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The creation of polarized electron-positron pairs by the nonlinear Breit-Wheeler process in short laser
pulses is investigated using the Baier-Katkov semiclassical method beyond local-constant-field approxi-
mation (LCFA), which allows for identifying the interferences effects in the positron polarization. When the
laser intensity is in the intermediate regime, the interferences of pair production in different formation
lengths induce an enhancement of pair production probability for spin-down positrons, which significantly
affects the polarization of created positrons. The polarization features are distinct from that obtained with
LCFA, revealing the invalidity of LCFA in this regime. Meanwhile, the angular distribution for different spin
states varies, resulting in an angular-dependent polarization of positrons. The average polarization of
positrons at beam center is highly sensitive to the laser’s carrier-envelope phase (CEP), which provides a
potential alternative way of determining the CEP of strong lasers. The verification of the observed
interference phenomenon is possible for the upcoming experiments.
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I. INTRODUCTION

In the presence of a strong electromagnetic field, high-
energy photons can be converted into an electron-positron
pair via the nonlinear Breit-Wheeler process [1–11]. This
an appealing physical process as it allows for the con-
version of light into particles of matter, and has practical
implications for astrophysics, high-energy physics, and
laser-plasma interactions [12,13]. The E-144 experiment
conducted at SLAC in the 1960s provided the first
experimental evidence for the nonlinear Breit-Wheeler
(NBW) process [3,4]. Pair production involving multi-
photon is observed by colliding a 46.6 GeV electron beam
with a terawatt laser with peak intensity of ∼1018 W=cm2.
The polarized (linear) Breit-Wheeler process has been
measured at the Relativistic Heavy Ion Collider, which
reveals a large fourth-order angular modulation of the
observed yields [14]. The advancement of high-power
laser technology [15–17] has sparked interest in revisiting
the E-144 experiment with lasers of higher intensity. The
upcoming experiments at FACET II at SLAC [18] and
LUXE at DESY [19] aim to explore NBW in the tunneling
regime, where the production rate follows an exponential
scaling law of expð−πEcr=EÞ [20]. Here E is the electric
field strength and Ecr ¼ m2=jej the critical field of quantum
electrodynamics (QED), with e < 0 and m being the
electron charge and mass, respectively. However, the

experiments will be initially conducted in the intermediate
laser intensity regime, where the transition from multi-
photon to tunneling regime is expected to occur. The
separation of regimes is determined by the nonlinear
parameter a0 ¼ jejE=mω0, with ω0 being the laser carrier
frequency.
In the tunneling regime of a0 ≫ 1, the formation length

of pair creation is much smaller than the spatial and
temporal inhomogeneities of the laser field [1,2,21]. The
probability can be calculated under the locally constant field
approximation (LCFA) [1]. Recently, various LCFA prob-
abilities have been derived incorporating electron-positron
spins and photon polarization [22–27], and has been applied
to QED-simulations codes for studying polarization effects
in strong-field QED processes [24,26,28–36]. Ultrarelati-
vistic positrons (electrons) beam with high degree of
polarization can be generated via NBW in asymmetric laser
fields [31], as a result of spin preferences parallel (anti-
parallel) to the instantaneous quantization axis during
creation. However, the current or upcoming experiments
are performed with intermediate values of laser intensity
(a0 ∼ 1), where the formation length of pair production lf ∼
λ=a0 is comparable with the laser field inhomogeneities. In
this case, interferences effects arising from the pair creation
process may significantly modify the positrons polarization.
The interference effects has been investigated in several

works [11,37–44]. It has been reported that the interfer-
ences occurring at macroscoptically separated space-time
points could induce interference structures in the momen-
tum distribution of the final particles [11], and interference
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between pair-creation channels of different photon number
combinations could enhance the yield of pairs in bichro-
matic fields [45]. Meanwhile, the carrier-envelope phase
(CEP) effects are pronounced for a few-cycle pulses with
moderate laser intensity [46], which induces shifts of
spectra and angular distribution due to interferences
[11,38,39,45]. Moreover, the polarization effects in pair
production has been investigated in the transition regime
(a0 ∼ 1) [45,47,48]. The oscillation pattern in angular
spectra of positrons [47] and positron yield [49,50] can
be enhanced by tuning photon polarization. The relevance
of spin effects on NBW has been investigated by compar-
ing the production of spinor and scalar particles [42,51].
However, a comprehensive study of the positron polari-
zation in this regime has yet to be conducted.
To improve the accuracy of simulation codes in the

