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Spin-polarization effects of an ultrarelativistic electron beam in an ultraintense two-color laser pulse
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Spin-polarization effects of an ultrarelativistic electron beam head-on colliding with an ultraintense two-color
laser pulse are investigated comprehensively in the quantum radiation-dominated regime. We employ a Monte
Carlo method, derived from the recent work of Li et al. [Phys. Rev. Lett. 122, 154801 (2019)], to calculate the
spin-resolved electron dynamics and photon emissions in the local constant field approximation. We find that
electron radiation probabilities in adjacent half cycles of a two-color laser field are substantially asymmetric
due to the asymmetric field strengths and, consequently, after interaction the electron beam can obtain a total
polarization of about 11% and a partial polarization of up to about 63% because of radiative spin effects, with
currently achievable laser facilities, which may be utilized in high-energy physics and nuclear physics. Moreover,
the considered effects are shown to be crucially determined by the relative phase of the two-color laser field and
robust with respect to other laser and electron-beam parameters.
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I. INTRODUCTION

As one of the intrinsic properties carried by electrons,
spin has been extensively studied and utilized in high-energy
physics [1–3], materials science [4], and plasma physics [5,6].
As known, the relativistic polarized electrons are commonly
generated via two methods. The first extracts polarized elec-
trons from a photocathode [7] or spin filters [8–10], and
then employs a conventional accelerator or a laser wakefield
accelerator [11] to accelerate them into the relativistic realm.
The second directly polarizes a relativistic electron beam
in a storage ring via using the radiative polarization effect
(Sokolov-Ternov effect) [12–16]. However, the latter typically
requires a long polarization time of minutes to hours because
of the low static magnetic field at the Tesla scale.

Recently, the rapid development of ultrashort (with du-
ration of approximately tens of femtoseconds) ultraintense
(peak intensity ≈1022 W cm−2 and corresponding magnetic
field ≈4 × 105 T) laser techniques [17,18] is providing op-
portunities to investigate electron polarization effects in such
strong laser fields, analogous to the Sokolov-Ternov effect.
Many theoretical works have been performed in nonlinear
Compton scattering (e.g., see Refs. [19–23] and references
therein). However, only a small polarization can be obtained
in a monochromatic laser field [24] or a laser pulse [25]. A
setup of strong rotating electric fields [26,27] shows a rather
high polarization, when the electrons are trapped at the antin-
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odes of the electric field. Unfortunately, this case may only
occur for linearly polarized laser pulses of intensities
�1026 W cm−2 [28], which is much beyond current achiev-
able laser intensities. Recently, a scheme with an elliptically
polarized laser pulse has been proposed to split the electrons
with different spin polarizations through spin-dependent radi-
ation reaction [29] and, consequently, to reach a polarization
above 70%. Also, a similar setup can be used to generate a
positron beam with a polarization up to 90% due to asymmet-
ric spin-dependent pair production probabilities [30].

Previous works indicate that the total polarization of all
electrons in monochromatic laser pulses is negligible because
of the symmetric laser field. In other words, asymmetric laser
fields may result in a considerable polarization. The well-
known asymmetric two-color laser configuration has been
widely adopted in generation of terahertz radiation [31–34],
high harmonic wave generation [35,36], and laser wakefield
acceleration [37]. Recently, it is also proposed to generate
polarized positron beams through multiphoton Breit-Wheeler
pair production [38]. However, employing such two-color
laser configuration to directly polarize the ultrarelativistic
electron beam via nonlinear Compton scattering is still an
open challenge.

In this paper, the polarization effects of an ultrarelativistic
electron beam head-on colliding with a currently achievable
ultraintense two-color laser pulse are comprehensively inves-
tigated in the quantum radiation-dominated regime (see the
interaction scenario in Fig. 1). During the interaction, the
radiation probabilities of electrons in the positive and negative
half cycles of the two-color laser field are substantially asym-
metric. Thus, after interaction considerable total polarization

2469-9926/2019/100(3)/033407(8) 033407-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.100.033407&domain=pdf&date_stamp=2019-09-09
https://doi.org/10.1103/PhysRevLett.122.154801
https://doi.org/10.1103/PhysRevLett.122.154801
https://doi.org/10.1103/PhysRevLett.122.154801
https://doi.org/10.1103/PhysRevLett.122.154801
https://doi.org/10.1103/PhysRevA.100.033407


