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Production of Multioriented Polarization for Relativistic Electron Beams via a
Mutable Filter for Nonlinear Compton Scattering
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We propose a feasible scenario for directly polarizing a relativistic electron beam and obtain an overall
polarization in various directions through a filter mechanism for single-shot collisions between an ultrarel-
ativistic unpolarized electron beam and an ultraintense circularly polarized laser pulse. The electrons are
scattered over a large angular range of several degrees, and the polarization states of the electrons are con-
nected with their spatial positions after the collision. Therefore, we can employ a filter to filter out a part
of the scattered electrons based on their position, and obtain a high degree of overall polarization for the
filtered beam. Through Monte Carlo simulations with consideration of spin, polarizations with a degree
of up to 62% in arbitrary transverse directions and a longitudinal polarization of up to 10% are obtained
for filtered beams with currently achievable laser intensities. We analyze theoretically the formation of the
distribution of the scattered electrons and investigate the influence of different initial parameters through
simulations to demonstrate the robustness of our scheme. This scenario provides a simple and flexible way
to produce relativistic polarized electron beams with various polarization directions.
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I. INTRODUCTION

Since the spin properties of relativistic electrons were
systematically investigated in the last century [1–7], exten-
sive applications of spin-polarized electron beams have
been developed in the fields of high-energy, nuclear,
atomic, and particle physics [8,9]. Electrons possessing
different polarizations have different cross sections for
interacting with other particles. Taking advantage of this,
polarized relativistic electron beams have played a cru-
cial role in the measurement of the spin structure of the
neutron [10] and nuclei [11], the investigation of parity-
nonconservation effects [12–14], the search for physics
beyond the standard model [15], and the production of
polarized photons [16,17] and highly polarized positrons
[16,18] through bremsstrahlung radiation.

At present, two methods are typically utilized to gen-
erate relativistic polarized electron beams in experiments.
The first is to obtain transversely polarized electron beams
directly from a storage ring [9] via the Sokolov-Ternov
effect [19,20]. Because it is limited by the field strength,
this method takes a rather long time, typically several
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hours, to acquire a high degree of polarization, oriented
in the direction opposite to the magnetic field [21]. If a
polarization in another direction is required, e.g., the longi-
tudinal polarizations that are more commonly used in prac-
tical applications, an additional spin rotator is required to
be inserted into the beamline to alter the direction of polar-
ization [22]. For such ultrarelativistic electron beams with
an energy about a few GeV, it is feasible to alter the polar-
ization direction with magnets [23]. The second method
uses a multistage approach, where nonrelativistic polarized
electrons are first extracted from a polarized photocath-
ode [24,25] or a spin filter [26] and then accelerated to
high energy in a linac. The extracted electrons are usually
longitudinally polarized, and a Wien filter is a convenient
instrument for altering the polarization direction of these
low-energy nonrelativistic electrons [27,28]. In addition,
measurement of the polarization of relativistic electron
beams can be performed by utilizing the mechanisms of
Mott scattering [29,30], Møller scattering [31–33], Comp-
ton scattering [34,35], and synchrotron radiation [36].

The above traditional methods for producing relativistic
polarized electron beams all require the aid of large-scale
accelerator facilities, which leads to a high barrier to exper-
imental research that utilizes relativistic polarized electron
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beams. With the rapid advancement of ultraintense laser
technology in recent years, laser intensities can exceed
1023 W/cm2 [37–39], which makes it possible to produce
relativistic polarized electron beams via methods employ-
ing ultraintense lasers and get rid of the bulky traditional
acceleration devices. Therefore, diverse scenarios have
been proposed in theoretical and simulation studies [40].
For instance, when an initially unpolarized ultrarelativistic
electron beam collides head-on with an ultraintense ellip-
tically polarized laser pulse, the electron beam is split into
two oppositely transversely polarized parts with a split-
ting angle of approximately tens of milliradians, due to
nonlinear Compton scattering [41]. Taking advantage of
the asymmetry in the field of a two-color or few-cycle
ultraintense laser pulse, an unpolarized ultrarelativistic
electron beam can acquire an overall transverse polariza-
tion from such a collision with a laser pulse [42–44]. There
are also schemes for producing polarized electron beams
via hydrogen halide targets prepolarized by ultraviolet
photodissociation [45–48] during laser-driven or particle-
driven plasma wakefield acceleration [49–51], and a filter
can be deployed for wakefield acceleration to increase the
polarization degree of the electron beam [52].