intermediate intensity regime, a method based on locally
monochromatic approximation (LMA) has been developed
taking into account interference effects at the scale of the
laser wavelength [4,52,53]. In contrast to LCFA, LMA is
more suitable for exploring the transition region for plane-
wavelike fields with slowly varying envelope. While for a
short laser pulse, LMA would underestimate the pair
production as it loses the high-frequency components
induced by the finite-pulse envelope. In fact, these over-
looked components have the potential to effectively enhance
pair production [10]. While for a short laser pulse, the fully
spin-resolved pair-creation probability could be obtained
using the semiclassical operator method of Baier et al. [2],
which is applicable to nonplane-wave background. The
probability associated with particular spin states and photon
polarization can be calculated by coherently integrating over
the electron trajectory. The numerical results obtained for
plane waves exhibit good agreement with the predictions of
the Volkov state approach [54] (also see Appendix A),
implying that the semiclassical method is capable of
describing the polarized Breit-Wheeler process in the
intermediate intensity regime [49,55,56].
In this paper, we investigate the NBW in a linearly

polarized ultrastrong laser pulse using the semiclassical
method beyond LCFA. It allowed us to identify interference
effects in positrons polarization and angular distribution. We
show that the positrons polarization exhibits unique features
due to interferences that cannot be captured by LCFA. The
spectra and angular distribution of final particles are depend
sensitively on the spin states, leading to an angular
dependent polarization of positrons. By cutting the posi-
trons distributed at small angle region, one could obtain
polarized positrons with polarization degree ∼25%.
Moreover, the polarization degree is proportional to CEP,
which is attractive for relativistic positron generation with
controlled polarization and CEP measurement in strong
laser fields.

II. THEORETICAL FRAMEWORK

A. Semiclassical approach beyond LCFA

We consider the head-on collision of a 93.5 GeV photon
with a linearly polarized laser pulse propagating along −z
direction. XCELS [57] envisions advanced accelerator
complexes capable of achieving particle energies in the
1–10 TeV range, which could be utilized to generate
gamma quanta with energies of hundreds of GeV through
Compton backscattering [45,49]. The background field
takes the form of Ex ¼ E0sin4ðφ=2NÞ cos ðφþ φ0Þ if
φ∈ f0; 2πNg and Ex ¼ 0 otherwise, where φ is the laser
phase of its carrier frequency ω0. The peak intensity is
I ∼ 1018 W=cm2 ða0 ¼ 1Þ, wavelength of the laser
λ0 ¼ 800 nm, N ¼ 5 corresponding to a pulse duration
of ∼3T0 with period T0, and CEP φ0 ¼ 0. As the emitted
photon number for a single electron is much smaller than 1
(Nγ ∼ αa0τp=T0 ≪ 1 [1,58]), the photon emissions of
produced particles can be disregarded. Otherwise, the
produced pairs could undergoes further radiation in the
field, which could change the spin states due to radiative
polarization and radiative corrections. In this case, the
polarization features predicted by pair production proba-
bility itself may not be accurate.
For the semiclassical approach without LCFA, the angle-

resolved spectral probability for electron can be obtained by
integrating the trajectories of electrons with different final
momentum pf− ¼ ðpf

− cosψ sin θ; pf
− sinψ sin θ; pf

− cos θÞ.
One should go through all possible choices of angles and
electron momenta, obtain the trajectories for each final
momentum by solving Lorentz equation with initial electron
momentum of pi− ¼ pf−. Note that, in the cases where the
initial and final momenta are different due to radiation
reaction or laser configuration, one need to resort the
obtained probabilities with the final momentum pf−. The
Lorentz equation is solved using the Runge-Kutta algorithm
with a time step dt ¼ 10−19 s, which is small enough to
ensure the convergence of integrals. The integrals are
evaluated with summations over finite differenced points
N ¼ tf=dt. At each discrete point, the time-dependent
momenta and coordinates of the electrons are substituted
into the angle-resolved spectrum for electrons [49,59]. The
rapidly oscillating function eiðε−=εþÞkμx