SONG, WANG, LI, LI, AND LI PHYSICAL REVIEW A 100, 033407 (2019)

(a) (c) (b) 

Two-color laser pulse

Electron bunch

Z

X
Y

FIG. 1. The interaction scenario of an ultrarelativistic electron
beam head-on colliding with an ultraintense two-color laser pulse.
(a) An unpolarized electron beam propagates along the −z direction,
which can be obtained from a laser wakefield accelerator. (b) The
interaction between the electron beam and the two-color laser pulse,
polarizing along the x axis and propagating along the +z direction,
results in photon emissions and spin-flip transitions of the electrons.
(c) A transversely polarized (in the y axis) electron beam can be
achieved after interaction. The black-random (a), red-up (b), (c), and
blue-down (b), (c) arrows indicate the unpolarized, spin-up, and spin-
down electrons with respect to the +y direction, respectively. The
violet curve and the yellow signs with black lines in panel (b) indicate
the two-color laser field and emitted photons, respectively.

and partial polarization can be obtained. We find that the
relative phase φ of the two-color laser pulse is crucial to
determine the polarization effects. In particular, when φ =
π/2, the laser field strengths in negative half cycles are much
higher than those in the positive cycles, and, consequently,
more photons of higher energies are emitted in the negative
half cycles. Accordingly, the electron spins more probably flip
to the direction antiparallel to the laser magnetic field in the
electron’s rest frame, assumed to be the instantaneous spin
quantization axis (SQA) [29], and those electrons have lower
remaining energies due to radiation-reaction effects [39]. As φ

changes, the considered effects are weakened until complete
disappearance in the case of φ = 0. Moreover, the impacts
of the laser and electron-beam parameters on the considered
effects are studied, and optimal parameters are analyzed.

This paper is organized as follows. Section II presents
the employed Monte Carlo simulation model. In Sec. III, the
polarization effects of the ultrarelativistic electron beam in the
two-color laser pulse are shown and analyzed, and the impacts
of the laser and electron-beam parameters on the polarization
effects are also investigated. Finally, a brief summary is given
in Sec. IV.

II. THE THEORETICAL MODEL

The quantum electrodynamics (QED) effects in the strong
field are governed by the dimensionless and invariant QED pa-
rameter χ ≡ (eh̄/m3c4)

√|Fμν pν |2 [40], where Fμν is the field
tensor; pν is the electron’s 4-momentum; and the constants h̄,
m, e, and c are the reduced Planck constant, the electron mass
and charge, and the velocity of light, respectively. The nor-
malized laser field amplitude parameter ξ ≡ eE0/(mcωL ) �
1 and QED parameter χ ∼ 1 are considered to ensure that
the coherence length of the photon emission is much smaller
than the laser wavelength [40]. Here E0 and ωL are the

laser field amplitude and angular frequency, respectively. The
spin-dependent probability of photon emission in the local
constant field approximation (LCFA) [40,41] can be written
(summed up by photon polarization and electron spin after
photon emission) as [25,29,42]

d2W rad

dudt
= αm2c4

√
3π h̄εe

[(
1 − u + 1

1 − u

)
K2/3(y)

−
∫ ∞

y
K1/3(x)dx − (Si · ζ)uK1/3(y)

]
, (1)

where Kν is the modified Bessel function of the order of
ν, y = 2u/[3(1 − u)χ ], u = εγ /εe, εe is the electron energy
before radiation, εγ is the emitted photon energy, and α is
the fine-structure constant. The last term in Eq. (1) is a spin-
dependent addition, where Si is the initial spin vector of an
electron before photon emission and ζ = β × â. β is the elec-
tron velocity normalized by c, and â = a/|a| is the electron
acceleration. The photon emission in a constant crossed field
is discussed in Ref. [43], indicating that the electron spin Si

and S f are along the magnetic field in the electron rest frame.
By averaging over Si, the widely employed spin-averaged
radiation probability can be obtained [44–48]. The spin vector
S = (Sx, Sy, Sz ), and |S| = 1.