In this paper, we propose a filter mechanism that can
be used with collisions between an initially unpolarized
electron beam and an ultraintense circularly polarized
laser pulse to obtain relativistic polarized electron beams
with various polarization directions. Through Monte Carlo
simulations with consideration of spin, we show that by
filtering out a part of the scattered electrons based on
their position after the collision, we can easily obtain an
overall polarization with a degree of up to 62% in arbi-
trary transverse directions and a longitudinal polarization
of around 10% with currently achievable laser intensi-
ties and without any additional spin rotator, as shown in
Fig. 1. In this scheme, we employ an ultraintense laser
with a0 � 1 and an ultrarelativistic electron beam with an
energy up to the GeV level, where a0 = |e|E0/meωLc, e
is the electron charge, me is the rest mass of the electron,
c is the speed of light, and E0 and ωL are the amplitude
and frequency, respectively, of the laser field. To obtain
the polarization result that we want, an electron beam
with less than 20% energy spread and less than 10-mrad
angular divergence is needed to mitigate the impact of
the energy spread and angular divergence on the electron
spatial distribution. These parameters are similar to those
used in the schemes mentioned above employing laser-
electron interaction. More details are presented in Secs. II
and III. The entire processes of generation, polarization,
and utilization of relativistic electron beams can be accom-
plished within tens of centimeters, which is much less
than the distance required for methods based on traditional
acceleration devices. Therefore, this method of produc-
ing relativistic polarized electron beams may be a better
choice for some applications in high-energy physics. For

(a)

(b) (c) (d)

FIG. 1. Scenario for production of relativistic electron beams
with multioriented polarization. (a) Schematic layout. (b)–(d)
Filter settings to obtain high degrees of polarizations (b) Sx, (c)
Sy , and (d) Sz , where the spatial distribution of the electrons is
shown at 10 ps after the collision (3 mm behind the collision
point). θFT and ϕFT are the cutoff scattering angle and the ori-
entation, respectively, of the filter for transverse polarization.
θFL is the cutoff scattering angle of the filter for longitudinal
polarization. OAP is short for the off-axis parabolic mirror.

electrons of several hundred MeV with a broad energy
spectrum after nonlinear Compton scattering, traditional
spin-rotation systems, using either Wien filters or magnets,
cannot be applied to such an electron beam directly, and so
a scheme with the ability to produce multioriented polar-
ization shows superiority in those circumstances. Further-
more, we also investigate the results of simulations with
different initial parameters and demonstrate the robustness
of our scheme.

II. SIMULATION METHODS AND SETUPS

The scenario is illustrated in Fig. 1. A collimated rela-
tivistic electron beam propagates along the z axis and col-
lides with an ultraintense circularly polarized laser beam at
the origin. The initial electron beam can be extracted from
laser-driven plasma wakefield acceleration, where electron
beams with energies of up to 8 GeV can be obtained with
current state-of-the-art experimental techniques [53,54].
The scattering laser beam, propagating in the horizontal
plane (x-z plane), is focused at the origin, and the angle
between the laser propagation direction and the electron-
beam propagation direction is θcol. Since the filter needs
to be placed on the route of the electron beam, a collision
angle that does not affect postprocessing of the scattered
electrons is chosen rather than a head-on collision.

When electrons interact with an ultraintense laser beam
whose normalized laser field a0 is much greater than 1,
nonlinear Compton scattering is dominant in the interac-
tion [55–57]. In the interaction, it is easy to reach the
condition for the quantum regime χe � 1, where χe =
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|e|�√
(Fμνpν)2/m3

ec4 is the invariant quantum efficiency
parameter, � is the reduced Planck constant, Fμν is the
electromagnetic field tensor, and pν is the electron four-
momentum. The stochastic nature of high-energy pho-
ton emission becomes important in the quantum regime,
and so a Monte Carlo method is more appropriate for
simulations [58,59]. Therefore, to investigate the spin
polarization distribution of the scattered electrons, we
develop a polarization-vector-based Monte Carlo code [60,
61], where both nonlinear Compton scattering and clas-
sical spin precession (i.e., the Thomas-Bargmann-Michel-
Telegdi (T-BMT) equation [62–64]) are considered.