μ
− in the integrals is

split into real and imaginary parts, which are calculated
separately in each time step. Since the energy (momentum)
of ultrarelativistic electron and positron pairs is correlated,
the angle-resolved spectral probability for positrons can be
obtained through the electron trajectory,

d2P
dεþdΩ

¼ e2

ð2πÞ2
ε2−N2

ωω02 jϕ†
−fε−ω½nJ − I� · ðϵ×nÞ

− iσ · ½ϵωmJ − 2ε2−K− ε−ωnðϵ · IÞ�gϕþj2; ð1Þ
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where

N ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4ε−εþðε− þmÞðεþ þmÞp ;

I ¼
Z

n × ½ðn − v−Þ × aþ�
ð1 − n · v−Þ2

ei
ε−
εþkμx

μ
−dt;

J ¼
Z

n · a−
ð1 − n · v−Þ2

ei
ε−
εþkμx

μ
−dt;

K ¼
Z

�½a−ðϵ · v−Þ þ v−ðϵ · a−Þ�
ð1 − n · v−Þ

þ ½v−ðϵ · v−Þðn · a−Þ�
ð1 − n · v−Þ2

�

ei
ε−
εþkμx

μ
−dt:

Here kμ ¼ ωmf1;ng is the four-momentum of the parent
photon with n ¼ ð0; 0; 1Þ being the direction of motion of
the parent photon, ω0 ¼ ε−

εþ
ω with εþ (ε−) being the energy

of the created positron (electron) and ω ¼ ðεþ þ ε−Þ=m the
energy of the parent photon. The photon polarization vector
is defined as ϵ ¼ fek; e⊥g with

ek ¼ ŷ × n; e⊥ ¼ n × ek; ð2Þ

where ŷ ¼ ð0; 1; 0Þ being the unit vector along magnetic
field direction. For the considered setup, ek and e⊥ are the
laser electric and magnetic field direction, respectively.
xμ− ¼ ft; rðtÞg, v− and a− are the four-coordinate, velocity,
and acceleration of the produced electron, respectively.
ϕ− and ϕþ are the bispinor of the electrons and positrons,
respectively, and σ are the Pauli matrices. If the y-axis is
selected as the spin quantization axis, then ϕ− ¼
ð1
2
− i 1

2
; 1
2
þ i 1

2
ÞT corresponds to the electron’s spin-up

state, and ϕþ ¼ ð− 1
2
þ i 1

2
; 1
2
þ i 1

2
ÞT represents the posi-

tron’s spin-up state.

B. Spin-resolved LCFA approach

To illustrate the interference effects, we also investi-
gated NBW using the spin-resolved LCFA probability.
The LCFA assumed the formation length for pair pro-
duction is much smaller than the wavelength and period of
the field, which allows one to regard the field inside the
formation length as constant, i.e., ignore the interference
within a formation length, and drop out the rapidly
oscillating terms related to interferences between different
formation lengths. Therefore, a comparison between
semiclassical and LCFA results could reveal the role of
interference. The spin-resolved LCFA probability can be
written as P� ¼ ðP� ΔPÞ=2, where P is the total unpo-
larized probability [60],

d2P
dεþdΩ

¼ α

2π
δ2þ

Z

dφ
ω0

�

ν

�

ε−
εþ

þ εþ
ε−

�

þ μ

�

AiðνÞ; ð3Þ

and ΔP is the difference in probability due to creating the
positron into �ŷ spin-polarization state,

d2ΔP
dεþdΩ

¼ α

2π
δþ

Z

dφ
ω0

ffiffiffi

μ
p

Ai0ðνÞsgnðExÞ; ð4Þ

where δþ ¼ εþ=ω is the fraction of the energy taken by the
positron from the parent photon, and

μ¼ ½χlδþð1− δþÞ�−2=3; ν¼ μð1þ ε2þsin2θ=m2Þ; ð5Þ

with χl ¼ ωE=Ecr.