The stochastic photon emission by an electron can be cal-
culated using the conventional QED Monte-Carlo algorithm
[46] with a spin-dependent radiation probability given by
Eq. (1). The electron dynamics in the external laser field is
described by classical Newton-Lorentz equations, and its spin
dynamics is calculated according to the Thomas-Bargmann-
Michel-Telegdi equation [49–52]. After photon emission, the
electron spin is assumed to flip either parallel or antiparallel
to the instantaneous SQA (along ζ) with a probability given in
Ref. [29]. Note that, as shown in the last term of Eq. (1), when
the spin vector Si is antiparallel to the instantaneous SQA, the
electron has a higher probability to emit a photon.

Recently, the validity of the LCFA has been broadly dis-
cussed [43–48,53–58], and the LCFA is shown to be appli-
cable when the parameter condition χ (1/u − 1)/ξ 3 � 1 is
satisfied in the head-on colliding geometry [58]. In this paper,
we employ the laser and electron-beam parameter conditions
χ ∼ 1 and ξ ∼ 100, and, therefore, the LCFA is applicable for
emitted photon energies of u = εγ /εe � 10−6. Note that the
LCFA will break down when a dimensionless electron energy
b ∼ 2(h̄ωLεe)/m2c4 � 1 [56,57]. Since GeV-level electron
beams are used in this paper, b is at the level of 0.01 and the
LCFA holds in our case.

III. RESULTS AND ANALYSIS

A. Simulation setup

In our simulations, the fundamental laser pulse of a wave-
length λ0 = 1.0 μm and the second-harmonic pulse have
the same duration, transverse profile, and linear polarization
along the x direction. They propagate along the +z direction
and their combined electric field can be expressed as Ex ∝
[ξ1sin(ωLη) + ξ2 sin(2ωLη + φ)], where ξ1 and ξ2 are the
normalized amplitudes of the fundamental and the second-
harmonic pulses, respectively, η = (t − z/c), and φ is the
relative phase. We employ a three-dimensional description
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FIG. 2. (a), (e) The laser field Ex with respect to η. (b), (f) Distribution of the average polarization Sy vs longitudinal and transverse
momenta pz and px , respectively. (c), (g) Number density distributions of electrons vs pz and px . (d), (h) Energy spectra of spin-up and
spin-down electrons, respectively. Note that “spin-up” and “spin-down” indicate the electron spin parallel and antiparallel to the +y axis,
respectively. Upper panels (a)–(d) indicate the simulation results with φ = π/2, and lower panels (e)–(h) indicate those with φ = 0.

of the tightly focused laser pulse with a Gaussian temporal
profile with the fifth order (σ0/zr )5 in the diffraction angle
[59], where zr = kLσ 2

0 /2 is the Rayleigh length, kL = ωL/c is
the wave vector, and σ0 is the waist radius.

In our first simulation, we take the laser peak amplitude
ξ1 = 2ξ2 = 100 (corresponding to the peak intensity I1 =
4I2 = 1.37 × 1022 W cm−2), and full width at half maxi-
mum (FWHM) duration τ0 = 10 T0 (33 fs), where T0 is
the laser period. Considering the different Rayleigh lengths
of two-color laser pulses, we first take the waist radius as
infinity for simplicity, and then we will discuss the finite
waist effects. Our simulations will show that the results in
the plane-wave case are very close to the ones with σ0 �
5 μm. An unpolarized cylindrical electron beam is employed,
including 107 electrons with initial mean energy ε0 = 2.0 GeV
(corresponding to the relativistic factor γ0 ≈ 4000), energy
spread �ε0/ε0 = 10%, transversely Gaussian profile with a
radius r1 = 3 μm, and longitudinally uniform profile with a
length r2 = 5 μm. This kind of electron bunch can be obtained
by laser wakefield accelerators [60,61]

During the head-on collision, one could assume the mo-
menta of ultrarelativistic electrons to be approximately along
the initial moving direction, i.e., the −z direction, due to γ0 �
ξ1. Hence, the magnetic fields experienced by the electrons
in their rest frames are along the y axis. Note that “spin-
up” and “spin-down” indicate the electron spin parallel and
antiparallel to the +y axis, respectively.

