¼ 0 for a linearly
polarized laser pulse to about 22.3% at δ ¼ 1 for the laser
pulse with pure circular polarization. For comparison, we
also plot the importance of the polarization contribution
n0p ¼ −ðς1n1 þ ς2n2 þ ς3n3Þ from the orthogonal state of
the laser polarization, which is clearly smaller than that of

FIG. 3. Different contributions to the positron yield of the NBW
process in the elliptically polarized laser pulse with δ ¼ 0.5
and the deflection angle θ ∈ ½0; π�. (a) The variation of the
polarization contributions n1;2;3 with the change of the field
deflection angle. The full QED results (“cycle,” “plus,” and
“square”) are fitted with the corresponding laser Stokes para-
meters as c1;2;3ς1;2;3, where c1 ¼ n1ðθ ¼ 0Þ=ς1ðθ ¼ 0Þ, c2 ¼
n2ðθ ¼ π=4Þ=ς2ðθ ¼ π=4Þ, and c3 ¼ n3ðθ¼ 0Þ=ς3ðθ¼ 0Þ. The
green dotted lines denote the amplitude of the linear-polarization
contributions, i.e., �ðn21 þ n22Þ1=2. (b) The unpolarized contribu-
tion n0 and the maximized polarization contribution np in (3)
from the seed photon with the optimal polarization in (4). The
other parameters are the same as in Fig. 2.
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FIG. 2. The energy spectra of the produced positrons via the
NBW process in the head-on collision between a polarized
photon and the laser pulse with different ellipticity: (a) δ ¼ 1
circular polarization, (b) δ ¼ 0.5 elliptical polarization, and
(c) δ ¼ 0 linear polarization. The polarized contributions n1;2;3
coupling to the photon polarizations Γ1;2;3, are compared with the
unpolarized contribution n0. The energy of the seed photon is
16.5 GeV. The laser pulse has the intensity ξ ¼ 1, central
frequency ω ¼ 4.65 eV, and the deflection angle θ ¼ 0.
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the optimal polarization state especially for the elliptically
polarized laser with δ ≈ 0.5. In Fig. 4(b), we see that the
amplitudes of the linear-polarization contributions n1;2
decrease with the increase of δ, while the amplitude of
the contribution from the circular polarization n3 increases.
These variations are again in the same trend as the laser
Stokes parameters in (12). The difference between the two
linear-polarization contributions can be depicted as n1=n2≈
tan 2θ¼ ς1=ς2. The numerical results in Fig. 4(b) are
respectively fitted as n1;2; n1;2ðδ ¼ 0Þ=ς1;2ðδ ¼ 0Þς1;2 and
n3; n3ðδ ¼ 1Þ=ς3ðδ ¼ 1Þς3, and again, we see the agree-
ment between the numerical results and data fitting. The
slight difference around δ ≈ 0.4 implies the dependence of
the polarization coupling between the seed photon and laser
pulse on the laser ellipticity, as we will see later.
In this section, we investigate the NBW process in the

laser pulse with the ellipticity δ ∈ ½0; 1� and deflection
angle θ ∈ ½0; π�. For the laser pulse with the ellipticity
δ ∈ ½−1; 0�, the laser field would rotate in the opposite
direction of the laser with the ellipticity −δ (see the
expression for ς3). The calculations would be consistent
with the above results, except that the polarized

contribution n3 would change sign, but keep the same
amplitude. For the laser pulse with the deflection angle
θ ∈ ½−π; 0�, all the above results would also be the same
except that the polarized contribution n2 would change sign
because of the odd property of ς2. All the calculations have
to be done for a relatively long laser pulse, and for an
ultrashort laser pulse, the conclusion would be different as
its polarization property could deviate largely from the
description of the classical Stokes parameters in Eq. (12).

B. Analytical results in a monochromatic field

To interpret the properties of the polarization coupling
between the seed photon and the laser pulse in the NBW
process, we resort to the analytical result in an elliptically
polarized monochromatic field with fðϕÞ ¼ 1 in (11),
which could work as a good reference for the finite-pulse
results discussed above with the slowly varying envelope
f0ðϕÞ ≈ 0 [52]. After integrating the transverse momenta in
(1), we can acquire the polarization contributions as

ðn1; n2; n3Þ ¼ αIðκnl ς1; κnl ς2; κnc ς3Þ ð13Þ

where

κnl ¼
1

πη
T̂ sin

�
ϑΛ
2ηts

�
gðϑ;φÞ; ð14aÞ

κnc ¼
1

πη
T̂ cos

�
ϑΛ
2ηts

�
hs

�
sinc2

ϑ

2
− sincϑ

�
ϑ ð14bÞ

are the coupling coefficients between the polarization of the
seed photon and that of the laser pulse in the NBW process,
and

gðϑ;φÞ ¼ cos ϑþ sinc2
ϑ

2
− 2sinc ϑ

þ 1

ςl

�
1þ sinc2

ϑ

2
− 2sincϑ

�
cos 2φ:

Λ is the Kibble mass and expressed as [53]

Λ ¼ 1þ I − Isinc2
ϑ

2
− Iςl cos 2φ

�
sinc2

ϑ

2
− sincϑ

�

depending on the laser power density I ¼ ξ2ð1þ δ2Þ=2 and
its linear-polarization degree ςl. T̂ is the integral operator
given as

T̂ ¼
Z

1

0

ds
Z

∞

−∞
dφ

Z
∞

0

dϑ
ϑ
;

with the average phase φ ¼ ðϕ1 þ ϕ2Þ=2 and the interfer-
ence phase ϑ ¼ ϕ1 − ϕ2 [54–56].
As we can see, in the NBW process, the polarization

contribution ni is proportional directly to the corresponding

FIG. 4. Different contributions to the positron yield of the
NBW process in the laser pulse with different ellipticity δ ∈ ½0; 1�,
but with the fixed laser power density I ¼ ξ2ð1þ δ2Þ=2 ¼ 1 and
deflection angle θ ¼ π=9. (a) The unpolarized contribution n0
and the maximized polarization contribution np from the seed
photon with the optimal polarization in (4). The relative im-
portance np=n0 of the maximal polarization contribution np
is also plotted and compared with that of the polarization
contribution n0p ¼ −ðς1n1 þ ς2n2 þ ς3n3Þ from the photon state
orthogonal to the laser polarization. (b) The variation of the
polarization contributions n1;2;3 with the change of the laser
ellipticity. The full QED results (cycle, plus, and square) are fitted
with the corresponding laser Stokes parameters as c1;2;3ς1;2;3,
where c1;2¼n1;2ðδ¼0Þ=ς1;2ðδ¼0Þ and c3¼n3ðδ¼1Þ=ς3ðδ¼1Þ.
The laser power density I ¼ 1 corresponds to the real power
density I ≈ 3.84 × 1019 Wcm−2. The other parameters are the
same as in Fig. 2.
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laser Stokes parameter ςi, as discussed in Figs. 3 and 4,
with the coupling coefficients in (14) depending not only
on the laser power, but also on the field ellipticity. The two
linear-polarization components share, again, the same
coupling coefficient because of the symmetry of rotating
the linear-polarization axis as discussed in Fig. 3. We put
the fine structure constant α out of the coupling coefficients
as the NBW process is a single-vertex process, and I is
because of the increase of the contributions with the laser
power and in the perturbative regime ni ∝ ξ2 in (5).

C. Optimal photon polarization

Based on the above discussions, the optimal polari-
zation of the seed photon (4) for the NBW process can be
written as

ðΓ1;Γ2;Γ3Þ ¼ κ̂nl
ðς1; ς2; σnς3Þ

ðς21 þ ς22 þ σ2nς
2
3Þ1=2

ð15Þ

based on the polarization of the laser pulse, where κ̂nl ¼ −1
is the sign of κnl acquired numerically, and σn ¼ κnc=κnl
denotes the difference between the coupling coefficients κnl
and κnc. If σn ≠ 1, the photon’s optimal polarization state
would deviate from the orthogonal state −ðς1; ς2; ς3Þ of the
laser polarization.
In Fig. 5(a), we present the dependence of the coupling

coefficients κnl and κnc on the field ellipticity calculating
from the finite-pulse results in Fig. 4(b). As shown, the
values of κnl and κnc vary slightly with the change of the
field ellipticity δ, and there exists significant difference

between κnl and κnc with the ratio σn < 1, which also
changes for different δ. Therefore, the optimal polarization
state of the seed photon, for the maximal yield, is much
different from the orthogonal state −ðς1; ς2; ς3Þ of the laser
polarization as one can see in Fig. 5(b), except in the
regions around δ ≈ 0, 1, where the laser is linearly and
circularly polarized, respectively. With the optimized pho-
ton polarization in Fig. 5(b), the production yield could be
enhanced by more than 20% compared to the unpolarized
case as shown in Fig. 4(a).
The dependence of κnl and κnc on the laser power density

is presented in Fig. 6(a) for the fixed field ellipticity δ ¼ 0.5
and deflection angle θ ¼ π=8. As shown, in the low-power
density region I < 10−3, κnl and κnc are independent of the
laser power I because the LBW process dominates the
production, and κnl and κnc can be acquired alternatively
from the perturbative result (5) with κl and κc depending
only on the parameter β. The values of κnl and κnc are

0.1 0.3 0.5 0.7 0.9

-4

-3

-2

10 -2

0.35

0.37

0.39

0.1 0.3 0.5 0.7 0.9
-1

-0.5

0

(a)

(b)

FIG. 5. (a) The variation of the coupling coefficients κnl; κnc
with the change of the field ellipticity. The ratio σn ¼ κnc=κnl is
also plotted with the right y-axis. The coefficient κnl calculated
from n1 is exactly the same as that from n2. (b) The Stokes
parameters of the photon’s optimal polarization in (3) for different
δ. We also show the comparison with the orthogonal state
−ðς1; ς2; ς3Þ of the laser polarization. The same parameters as
in Fig. 4 are used.