III. NUMERICAL CALCULATIONS

Using the semiclassical method and the parameters given
in Sec. II A, one could obtain the spectrum for different
particles’ polarization states (see Appendix B). For a more
intuitive perspective, we average over photon polarizations
and sum over electron polarizations to specifically examine
the spin-resolved probability of positron with respect to ŷ
[see Fig. 1(a)]. It is evident that the probability for positron
spin-down is higher than that for positron spin-up as a result
of asymmetry of the short laser pulse, while the LCFA
underestimates this difference in the probabilities for posi-
tron spin-up and spin-down. In the semiclassical method,
interference peaks appear in the spectra [Fig. 1(a)]. The
interferences lead to an enhancement of pair production
probabilities and a more pronounced asymmetry between
different polarization states of positrons. Counterintuitively,
the probability for positron spin-down exceeds spin-up. This
is because interference effects arising from pair production at
negative half-cycles with By < 0 are more significant than
that at positive half-cycles, leading to a notable enhancement
of pair production probability with negative positron spin,
i.e., ζþf < 0.
The disparities in probability give rise to distinct

polarization characteristics across different approaches.
For the LCFA approach, the polarization of positron
decreases with the increase of positron energy, which
coincides with that in a constant field with By > 0. The
average polarization of the positron beam is 3.8%.
However, the polarization undergoes significant changes
in the results from the semiclassical method, in which
interferences are introduced [see Fig. 1(b)]. Surprisingly,
the average polarization becomes −1.5%. The positron
polarization ζþf decreases with large oscillations at small
position energy δþ, exhibits a negative dip around δþ ¼
0.5 with jζþf j reaching to ∼10%, and finally diminishes to
zero when δþ > 0.6. The LCFA approach fails to capture
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the interference structures, resulting in an overestimation
of polarization for low energy positrons. Conversely, it
underestimates the polarization near the density peak.
Therefore, for a0 ¼ 1, the LCFA performs poorly in
accurately describing the polarization of the created
particle.
For the LCFA approach, the positron polarization arises

due to the asymmetry of the ultrashort laser pulse and the
preference for pair production in spin-up positrons, as the
LCFA probability is solely depend on the local quantum
parameter χγ ∝ a0ω and the positrons are mostly produced
at the intense positive half-cycle IIþ. Since the pair
production is more probable for spin-up positron, the
positrons produced at the half-cycle IIþ are more likely
to be polarized with ζþf > 0 [Fig. 2(b)]. However, due to the
cancellation of polarization effect between positive and
negative half-cycles, the average polarization of positron in
an ultrashort laser pulse is rather small (∼3.8%).
When interferences are taken into account, the density of

positrons with ζþf < 0 gets larger than that of ζþf > 0,
indicating more pairs are produced at the negative half-
cycles I− and II− than the positive peak IIþ as shown in
Fig. 2. This is because interferences play an essential role in
determining the spin-resolved pair production probabilities.
The influences of interferences within each laser cycle and
between macroscopically separated cycles are illustrated in
Figs. 2(c) and 2(d). It can be seen that the positrons with
spin parallel with ŷ are mostly comes from pair production
at the pulse peak IIþ. The positive half-cycles Iþ and IIIþ
also contribute but with a much lower amplitude [Fig. 2(c)].
Due to the interferences within each laser cycle, the pair
production amplitude at Iþ, IIþ, and IIIþ is all enhanced
compared to the results obtained from the LCFA [Fig. 2(e)].
Meanwhile, at a0 ≲ 1, the coherence length is of the order of
the period of the electron trajectory, which means that the
process is formed along all multicycle dynamics, i.e.,

effectively the formation length is the whole trajectory
length. In this case, the interferences between cycles also
make an important role. When considering pair productions
during all the positive half-cycles, interference structures
appear in the spectrum.

FIG. 2. (a) The magnetic field and labels for different half-
cycles. (b) Probability density dP=dφ at laser phase φ using
LCFA (blue solid) and probability at each half-cycles using
semiclassical approach (red circle). Spectral probabilities for
spin-up positrons in the half-cycle Iþ (blue solid), IIþ (red
dashed), IIIþ (black dotted) and the superposition of Iþ, IIþ,
and IIIþ (green dot-dashed) for (c) semiclassical approach and
(e) LCFA approach. Spectral probabilities for spin-down posi-
trons in the half-cycle I− (blue solid), II− (red dashed), and the
superposition of Iþ and IIþ (black dotted) for (d) semiclassical
approach and (f) LCFA approach. Here the spin-up and spin-
down is defined with respect to ŷ ¼ ð0; 1; 0Þ. The parameters are
same as Fig. 1.