B. Electron polarization via radiative spin effects

The combined electric field of the two-color laser pulse
has a highly asymmetric envelope profile in the positive and
negative half cycles when φ = π/2, as shown in Fig. 2(a). The
electrons in the negative half cycles with higher field strengths
have a larger QED parameter χ , which causes more photons
with higher energies to be emitted than those in the positive
half cycles. In the negative half cycles, the instantaneous

SQA (along ζ = β × â) is along the −y direction; therefore,
after photon emission the electron spin is more probably
antiparallel to the SQA, i.e., the +y direction [29]. This
results in generation of more spin-up (with respect to the
+y direction) electrons, as shown in Fig. 2(d). Accordingly,
the total polarization of the whole electron beam is about
11%. Moreover, due to radiation-reaction effects, more spin-
up electrons have lower energies [see Fig. 2(b)]. In the region
of |pz| < 160 mc marked by the black dotted box, the polar-
ization of 14% electrons is above 40%. Further, if one filters
high-energy electrons, the polarization of remaining electrons
with |pz| < 100 mc is up to about 63%, as shown in Fig. 3.
Obviously, the energy-dependent polarization could provide a
way to generate a highly polarized electron beam by choosing
electron energy. Also, it may present an experimental scheme
to verify the theory of the spin-dependent radiation reac-
tion. Note that the polarization of laser-driven ultrarelativistic
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FIG. 3. The average polarization Sy of the electrons with differ-
ent cutoff pz.
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FIG. 4. (a) The ratio of the last term in Eq. (1) to the first two
terms vs Si · ζ and u, where the QED parameter χ ≈ 1.1. (b) The
probability that an electron spin flips to the direction antiparallel
to the instantaneous SQA after emitting a photon, with χ ≈ 1.1.
(c) Evolution of the proportions of the spin-up (Pup, red solid
line) and spin-down (Pdown, blue dotted line) electrons, respectively.
(d) Tracks of spin-flip dynamics of 2000 electrons chosen randomly,
where the violet and cyan points indicate electrons flipping to spin-
up and spin-down, respectively, after photon emissions. Note that
“spin-up” and “spin-down” indicate the electron spin parallel and
antiparallel to the +y axis, respectively. Other laser and electron
parameters are the same as those in Fig. 2.

electron beams can be measured via the polarimetry of non-
linear Compton scattering [62].

As φ = 0, the combined electric field has symmetric enve-
lope profiles in the positive and negative half cycles, as shown
in Fig. 2(e). Such a laser field cannot generate more spin-up
or spin-down electrons via nonlinear Compton scattering, as
observed in Fig. 2(h), because the polarizations of electrons
induced in the positive and negative cycles counteract each
other. One can notice in Figs. 2(f) and 2(g) that the electrons
can acquire a nonzero drift velocity in a such field confi-
guration due to asymmetry in the laser vector potential [33,34]
and radiation reaction [63]. Also, it is shown in Figs. 2(d)
and 2(h) that the energy spectra of the spin-up and spin-
down electrons both become broader compared with the ini-
tial quasimonoenergetic spectrum, because the electrons lose
energies via stochastic photon emissions.

To analyze the reasons for the polarization effects, we show
in Fig. 4 the details of the evolution of the electron-spin flips
in the two-color laser field with φ = π/2. When interacting
with the laser field, electrons emit photons, and the spin flips
either parallel or antiparallel to the instantaneous SQA [29].
The formed electron polarization can significantly affect the
photon emission according to the last term in Eq. (1). With
Si · ζ = −1, i.e., the electron spin is antiparallel to the instan-
taneous SQA, the emission probability could be enhanced by
about 30%; oppositely, it could be decayed by about 30% with
Si · ζ = 1, as shown in Fig. 4(a).