0.2

0.4

0.6

(a)

(b)

(c)

FIG. 6. (a) The variation of the coupling coefficients κnl; κnc
with the increase of the laser power density. The dependence of
the ratio σn ¼ κnc=κnl on the laser power is also presented with
the right y-axis. (b) The Stokes parameters of the photon’s
optimal polarization with the change of the laser power. Γ1 ¼ Γ2

as the field deflection angle is θ ¼ π=8. (c) The yield from the
unpolarized contribution n0 and the maximal polarization con-
tribution np, and the relative importance of the polarization effect
np=n0. In (a) and (b), the pink dotted lines are the corresponding
perturbative results acquired from (5), and the black dotted lines
show the varying trend of the curves. The field ellipticity is
δ ¼ 0.5. The other parameters are the same as in Fig. 4.
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determined by the energy parameter η and the pulse
envelope. In this region, the positron yield increases as
n0; np ∝ I shown in Fig. 6(c) because of the single-photon
effect with the high-frequency components from the finite-
pulse effect [23]. In the intermediate laser power region
10−3 < I < 10−1, the coupling coefficients increase as
κnl; κnc ∝ I3 because of the multiphoton perturbative effect,
in which 4 ¼ ⌈2=η⌉ laser photons are involved in the
production process and the positron yield increases in the
trend as n0; np ∝ I4 in Fig. 6(c), where ⌈x⌉ denotes
the minimal integer larger than x. With the further increase
of the laser power I ≳ 0.5, this four-photon channel
is forbidden and a higher number of laser photons
n ¼ ⌈2ð1þ IÞ=η⌉ would be involved in the production
process. Therefore, the fully nonperturbative effect would
be dominant. The increase of the coupling coefficients κnl
and κnc becomes slower, as well as the increase of the
positron yield in Fig. 6(c). In Fig. 6(a), we can also see the
evident difference between κnl and κnc in the broad laser
power region with the ratio σn much smaller than 1 and
depending also sensitively on the laser power.
In Fig. 6(b), the optimal polarization state of the seed

photon is presented with the change of the laser power.
Because the field deflection angle is θ ¼ π=8, the two
linear-polarization components are equal, Γ1 ¼ Γ2. As
shown, the photon’s optimal polarization state deviates
considerably from the orthogonal state of the laser polari-
zation. Especially in the nonperturbative regime I > 0.5,
the circular-polarization degree jΓ3j of the optimal polari-
zation decreases rapidly with the increase of I, because of
the rapid decrease of the ratio σn for larger I in Fig. 6(a),
which means that the contribution from the circular
polarization becomes less important. In the ultrahigh-
intensity regime ξ ≫ 10 (not shown in Fig. 6), in which
the locally constant field approximation would work
precisely [33,56], the contribution from the circular polari-
zation would be negligible, i.e., knc → 0 and Γ3 → 0. This
is because the formation length of the NBW process
becomes much shorter than the typical length of the field
variation [57] and the laser pulse would work as a linearly
polarized field with the direction varying with the laser
phase [33].
With the polarization-optimized seed photon, the posi-

tron yield could be enhanced appreciably as shown in
Fig. 6(c). In the perturbative intensity regime I < 10−3, the

positron yield could be enhanced more than 55% by the
polarization effect compared with the unpolarized case, and
in the multiphoton perturbative regime 10−3 < I < 10−1,
the yield enhancement is about 34% from the optimized
polarization state. With the further increase of the laser
power, even though the relative importance of the polari-
zation contribution becomes less, the positron yield could
still be improved more than 16% at I ≲ 50.

V. CONCLUSION

The optimization of the photon polarization state to the
maximal positron yield of the Breit-Wheeler pair produc-
tion is investigated in arbitrarily polarized plane wave
backgrounds for a broad intensity region. Both the polari-
zation of the photon and the laser pulse are comprehen-
sively described with the classical Stokes parameters.
The optimal polarization state of the seed photon is the

result of the polarization coupling with the laser pulse/
photons in the production process. For the laser pulse with
the pure linear or circular polarization, the seed photon’s
optimal polarization is the orthogonal state of the laser pulse.
However, because of the evident difference between the
coupling coefficients for the linear- and circular-polarization
components, the seed photon’s optimal polarization state in
an elliptically polarized laser background deviates consid-
erably from the orthogonal state of the laser polarization,
especially in the ultrahigh-intensity regime in which the
linear-polarization coupling coefficient is much larger than
that of the circular polarization and thus the seed photon’s
optimal polarization would tend to the linear polarization.
With the polarization-optimized seed photon, the posi-

tron yield could be considerably enhanced in a broad
intensity region. For the laser intensity region ξ ∼Oð1Þ of
current laser-particle experiments, the yield enhancement
from the optimized photon polarization could be more than
20% compared to the unpolarized case.
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