FIG. 1. (a) The pair production probability dP=dδþ versus δþ after averaging over photon polarization: for spin-up positrons using
semiclasscial approach (red dotted) or the LCFA approach (blue solid); for spin-down positrons using semiclasscial approach (green dot-
dashed) or the LCFA approach (black dashed). (b) The spectra of positron polarization with semiclasscial approach (blue solid) or the
LCFA approach (red dashed). The arrow denotes the positron spin with respect to ŷ ¼ ð0; 1; 0Þ.
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In contrast, the spin-down positrons mainly come from
pair production at negative half-cycles I− and II−, which
contribute equally to positron spectrum. The interferences
within each half-cycle I− and II− increase the corresponding
probability compared with the LCFA results in Fig. 2(e).
More importantly, the constructive interferences arising
from pair production occurring at I− and II− result in an
enhancement of positrons density with ζþf > 0 and δþ ≈ 0.5
[Fig. 2(d)]. With respect to ŷ, the pair production is more
probable for spin-down positron around δþ ∈ ð0.4; 0.6Þ.
However, outside of this region, probability for spin-up
dominates over spin-down. This is because the half-cycle
IIþ is more intense than the negative half-cycles [Fig. 2(a)],
there is a higher number of photons n involved in pair
production during IIþ compared to the other cycles. The
width of the spectrum increases as the harmonic order n
increases [61]. The maximum of n are determined by the
field intensity where pairs are produced. The interference
between different half-cycles only affects the amplitude of
harmonics through an interference pattern, but it doesn’t
change the harmonic order. Consequently, the spectrum for
spin-down positrons exhibits a broader width compared to
the negative half-cycles, leading to a positive polarization
outside the range of δþ ∈ ð0.4; 0.6Þ. It is important to note
that the observed interference effects, including interference
structures in spectrum and negative polarization, predomi-
nantly arise from pair production events that occur at
macroscopically separated formation regions. The interfer-
ences within each cycle, on the other hand, only result in an
overall enhancement of the respective probability.
The interferences within each half-cycle always result in

an increase in pair production probability compared with

LCFA, see Fig. 3. This is because the laser field in a finite
time domain has a wide spectrum. The high-frequency
components make a significant contribution to the pair
production probability, which are ignored by LCFA. In
contrast, the interferences between macroscopically sepa-
rated cycles could be destructive or constructive determined
by the phase differences. See the discussion in Ref. [62]. In
our case, the interferences patten of two adjacent negative
(positive) half-cycles can be quantitatively interpreted by
the interferences from two trajectory segments that have
the same velocity and acceleration. In this case, the
integral over the entire trajectory can be estimated with
P ∝ jeiðε−=εþÞkμxμ1− þ eiðε−=εþÞkμx

μ
2− j2, where xμ1− and xμ2− are

four-coordinates for the two trajectory segments with a 2π
difference. The destructive interferences occur when
nπ ¼ ðε−=εþÞωΔtð1 − β− cos θÞ ≈m2π=δþð1 − δþÞωω0,
resulting in the emergence of valleys in the spectrum at
δþ ¼ nωω0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−4m2nωω0 þ n2ω2ω2
0

p

=2nωω0 [2,58,63].
Similarly, constructive peaks emerge when 2nπ ¼
ðε−=εþÞωΔtð1 − β− cos θÞ. Therefore, the probability of
pair production is enhanced mainly due to the interference
within each half-cycles, and interference between cycles
results in destructive valleys and constructive peaks super-
imposed on the enhanced probability.
The angular distributions of the positrons in different spin

states are illustrated in Fig. 4. For the semiclassical approach
without LCFA, the distribution of positrons exhibits two
symmetric circular regions around θx ¼ 0. The separation
is induced by longitudinal acceleration appeared in J ∝
v̇z ∼ vxBy. At θx ≈ 0, the positron density decreases as J
approaches zero, and increases to a maximum at θx ≈�
a0=2γ ∼�3 × 10−6 rad. The separation between the two
regions is larger for the positrons with spin-up than spin-
down with respect to ŷ [Figs. 4(a) and 4(c)]. This because
the final momentum of positrons is determined by the laser
intensity at creation, i.e., px