In our code, the electron spin is described as a three-
dimensional normalized polarization vector S in the rest
frame of the electron. The projection of S indicates the
expected value when the polarization is measured along
the projection axis. |S| = 1 stands for a fully polarized
pure state, 0 < |S| < 1 stands for a partially polarized
mixed state, and |S| = 0 stands for a completely unpolar-
ized state. In the relativistic theory, we can describe the
spin state of an electron in its rest frame using a specially
chosen canonical basis (κ , e, b) [61], where ê = ERF/|ERF|
and b̂ = BRF/|BRF| are the directions of the electric and
magnetic fields, respectively, in the rest frame, and κ̂ =
ê × b̂. When the Lorentz factor γ = 1/

√
1 − β2, where

β = v/c is the velocity of the electron, is much greater
than 1, ê and b̂ are always orthogonal, and κ̂ is oriented
in the direction opposite to β.

When a0 � 1, the formation interval of the emitted pho-
tons becomes very short, proportional to 1/a0, and one
can neglect the spatiotemporal variation of the background
laser field during the process; this is known as the local
constant-field approximation (LCFA). We can treat the
spin-resolved radiation probability by applying the LCFA.
Thus the differential photon emission rate for nonlinear
Compton scattering can be derived as [43]

d2Nγ

dχγ dt
= α√

3πτcγχe

[ (
2 + 3χγ y

)
K2/3(2y)

− Int K(2y) − χγ

χe
SbK1/3(2y)

]
, (1)

where τc = �/mec2 is the Compton time, α = e2/�c ≈
1/137 is the fine-structure constant, y = χγ /[3χe(χe −
χγ )], Kν(x) is the modified Bessel function of the sec-
ond kind, Int K(x) = ∫ ∞

x K1/3(z) dz, Sb = S · b̂, and χγ is
a quantum parameter related to the photon energy.

In the simulations, the electron particles are moved
by the Lorentz force in preset electromagnetic fields and
emit photons as follows. First, the instant of emission
is decided by the optical depth τ and the final optical
depth τf assigned to each particle. At the beginning of
the simulations, τ is set to 0, and τf is sampled from

τf = − ln ξ1, where ξ1 is a uniform random number in
(0, 1). The optical depth evolves according to dτ/dt =∫ χe

0 (d2Nγ /dχγ dt) dχγ [65]. Every time τ reaches τf , τ is
reset to 0, τf is resampled in the same way, and a photon is
emitted along β̂. Next, χγ for the photon is decided by use
of another uniform random number ξ2 ∈ (0, 1] from ξ2 =
[
∫ χγ

0 (d2Nγ /dχγ dt) dχγ ]/[
∫ χe

0 (d2Nγ /dχγ dt) dχγ ]. Then,
the photon energy can be calculated from �ωγ =
γ mec2χγ /χe. According to momentum conservation, the
electron momentum becomes p′ = p − (�ωγ /c)p̂ after the
emission. In addition, the electron polarization S is subject
to a step alteration after the emission, i.e.,

�S =
{ [

χγ

χe
SbK1/3(2y) − 3χγ y Int K(2y)

]
Sβ β̂

+
[
χγ

χe
SbK1/3(2y) − 3χγ yK2/3(2y)

]
Seê

+
[(

χγ

χe
S2

b − 3χey
)

K1/3(2y)

− 3χγ ySbK2/3(2y)
]

b̂
}/ [(

2 + 3χγ y
)

K2/3(2y)

− Int K(2y) − χγ

χe
SbK1/3(2y)

]
. (2)

In addition, the polarization evolves under the combined
effect of the classical spin precession following the T-
BMT equation [27] and the no-photon-emission part of the
radiation effect at all times [61], i.e.,

dS
dt

= � × S +
α

(
b̂ − SbS

)

√
3πτcγχe

∫ χe

0

χγ

χe
K1/3(2y) dχγ ,

� = − e
mec

[(
a(χe) + 1

γ

)
B − a(χe)γ

γ + 1
(β · B) β

−
(

a(χe) + 1
γ + 1

)
β × E

]
, (3)

where a(χe) = (α/πχe)
∫ ∞

0 [u/(1 + u)3]L1/3(2u/3χe) du
is the anomalous magnetic moment of the electron, tak-
ing the radiative correction into consideration [66], and
L1/3(z) = ∫ ∞

0 sin
[
(3z/2)

(
x + x3/3

)]
dx.