In Fig. 4(b), we demonstrate the probability that an electron
spin flips to the direction antiparallel to the instantaneous SQA
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FIG. 5. The average polarization Sy as a function of the relative
phase φ of the two-color laser pulse with different waist radii. Other
laser and electron parameters are the same as those in Fig. 2.

after emitting a photon. One can see that the spin-flip probabil-
ity depends on both the electron-spin direction and the emitted
photon energy. With Si · ζ < 0, the electron spin very likely
flips even though the emitted photon has a low energy. With
Si · ζ > 0, the spin flip arises with a high probability when the
emitted photon energy is high enough. Basically, the electron
spin tends to flip to the direction antiparallel to the SQA.
Note that the above analysis holds at high laser intensities
[χ ≈ 1.1 is employed in Figs. 4(a) and 4(b)]. When the laser
intensity is low and the resulting QED parameter χ ∼ ξ is
also small, the photon energy is usually much lower than that
of the electron, u = εγ /εe ∼ χ . Hence, contributions of the
electron-spin term to the spin-flip probability as well as the
radiation probability given by Eq. (1) can be ignored.

In Fig. 4(c), we show the ratios of the spin-up and spin-
down electron numbers to the total electron number, respec-
tively. When the electron beam collides with the rising edge
of the laser pulse at t � 7 T0, the electrons gradually flip to
spin-up or spin-down with nearly the same probability, due
to the low laser field strength and small χ . As the electrons
approach the laser pulse peak around t ≈ 10 T0, more spin-
up electrons are generated accompanied with higher-energy
emitted photons. The similar results can be found in Fig. 4(d),
in which we randomly choose 2000 electrons and track their
dynamics. It is clearly shown that in the strong laser field
region the spin flips are significant. In the negative half cycles
of the electric field, the instantaneous SQA is along the −y
direction, and the electrons incline to flip to spin-up, i.e.,
the +y direction. Oppositely, they tend to flip to spin-down,
i.e., the −y direction, in the positive half cycles. Because
the field strengths in the negative half cycles are stronger,
more electrons probably flip to spin-up, and, consequently, a
polarized electron beam is obtained.

C. Impacts of the laser and electron-beam parameters on the
total polarization of the electron beam

We further study the impacts of the laser and electron-beam
parameters on the total polarization of the electron beam. In
Fig. 5, we change the relative phase φ with different waist
radius σ0. When σ0 approaches infinity, i.e., the plane-wave
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FIG. 6. The average polarization Sy as a function of ξ1 with
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2.0 GeV. Here, σ0 = 5μm is taken.

case, shown by the black curve with diamonds, the total polar-
ization is zero at φ = 0, increases gradually to the maximum
at φ = π/2, and then decreases to zero at around φ = π .
Within the range of φ between π and 2π , the same result can
be observed except that the polarization turns negative, i.e.,
more spin-down electrons are generated. This is because the
laser strengths in the negative half cycles are higher with φ ∈
(0, π ), while the ones in the positive half cycles are higher
with φ ∈ (π, 2π ). The dependency of the polarization on φ

roughly follows the character of the function sin (φ), similar
to the THz generation dependency on φ [31], which results
from the dependency of laser pulse envelope asymmetry be-
tween the positive and the negative half cycles on φ.

When we take the laser waist radius as σ0 = 5 μm, the
dependency of the polarization on φ is still close to the
plane-wave case. However, as the waist radius is further
decreased to 2 and 1 μm, the dependency deviates gradually
from the plane-wave case. The maximum of the polarization
does not appear at φ = π/2 and 3π/2, and the maximum is
reduced significantly. These characters can be explained by
the different Rayleigh lengths between the fundamental laser
pulse and the second-harmonic one. As the pulses propagate,
the envelope of the combined laser field as well as the the
ratio of two laser amplitudes walk off. They can remain the
same as the plane-wave case only at the laser envelope peak.
Therefore, the asymmetry of the laser field with φ = π/2 is
weakened with the decrease of the waist radius. To obtain
a considerable polarization, the laser waist radius should be
taken as σ0 � 5 μm.