f ≈ eAðφþÞ with φþ being the
creation phase. The positrons with ζþf > 0 are mostly
generated in the high laser intensity region, consequently,
they have higher transverse momentum px compared to the
positrons with ζþf < 0. Therefore, the small angle region is
dominated by the spin-down positrons created at negative
half-cycles, while the large angle region is determined by
the spin-up positrons created at positive half-cycles, leading
to an angle dependent polarization [see Fig. 4(e)]. By
collecting the positrons at small angle regions, one could
obtain polarized positrons with average polarization reach-
ing to ∼26%. In contrast, the angular distribution obtained
with LCFA approach exhibits an elliptical shape for differ-
ent spin states [Figs. 4(b) and 4(d)]. It is because positrons
are most created at laser peaks with pxðφþÞ ≈ 0 [Fig. 2(b)],
and consequently have a small θx out of laser. Moreover, the
interference ring structure, which is present in the semi-
classical approach, disappears in the LCFA approach. The
probability for spin-up always dominates over spin-down,

FIG. 3. Spectral probabilities for spin-down positrons in the
half-cycle II− for laser pulse with CEP φ0 ¼ 0 (blue solid line),
φ0 ¼ π=2 (red danshed line), and φ0 ¼ 7π=10 (green dotted
line): for semiclassical approach (thick line) and LCFA approach
(thin line). The rest parameters are same with Fig. 1.

INTERFERENCES EFFECTS IN THE POLARIZED NONLINEAR … PHYS. REV. D 109, 036030 (2024)

036030-5



which is more pronounced for low-energy positrons
deflected to large angle region [Fig. 4(f)].
For the polarized Breit-wheeler process in short laser

pulse, it is possible to identify the CEP effects in the
positron polarization. In the case of φ0 ¼ π=2 [Fig. 5(a)],
the pair production probabilities for different spin states are
equivalent, leading to a vanished polarization throughout
the spectrum [Fig. 5(b)]. This is because the ultrashort laser
pulse becomes symmetric when φ0 ¼ π=2. Polarization
effects in different half-cycles cancel out due to the
symmetry of the laser field. By collecting the small angle
positrons, we obtain the scaling law of average polarization
on the CEP of laser [Fig. 5(c)]. The polarization increases
monotonically from −25% to 25% when the CEP increases
from 0 to π, and decreases from 25% to −25% when the
CEP increases from π to 2π. The sensitive dependence of
polarization on CEP provides a potential way of detecting
the strong laser’s CEP.

IV. CONCLUSION

In this paper, we have investigated the polarization effects
of the NBW using a short laser pulse in the intermediate-
intensity regime. By comparing the semiclassical approach
beyond LCFA and the LCFA approach, we scrutinized the
validity of the LCFA in predicting the polarization of
created pairs. The positrons produced in a short pulse
exhibit a net polarization as a result of the asymmetry of
the background field. However, the polarization features
obtained from different approaches can be completely
different, even when considering the same asymmetric
field. The LCFA approach demonstrates a positive polari-
zation due to the dominant influence of the peak positive
half-cycle, and the polarization degree decreases monoton-
ically with the increase of positron energy. When taking
interference effects into account, it is observed that the
density of positrons with ζþ < 0 surpasses that of positrons
with ζþ > 0 around δþ ¼ 0.5, leading to a negative
polarization in the spectrum center. The variation of
polarization feature is result from the interferences arising
from separated formation lengths. The pair production
occurring at negative half-cycles interferences construc-
tively, leading to an enhancement of pair production for
positrons with ζþ < 0. Interferences structures appear in
spectrum for spin-up positrons but without a substantial
enhancement of probability. Consequently, a negative
polarization emerges around δþ ¼ 0.5, which is contrast
to the predictions of LCFA. Meanwhile, positrons presents
an angular dependent polarization. The positrons deflected
towards the small angle region exhibit a negative polari-
zation of −25% for φ0 ¼ 0. This negative polarization
increases as the carrier-envelope phase is increased before
reaching φ0 ¼ π. However, after φ0 ¼ π, the trend is
reversed and the polarization starts to decrease. The
sensitive dependence of polarization on CEP provides
an alternative way of generating and manipulating the

FIG. 5. The variation of the magnetic field with respect to the
laser phase φ (a) and the spectral probabilities for spin-up and
spin-down positrons, with respect to ŷ (b) for a CEP of
φ0 ¼ π=2. (c) The scaling law of average polarization ζ̄þf within
θ∈ ½−0.02 mrad; 0.02 mrad� with CEP φ0. The rest parameters
are same with Fig. 1.