The simulation method is valid under the assumptions
that γ � 1, a0 � 1, and the electromagnetic fields are
small with respect to the Schwinger limit field Ecrit =
m2

ec3/e� ≈ 1.32 × 1018 V/m [43]. Our code is verified by
reproducing the results of the Sokolov-Ternov effect and
other spin-polarization models [20,67,68].

In the simulations, the initial electron beam possesses
a width of 1 μm, a length of 5 μm, an angular diver-
gence of 0.3 mrad, and an energy distribution centered
around 5 GeV with a spread of 5%, while the circularly
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polarized scattering laser beam possesses a wavelength
of 800 nm, a Gaussian envelope with a waist radius of
5 μm, an intensity peaking at 2.14 × 1022 W/cm2 (a =
a0/

√
2 = 100/

√
2), and a hyperbolic secant temporal pro-

file with a duration τFWHM = 16 fs. The collision angle is
set to θcol = 3π/4, and 10 million particles are simulated in
total. The quantum efficiency parameter χe can be derived
as χe � γ (1 − cos θcol)E0/Ecrit, and so the maximum χe is
approximately 3.6.

III. RESULTS AND DISCUSSION

A. Filter settings

After the interaction, the electrons are scattered over a
large angular range of tens of degrees and form an axisym-
metric distribution with respect to the z axis (i.e., the
original direction of the beam motion), as in the simulation
results shown in Fig. 2. The larger the scattering angle, the
smaller the number of electrons and the lower the electron
energy. Most of the electrons are in the energy range of tens
to hundreds of MeV and remain relativistic. For electrons
in this energy range, when they are subjected to an elec-
tromagnetic field and change their motion direction, their
spins are usually synchronously rotated. Thus we choose
to set filters to obtain electrons with a high degree of trans-
verse or longitudinal polarization in the direction we want,
as shown in Fig. 1.

Considering that the scattering directions are distributed
over a large angular range, to better understand the process
of laser-electron interaction and describe the polarization
for each electron, we utilize a modified frame (x′, y ′, z′) for

(a) (b) (c)

(d) (e) (f)

FIG. 2. (a) Relation between the coordinates and the vec-
tors. (b) Number per solid angle dN/d�, (c) kinetic energy
Ek, (d) longitudinal polarization Sβ , (e) radial polariza-
tion Sθ , and (f) azimuthal polarization Sϕ versus the scat-
tering direction of the electrons, where Sβ = S · p̂, Sθ =
(pxSy − pySx)/p⊥, Sϕ = [pz(pxSx + pySy) − p2

⊥Sz]/(pp⊥), p̂ =
p/|p|, p = |p| =

√
p2

x + p2
y + p2

z , and p⊥ =
√

p2
x + p2

y .

each particle to analyze the spin polarization, as shown in
Fig. 2(a). The modified frame (x′, y ′, z′) can be obtained
by rotating the frame (x, y, z) through an angle θ around
ϕ̂, where θ is the angle between the motion direction β̂

and the z axis, and ϕ̂ = ẑ × β̂ is the rotation axis. The new
frame (x′, y ′, z′) can be expressed in the laboratory frame
as follows:

x′ = (cos θ + ϕ2
x (1 − cos θ), ϕxϕy(1 − cos θ), −ϕy sin θ),

y ′ = (ϕxϕy(1 − cos θ), cos θ + ϕ2
y (1 − cos θ), ϕx sin θ),

z′ = (ϕy sin θ , −ϕx sin θ , cos θ) = β̂. (4)

By using the (x′, y ′, z′) frame, we can more easily define
the transverse and longitudinal polarization for each
electron and analyze the spin polarization process. ê =
ERF/|ERF| and b̂ = BRF/|BRF| are in the (x′, y ′) plane, and
ê × b̂ is along the −β̂ axis. The average polarization cal-
culated in the frame (x′, y ′, z′) can be considered as the
result of detecting the polarization of electrons in different
outgoing directions at infinite distance.

Through the polarization distribution, we can see that
the polarization is mainly radial. The electrons with scat-
tering angles above 0.17 rad mostly possess a radial polar-
ization with a degree of around 80%, while the longitudinal
and azimuthal polarizations are about 7% and 10%, respec-
tively. However, the overall polarization of all scattered
electrons is less than 3% for the longitudinal polarization
and almost nil for the transverse polarization because of
the axial symmetry of the polarization distribution.