Furthermore, we investigate the impacts of the laser peak
intensity and pulse duration on the considered effects, as
presented in Fig. 6. We employ φ = π/2, σ0 = 5 μm, and
ξ1 = 2ξ2. When the laser duration τ0 = 10 T0 (FWHM ∼
33 fs), with enhancing ξ1 (as well as ξ2) the polarization
first increases and then decreases. Similar results are also
observed with longer durations, e.g., τ0 = 15 T0 and 20 T0.
However, the peak appears at a lower ξ1 for a longer duration.
As the duration is decreased to τ0 = 5 T0 and 3 T0, only a
monotonical increase appears within the ξ1 region considered.
It is expected that the polarization will decay if higher ξ is
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FIG. 7. The average polarization Sy vs the laser peak intensity
and the initial electron energy ε0. Here, τ0 = 10 T0 and σ0 = 5 μm
are taken.

adopted. One can also observe that in the increasing region
the polarization is higher for a longer duration when the laser
amplitude ξ1 is fixed. The polarization first grows with both
laser pulse duration and amplitude because of the probabilities
of photon emission and electron-spin flip ≈ χτ0 ∼ ξτ0. Due
to photon emission, the electrons lose their energies. Provided
the laser pulse duration is too long, the electrons could lose
their main energies in the rising edge of the laser pulses,
and the effective laser fields experienced by the electrons are
much lower than that at the laser pulse peak. This could cause
polarization decays with the increase of ξ1.

Finally, we study the combined role of the initial electron
energy ε0 and the laser peak amplitude, as shown in Fig. 7.
It is found that a high laser amplitude (e.g., ξ1 � 100) is
necessary to obtain a high total polarization. With a high laser
amplitude, the electron-beam energy could be flexible in a
large range from hundreds of MeV to few GeV. On the other
hand, even though a high electron-beam energy is taken (e.g.,
ε0 ≈ 4 GeV), the total polarization is relative low.

Note that a two-color laser pulse of multipetawatts required
in our electron-spin-polarization scheme has become available
recently [64,65]. For the typical laser parameters ξ1 = 100,
ξ2 = 50, and σ0 = 5 μm used in our paper, the laser powers
of the fundamental and second-harmonic components are 10.8
and 2.7 PW, respectively. Via a β-BaB2O4 (BBO) crystal
[66], the second-harmonic one can be converted from a fun-
damental laser pulse with a power slightly higher than 2.7 PW
since the conversion efficiency is high. Then, the generated
second-harmonic laser pulse is automatically mixed with the
remaining fundamental laser pulse with a power of 10.8 PW,
where the two pulses coincide in both time and space. Note
that a part of the fundamental one has been split to generate
the second-harmonic one. This approach of the two-color field
generation has been broadly adopted in terahertz generation
experiments via a two-color laser scheme [31–33]. To avoid
destroying the BBO crystal, the laser intensity should be lower
than 1011W cm−2 on the crystal surface and, therefore, the
size of the crystal is required to be at a meter level. Also, the
two-color laser field can be focused to few micrometers in spot
size to achieve the required high intensity. The relative phase
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TABLE I. Dependency of the averaged polarization degree Sy on
the colliding angle θ between two laser pulses if the two-color field
is made from two quasimonochromatic pulses, where the simulation
parameters are taken as the same as in Fig. 2 except for the laser waist
radius σ0 = 5 μm used here.

Parameter Value

θ 0◦ 2◦ 5◦ 7◦

Sy 10.2% 9.9% 7.5% 5.7%

of the two-color laser field can be adjusted by placing a silicon
wafer behind the BBO crystal. In addition, our simulations
show in Table I that if the two-color field is made from two
quasimonochromatic laser pulses superimposed on each other
in experiments the angle between the two pulses should be
small enough, e.g., below 2◦, to avoid breaking the asymmetry
of the two-color field.

IV. CONCLUSION

In summary, we have investigated the spin-polarization
effects of an ultrarelativistic electron beam head-on colliding

with an ultraintense two-color laser pulse. The asymmetry
of the laser field in the processes of the photon emission
and the electron-spin-flip transition causes considerable total
and partial polarization. The polarization strongly depends
on the relative phase φ of the two-color laser pulse. When
φ = π/2, the degree of a certain polarization reaches its peak.
As φ is taken as 3π/2, the same degree is achieved; however,
the polarization turns opposite. Moreover, the spin-dependent
radiation reaction results in the high polarization of relative-
low-energy electrons, which provides a way to generate a
highly polarized electron beam by choosing electron energy
and may serve as a signature of the spin-dependent radiation
reaction in the QED regime.
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Compton scattering in ultrashort linearly-polarized laser pulses,
Laser Part. Beams 31, 503 (2013).