FIG. 4. Angular distribution of positron density d2P=dθx=dθy
(rad−2) versus θx (mrad) and θy (mrad): for positron spin-up (a)
and spin-down (c) calculated with semiclassical approach without
LCFA; for positron spin-up (b) and spin-down (d) calculated with
LCFA approach. Angular distribution of positron polarization ζþf
versus θx (mrad) and θy (mrad) calculated with semiclassical
approach without LCFA (e) and LCFA probability (f). The
parameters are same as Fig. 1.
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positron polarization, as well as CEP measurement in
strong laser fields.
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APPENDIX A: COMPARISON BETWEEN
SEMICLASSICAL AND QED APPROACHES

In this section, we compared the semiclassical results
with the full QED calculation derived from the standard
S-matrix approach, see Eqs. (20) and (21) in Ref. [10]. The
spin-resolved probabilities from the QED calculation dis-
play excellent agreement with the semiclassical approach,
markedly differing from the results yielded by the LCFA
[Fig. 6(a)]. The polarizations obtained from different
approaches also coincide with each other except for the
low energy region of δþ < 0.6 [Fig. 6(b)]. The relative
difference between the QED and semiclassical results

within the range of δþ ∈ ½0.4; 0.6� is represented by Ri ¼
jðdP

i
QED

dδþ
− dPi

Semi
dδþ

Þ= dPi
QED

dδþ
j < 1% with i∈ f↑;↓g. Due to the

excellent agreement within this range, the average polari-
zation remains consistent at approximately the level
of −1.5% over the entire spectrum. The QED calculation
is derived using the parameter s ¼ kpþ=kk0, while semi-
classical method is derived using the parameter δþ ¼
εþ=ω. In the case of large positron energy εþ, these two
parameters are equivalent, which allows for a comparison
of results obtained using different approaches. However,
in the low-energy regime, the approximation of s ¼
kpþ=kk0 ≈ δþ may not hold, which could be responsible
for the discrepancy between different approaches.
Moreover, the discrepancy could be induced by the

numerical error of semiclassical method. To accurately
describe the spectrum in the low-energy region, it is
necessary to extend the trajectory integral to infinity.
However, this requires an infinite number of discrete
points for numerical integration, which is not possible
in practice. Therefore, a finite integration range could
result in discrepancies in the results. This deviation can be
considered inconsequential when evaluating the average
polarization due to the negligible positron density in this
region. Furthermore, the angular distribution of positrons
obtained using the semiclassical approach closely matches
that of the QED approach [Figs. 7(a) and 7(b)], as well as
the interferences rings exhibited in the polarization dis-
tribution [Fig. 7(c)].

APPENDIX B: PHOTON POLARIZATION

The semiclassical method allows one to obtain the
spectrum for arbitrary particles’ polarization states, see
Fig. 8. All curves are symmetric about δþ ¼ 0.5 except
↑↑k and ↓↓k, and the curves for ↑↑k and ↓↓k are mirror
images of each other about δþ ¼ 0.5. The probability is

FIG. 6. (a) The pair-production probability dP=dδþ versus δþ:
for spin-up positrons using semiclasscial approach (blue-solid) or
the QED approach (green dashed); for spin-down positrons using
semiclasscial approach (black dashed) or the QED approach (red
dot-dashed). (b) The spectra of positron polarization with semi-
classcial approach (blue solid) or the QED approach (red dashed).

FIG. 7. Angular distribution of positron density d2N=dθx=dθy (rad−2) versus θx (mrad) and θy (mrad) calculated with QED approach;
for positron spin-up (a) and spin-down (b). (c) Angular distribution of positron polarization ζþf versus θx (mrad) and θy (mrad) calculated
with QED approach.
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dominated by dP↑↓e⊥, which corresponds to the scenario
where the incoming photon is polarized perpendicularly to
the laser polarization along the direction of magnetic field
ŷ ¼ ð0; 1; 0Þ, while the final electron has spin-up and the
positron has spin-down with respect to ŷ. In the case that
the photon is initially polarized along magnetic field

direction, the spin-resolved probabilities and polarization
of created positron are roughly the same with the unpo-
larized case. On the other hand, when the photon has initial
polarization along the electric field direction, the positron’s
polarization is negligible, making it unsuitable for studying
positron polarization.
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