Fortunately, the large angular distribution allows us to
easily select polarized electrons with the same polariza-
tion direction and then obtain an electron beam with a high
degree of overall polarization. Since the electron beam
is collimated before the collision, the angular divergence
and spatial size of the initial beam have little effect on
the final distribution at such a large angular divergence of
the scattering. When the electron beam travels some dis-
tance after the collision, the symmetry of the distribution
is transferred to the spatial position of the scattered elec-
trons, as shown in Figs. 1(b)–1(d). Then, we can set a filter
for the required polarization direction to filter out electrons
that possess a polarization in the opposite direction or a
polarization with low degree, so as to obtain an electron
beam with a high polarization in the required direction.
For the transverse polarization, a rectangular filter can be
employed to filter out the scattered electrons on one side,
where the orientation of the filter is ϕFT and the cutoff scat-
tering angle is θFT. Because of the axisymmetric nature of
the scattering distribution, an overall polarization in other
transverse directions can be easily obtained by rotating the
filter around the z axis. For the longitudinal polarization,
a circular filter can be employed to filter out electrons
of lower polarization in the central area, where the cut-
off scattering angle is θFL. The cutoff scattering angles for
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(a) (b) (c)

FIG. 3. Results for the filtered beam after applying (a) a fil-
ter for transverse polarization with ϕFT = 0 and different values
of θFT, (b) a filter for transverse polarization with θFT = π/45
and different values of ϕFT, and (c) a filter for longitudinal
polarization with different values of θFL. S̄′

⊥ is the mean polar-
ization component in the (x′, y ′) plane, Ēk is the mean kinetic
energy of the filtered electron beam, and �ϕ is the angular differ-
ence between the direction of the overall transverse polarization
S⊥′ and the filter orientation ϕFT. The values corresponding to
Nremain/Ntotal = 5% are marked with dashed lines.

both filters can be precisely controlled by sliding the filters
along the z axis.

The results for the filtered beam with different cutoff
scattering angles and filter orientations are shown in Fig. 3.
The larger the cutoff scattering angle, the higher the over-
all polarization degree of the filtered beam, but at the same
time the electron number is smaller and the average energy
of the filtered beam is lower. For transverse polarization,
about 62% polarization can be obtained with an electron-
number ratio Nremain/Ntotal = 5%. Under this condition, the
cutoff scattering angle is about 0.07 rad, and the aver-
age energy is about 130 MeV. Because of the azimuthal
polarization that emerges as a result of the effect of spin
precession, the direction of the overall transverse polariza-
tion is not completely parallel to the filter direction ϕFT, but
has an angular difference of about 0.09 rad, which needs to
be taken into account to obtain optimal results. Since the
scattering laser beam and the electron beam do not collide
head-on along the same axis, the results for different filter
orientations are slightly different for the same cutoff scat-
tering angle, but this does not affect our conclusions. For
longitudinal polarization, a polarization degree of about
6% can be obtained with 5% of particles remaining, which
is more than twice that in the case without filtering. In this
case, the cutoff scattering angle is about 0.12 rad, and the
average energy is about 108 MeV.

B. Theoretical analysis

The formation of the distribution can be explained by
the motion of an electron in a plane electromagnetic wave.
The electron is assumed to propagate along the z axis
initially and to possess a momentum p0, while the plane
wave is assumed to propagate parallel to the x-z plane
with a collision angle θcol. The electron motion can easily

be solved in the wave frame (xL, yL, zL), where the wave
propagates along the zL axis. The frame (xL, yL, zL) can be
obtained by rotating the frame (x, y, z) around the y axis
by θcol. The wave can be represented by the normalized
magnetic vector potential a = |e|A/mec2 = δa0 cos φ x̂L +√

1 − δ2a0 sin φ ŷL, where φ = ωLt − k · r + φ0 is the
phase of the wave, and δ is a polarization parameter such
that δ = ±1/