[24] D. Yu. Ivanov, G. L. Kotkin, and V. G. Serbo, Complete
description of polarization effects in emission of a photon by
an electron in the field of a strong laser wave, Eur. Phys. J. C
36, 127 (2004).

033407-6

https://doi.org/10.1016/j.physrep.2007.12.003
https://doi.org/10.1016/j.physrep.2007.12.003
https://doi.org/10.1016/j.physrep.2007.12.003
https://doi.org/10.1016/j.physrep.2007.12.003
https://doi.org/10.1088/0034-4885/68/9/R01
https://doi.org/10.1088/0034-4885/68/9/R01
https://doi.org/10.1088/0034-4885/68/9/R01
https://doi.org/10.1088/0034-4885/68/9/R01
https://doi.org/10.1103/PhysRevLett.116.214801
https://doi.org/10.1103/PhysRevLett.116.214801
https://doi.org/10.1103/PhysRevLett.116.214801
https://doi.org/10.1103/PhysRevLett.116.214801
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1103/PhysRevLett.98.025001
https://doi.org/10.1103/PhysRevLett.98.025001
https://doi.org/10.1103/PhysRevLett.98.025001
https://doi.org/10.1103/PhysRevLett.98.025001
https://doi.org/10.1088/1367-2630/9/8/277
https://doi.org/10.1088/1367-2630/9/8/277
https://doi.org/10.1088/1367-2630/9/8/277
https://doi.org/10.1088/1367-2630/9/8/277
https://doi.org/10.1103/PhysRevB.13.5484
https://doi.org/10.1103/PhysRevB.13.5484
https://doi.org/10.1103/PhysRevB.13.5484
https://doi.org/10.1103/PhysRevB.13.5484
https://doi.org/10.1103/PhysRevLett.82.4216
https://doi.org/10.1103/PhysRevLett.82.4216
https://doi.org/10.1103/PhysRevLett.82.4216
https://doi.org/10.1103/PhysRevLett.82.4216
https://doi.org/10.1103/PhysRevLett.118.070403
https://doi.org/10.1103/PhysRevLett.118.070403
https://doi.org/10.1103/PhysRevLett.118.070403
https://doi.org/10.1103/PhysRevLett.118.070403
https://doi.org/10.1103/PhysRevA.95.042124
https://doi.org/10.1103/PhysRevA.95.042124
https://doi.org/10.1103/PhysRevA.95.042124
https://doi.org/10.1103/PhysRevA.95.042124
https://doi.org/10.1103/PhysRevLett.122.214801
https://doi.org/10.1103/PhysRevLett.122.214801
https://doi.org/10.1103/PhysRevLett.122.214801
https://doi.org/10.1103/PhysRevLett.122.214801
https://doi.org/10.1016/0375-9601(67)90608-1
https://doi.org/10.1016/0375-9601(67)90608-1
https://doi.org/10.1016/0375-9601(67)90608-1
https://doi.org/10.1016/0375-9601(67)90608-1
https://doi.org/10.1070/PU1972v014n06ABEH004751
https://doi.org/10.1070/PU1972v014n06ABEH004751
https://doi.org/10.1070/PU1972v014n06ABEH004751
https://doi.org/10.1070/PU1972v014n06ABEH004751
http://www.eli-beams.eu/en/facility/lasers/
http://www.xcels.iapras.ru/
https://doi.org/10.1103/PhysRevA.65.022712
https://doi.org/10.1103/PhysRevA.65.022712
https://doi.org/10.1103/PhysRevA.65.022712
https://doi.org/10.1103/PhysRevA.65.022712
https://doi.org/10.1103/PhysRevSTAB.6.011001
https://doi.org/10.1103/PhysRevSTAB.6.011001
https://doi.org/10.1103/PhysRevSTAB.6.011001
https://doi.org/10.1103/PhysRevSTAB.6.011001
https://doi.org/10.1103/PhysRevA.84.062116
https://doi.org/10.1103/PhysRevA.84.062116
https://doi.org/10.1103/PhysRevA.84.062116
https://doi.org/10.1103/PhysRevA.84.062116
https://doi.org/10.1016/j.nimb.2011.10.024
https://doi.org/10.1016/j.nimb.2011.10.024
https://doi.org/10.1016/j.nimb.2011.10.024
https://doi.org/10.1016/j.nimb.2011.10.024
https://doi.org/10.1017/S0263034613000165
https://doi.org/10.1017/S0263034613000165
https://doi.org/10.1017/S0263034613000165
https://doi.org/10.1017/S0263034613000165
https://doi.org/10.1140/epjc/s2004-01861-x
https://doi.org/10.1140/epjc/s2004-01861-x
https://doi.org/10.1140/epjc/s2004-01861-x
https://doi.org/10.1140/epjc/s2004-01861-x