√
2 for a circularly polarized wave. Then,

we can obtain expressions for the momenta in the frame
(xL, yL, zL) as [69]

pxL = a · x̂L − p0 sin θcol,

pyL = a · ŷL,

pzL = p0 cos θcol + a2 − 2p0 sin θcol a · x̂L

2(γ0 − p0 cos θcol)
, (5)

where γ0 =
√

1 + p2
0 is the initial Lorentz factor of the

electron. Note that here we use the dimensionless momen-
tum (i.e., p → p/mec) to simplify the expressions. For
an initially ultrarelativistic electron (i.e., γ0 � 1), we can
make the approximation γ0 ≈ p0 and utilize a coordinate
transformation to obtain expressions in the frame (x, y, z),
i.e.,

px = −δa0 sin φ′ + a2
0

2γ0 tan(θcol/2)
,

py =
√

1 − δ2a0 cos φ′,

pz = p0 + a2
0

2γ0(1/ cos θcol − 1)
− δa0

tan(θcol/2)
sin φ′, (6)

where φ′ ≈ (1 − cos θcol)ωLt + φ′
0.

To have an axisymmetric result, we require that
{

γ0 � a0,

θcol ∈
[π

2
, π

]
.

(7)

When Eq. (7) is satisfied, the second term of px is
far less than the amplitude of the periodic term, and
so the motion in the x-y plane can be sketched as
a circle for a circularly polarized wave, as shown in
Fig. 4(a). The symmetry of the transverse motion of
the electron results finally in an axisymmetric feature in
the polarization. Since the electron circles synchronously
with the wave, it can be calculated that the direction
of the magnetic field in the rest frame, i.e., BRF =
γ [B − β × E − (γ /(γ + 1)) (β · B)β], is always close to
the direction opposite to the transverse momentum (for
δ = 1/

√
2). According to Eq. (2), when the electron emits

a high-energy photon, the electron is significantly polar-
ized towards −b̂ and depolarized along the directions of β̂

and ê. The higher the photon energy, the larger the polar-
ization alteration. Thus, whenever an unpolarized electron
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(a) (c)

(b)

(e)

(f)

(d)

FIG. 4. (a) Illustrative diagram of electron motion and radi-
ation. (b)–(f) Evolution of a hypothetical particle that emits
only one high-energy photon during the interaction (red lines),
a selected particle in the Monte Carlo simulation (blue lines),
and a fully transversely polarized electron that is affected by spin
precession but not by the effect of radiation (yellow line).

emits a high-energy photon, it obtains a high degree of
polarization in the same direction as the current transverse
momentum. On the other hand, the electron momentum
undergoes a step alteration �p in the direction opposite to
the current momentum due to the radiation reaction. �p is
separate from the oscillating momentum, which changes
the neutral direction and causes the electron to be scat-
tered out of the original direction after the interaction.
Therefore, if the electron emits only one photon in the
whole interaction and this is a high-energy photon, as in
the case of the hypothetical particle shown by red lines
in Fig. 4, the electron eventually obtains a high degree
of polarization towards −θ̂ . In the actual simulations, the
electron always emits multiple photons during the interac-
tion. However, for a short laser pulse, the ultimate state of
the electron is mostly decided by the emission of a few of
the highest-energy photons, as in the case of the simulated
particle shown by blue lines in Fig. 4, and so the qualitative
discussion above is still applicable.

As for the longitudinal polarization, generally, an elec-
tron cannot obtain growth in its longitudinal polarization
from a rapidly changing periodic field such as a laser field
in the sole presence of spin precession. The evolution of
the longitudinal polarization due to the spin-precession
effect can be written as [27]

dSβ

dt
= − e

mec
S⊥·

[
a(χe)

(
β̂ × B + βE

)
+

(
β − 1

β

)
E

]
,

(8)

where S⊥ is the transverse component of S. For the interac-
tion between a relativistic electron and a circularly polar-
ized laser field, when the polarization is mainly transverse
(i.e., S⊥ � Sβ), Sβ can be approximately solved for as

Sβ = S⊥a(χe)a0√
2

cos φ′ + Sβ0, (9)

where Sβ0 is the initial longitudinal polarization of the
electron. It can be seen that the longitudinal polarization
oscillates synchronously with the laser field and returns
to its initial value Sβ0 when the electron leaves the laser
field, as shown by the yellow line in Fig. 4(f). However,
if the effect of radiation is taken into account, the results
are different. When a high-energy photon is emitted, a
polarization is generated in the direction of −b̂, and so
we can calculate that dSβ/dt ≈ 0 according to the relation-
ship between the vector directions, which implies that the
oscillation of Sβ is at a peak or trough. In other words,
the neutral position of the oscillation of the longitudinal
polarization is altered after the emission. When the elec-
tron moves away from the laser pulse, the longitudinal
polarization has increased compared with the beginning,
as shown by the red line in Fig. 4(f). Because of symme-
try, the neutral position moves towards the same direction
whenever the emission occurs. Therefore, the effect accu-
mulates for multiple emissions, as shown by the blue line
in Fig. 4(f).

C. Influence of different initial conditions

In order to test the robustness of our scheme, we investi-
gate the effect of different initial parameters, and the results
for a filtered beam with 5% of the particles remaining are
shown in Fig. 5. Except for the parameters in the figure,
all initial parameters are the same as those mentioned in
Sec. II. The electron has a high possibility of emitting
photons with an energy comparable to that of the elec-
tron itself and thereby come close to the polarization limit
once the quantum regime χe ∼ 1 is reached [61]. A fur-
ther increase in χe does not make much difference in the
polarization. Therefore, a transverse polarization with a
degree above 60% is obtained for all laser intensities a0
from 50 to 150. According to the analysis in Sec. III B,

(a) (b) (c)

(d) (e) (f)

FIG. 5. Simulation results for the filtered beam with 5% of
particles remaining for different values of the laser intensity
a0, initial beam energy Ek, and collision angle θcol. (a)–(c) Fil-
ter for transverse polarization with ϕFT = 0. (d)–(f) Filter for
longitudinal polarization.
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the longitudinal polarization is transferred from the trans-
verse polarization, and the final Sβ is proportional to the
laser intensity, which is also confirmed by our results. We
obtain around 10% longitudinal polarization at a0 = 150
(i.e., I0 = 6.42 × 1022 W/cm2, which can be achieved with
current laser technologies). However, it should be noted
that the larger the laser intensity, the stronger the radiation
in the laser field, and the larger the radiation reaction force
that the electron is subjected to. If the laser intensity is too
large, the electrons will be scattered in every direction and
lose almost all of their energy, which makes it impossible
to utilize them as a beam. Therefore, it is impracticable
to blindly increase the laser intensity to obtain a higher
longitudinal polarization. As for the initial beam energy
Ek, when the beam energy reaches about 5 GeV, a further
increase in the initial energy does not lead to a signifi-
cant increase in polarization, and this is also because the
quantum regime χe ∼ 1 has been reached. An increase in
the initial energy cannot greatly increase the energy of the
final beam either, but this also implies that the method is
efficient for a beam with a wide energy spread. Moreover,
the average energy of the final beam is higher at a smaller
collision angle θcol, but the degree of polarization hardly
decreases. Therefore, decreasing the collision angle may
be a convenient way to increase the energy of the final
beam, as long as the range of transverse motion of the elec-
trons is smaller than the spatial size of the laser beam and
the quantum regime χe � 1 is reached. From these simula-
tion results, we can see that our scheme can be effectively
applied for a variety of different initial parameters, thus
demonstrating the robustness of our filtering method.

IV. CONCLUSIONS

In conclusion, we propose a filter mechanism for use
with the collision of an initially unpolarized ultrarelativis-
tic electron beam and an ultraintense circularly polarized
laser pulse. After the collision, the polarization of the elec-
trons is connected with their motion direction and spatial
position, and thus we can filter out a part of the scat-
tered electrons based on their spatial position to obtain
a relativistic polarized electron beam with a high degree
of polarization in a certain direction. The entire produc-
tion process of relativistic polarized electron beams can
be realized within tens of centimeters in our scheme,
which makes the scheme much more compact compared
with traditional methods based on large-scale accelera-
tor devices. Moreover, polarization in various directions
can be obtained in the same setup without the help of
additional spin-rotation devices. Through numerical sim-
ulation utilizing a Monte Carlo code with consideration of
spin developed by us, we obtain up to 62% polarization
in any transverse direction and about 10% polarization in
the longitudinal direction for the filtered beam with cur-
rently achievable laser intensities. We reveal the reason for

the formation of the polarization distribution by analyzing
the motion and spin evolution of relativistic electrons in a
plane electromagnetic wave. Finally, the influence of dif-
ferent initial parameters on the results is investigated to
demonstrate the robustness of our method. This method
for producing relativistic polarized electron beams is prac-
ticable for experimental implementation and has potential
applications in high-energy physics.
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