SPIN-POLARIZATION EFFECTS OF AN ULTRARELATIVISTIC … PHYSICAL REVIEW A 100, 033407 (2019)

[25] D. Seipt, D. Del Sorbo, C. P. Ridgers, and A. G. R. Thomas,
Theory of radiative electron polarization in strong laser fields,
Phys. Rev. A 98, 023417 (2018).

[26] D. Del Sorbo, D. Seipt, T. G. Blackburn, A. G. R. Thomas,
C. D. Murphy, J. G. Kirk, and C. P. Ridgers, Spin polarization
of electrons by ultraintense lasers, Phys. Rev. A 96, 043407
(2017).

[27] D. Del Sorbo, D. Seipt, A. G. R. Thomas, and C. P. Ridgers,
Electron spin polarization in realistic trajectories around the
magnetic node of two counter-propagating, circularly polarized,
ultra-intense lasers, Plasma Phys. Control. Fusion 60, 064003
(2018).

[28] A. Gonoskov, A. Bashinov, I. Gonoskov, C. Harvey, A.
Ilderton, A. Kim, M. Marklund, G. Mourou, and A. Sergeev,
Anomalous Radiative Trapping in Laser Fields of Extreme
Intensity, Phys. Rev. Lett. 113, 014801 (2014).

[29] Y.-F. Li, R. Shaisultanov, K. Z. Hatsagortsyan, F. Wan, C. H.
Keitel, and J.-X. Li, Ultrarelativistic Electron-Beam Polariza-
tion in Single-Shot Interaction with an Ultraintense Laser Pulse,
Phys. Rev. Lett. 122, 154801 (2019).

[30] F. Wan, R. Shaisultanov, Y.-F. Li, K. Z. Hatsagortsyan,
C. H. Keitel, and J.-X. Li, Ultrarelativistic polarized positron
jets via collision of electron and ultraintense laser beams,
arXiv:1904.04305 (2019).

[31] K. Y. Kim, J. H. Glownia, A. J. Taylor, and G. Rodriguez,
Terahertz emission from ultrafast ionizing air in symmetry-
broken laser fields, Opt. Express 15, 4577 (2007).

[32] V. A. Andreeva, O. G. Kosareva, N. A. Panov, D. E. Shipilo,
P. M. Solyankin, M. N. Esaulkov, P. González de Alaiza
Martínez, A. P. Shkurinov, V. A. Makarov, L. Bergé, and
S. L. Chin, Ultrabroad Terahertz Spectrum Generation from
an Air-Based Filament Plasma, Phys. Rev. Lett. 116, 063902
(2016).

[33] L.-L. Zhang, W.-M. Wang, T. Wu, R. Zhang, S.-J. Zhang, C.-L.
Zhang, Y. Zhang, Z.-M. Sheng, and X.-C. Zhang, Observation
of Terahertz Radiation via the Two-Color Laser Scheme with
Uncommon Frequency Ratios, Phys. Rev. Lett. 119, 235001
(2017).

[34] W.-M. Wang, Z.-M. Sheng, Y.-T. Li, Y. Zhang, and J.
Zhang, Terahertz emission driven by two-color laser pulses
at various frequency ratios, Phys. Rev. A 96, 023844
(2017).

[35] N. Dudovich, O. Smirnova, J. Levesque, Y. Mairesse, M. Yu.
Ivanov, D. M. Villeneuve, and P. B. Corkum, Measuring and
controlling the birth of attosecond XUV pulses, Nat. Phys. 2,
781 (2006).

[36] M.-C. Chen, C. Mancuso, C. Hernández-García, F. Dollar, B.
Galloway, D. Popmintchev, P.-C. Huang, B. Walker, L. Plaja,
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