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Spin polarization of an ultrarelativistic electron beam head-on colliding with an ultraintense laser pulse is
investigated in the quantum radiation-dominated regime. We develop a Monte Carlo method to model
electron radiative spin effects in arbitrary electromagnetic fields by employing spin-resolved radiation
probabilities in the local constant field approximation. Because of spin-dependent radiation reaction, the
applied elliptically polarized laser pulse polarizes the initially unpolarized electron beam and splits it along
the propagation direction into two oppositely transversely polarized parts with a splitting angle of about
tens of milliradians. Thus, a dense electron beam with above 70% polarization can be generated in tens
of femtoseconds with realistic laser pulses. The proposed method demonstrates a way for relativistic
electron beam polarization with currently achievable laser facilities.
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Spin-polarized electron beams are extensively employed
to investigate matter properties, atomic and molecular
structures [1-3], and in the relativistic realm, probe nuclear
structures [4,5], generate polarized photons [6,7] and posi-
trons [6,8], study parity violation [9] and new physics
beyond the standard model [10]. There are mainly two
methods to generate relativistic polarized electron beams
[11]. In the first method, the polarized electrons are first
extracted from a photocathode [12,13] and then, accelerated
(alternatively obtained from spin filters [14], beam splitters
[15,16], or laser wakefield acceleration in prepolarized
plasmas [17]). The second method is a direct way of
transverse polarization of a relativistic electron beam in a
storage ring via radiative polarization (Sokolov-Ternov
effect) [18-25]. The polarization of the latter is rather slow,
because the magnetic fields of a synchrotron are too weak
(~1 Tesla). Because mostly longitudinal polarization is
interesting in high-energy physics, spin rotation systems
are applied [26]. Moreover, for creating polarized positrons,
Compton scattering or Bremsstrahlung of circularly polar-
ized lasers and successive pair creation are commonly used
[27-31]. The polarization of relativistic electrons can be
detected by Compton scattering [32], Mgller scattering [33],
or other methods.

Strongest fields in a laboratory are provided by lasers,
reaching a laser intensity ~10?> W/cm? (magnetic field
~4 x 10° Tesla) [34-37]. Can such strong fields be
employed for fast electron polarization, similar to the
Sokolov-Ternov effect? Unfortunately, previous investiga-
tions proved that electrons cannot be polarized via
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asymmetric spin flip in nonlinear Compton scattering off
a strong monochromatic plane laser wave [38—41], because
of the oscillating character of laser fields, with opposite
directions of the magnetic field in adjacent half cycles. For
the same reason the polarization is small in the case of a laser
pulse [42-44]. In a plane-wave ultrashort laser pulse, 9%
degree of electron polarization has been recently shown in
Ref. [44]. Tt is also known that because of linear Compton
scattering the electrons of different spins are scattered off the
beam with different probabilities, and the unscattered part of
the beam becomes polarized [45]; however, the number of
electrons

in the beam is significantly decreased. Therefore, it still
remains a challenge to obtain a significant polarization of an
electron beam in realistic space-time oscillating laser fields.
In this respect, recently a model electromagnetic field,
namely, a strong rotating electric field has been shown to
highly polarize an electron beam analogous to the Sokolov-
Ternov effect in tens of femtoseconds [46,47]. The rotating
electric field models antinodes of the electric field of a
standing laser wave. However, it is known that at available
strong laser intensities the electrons are mostly trapped at
nodes of the electric field, rather than antinodes [48,49],
while the radiative trapping in antinodes may only occur
in future linearly polarized laser pulses of intensities
>10% W /cm? [50].

In this Letter, we show that with a proper choice of
ellipticity of a currently achievable strong laser pulse
interacting with a counterpropagating unpolarized electron
beam in the quantum radiation-dominated regime [51], the
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FIG. 1. Scenario of generation of spin-polarized electron beams
via nonlinear Compton scattering. (a) An ultrarelativistic electron
bunch generated by laser wakefield acceleration collides head-on
with an ultraintense elliptically polarized laser pulse. “S,,” (red
point) and “S,_” (blue point) denote the electrons polarized
parallel and antiparallel to the y direction, respectively. Trans-
verse momentum distributions: for (b) EP, (¢c) CP, and (d) LP laser
pulses. The laser pulse propagates along +z direction, and the
major axis of the polarization ellipse is along x axis.

electron beam can be polarized and splitted along the
propagation direction into two parts with opposite trans-
verse polarizations (see Fig. 1). The electron beam splitting
is due to spin-dependent radiation reaction. It is interesting
to note that the considered effect is damped in the circularly
polarized (CP) and linearly polarized (LP) laser fields, but
is significant in the elliptically polarized (EP) one with a
proper ellipticity; see Figs. 1(b) and 1(d) and the detailed
explanation below in Fig. 3. For the analysis of radiative
spin effects, we have developed a Monte Carlo method for
photon emissions during the electron semiclassical dynam-
ics in external laser field, which is based on the spin-
resolved radiation probability in the local constant field
approximation (LCFA) [52-62].

In nonlinear Compton scattering, the invariant parameter

characterizing quantum effects is y = |e|f1y/ (F,, p*)*/m?c*

[52], where F w is the field tensor, 7 the reduced Planck
constant, ¢ the speed of the light, p = (¢/¢, p) the incoming
electron 4-momentum, and —e and m are the electron charge
and mass, respectively. When the electron counterpropagates
with the laser beam, y = 2(hw,/mc?)&y. Here, y is the
electron Lorentz factor, £ = |e|Ey/(mwyc) the invariant
laser field parameter, E, and w, are the amplitude and
frequency of the laser field, respectively.

We simulate spin-resolved electron dynamics with a
Monte Carlo code. Photon emissions are treated quantum
mechanically in LCFA valid at £ > 1 [52,53,63]. The spin-
dependent photon emission probabilities in LCFA are
employed with the leading order contribution with respect
to 1/y, which are derived with the quantum electrodynam-
ics operator method of Baier-Katkov [64]

= Wr{—(2+u)*[IntKy(u') —2K;(u')](1+8;/)

+u? [IntKy (') + 2K ()] (1=S,) +2u*S, /IntKy (u')
— (4u+2u?)(S;+S,)[B xA|K, (')
—2u*(S;—S,)|p xa]Ky(u')

—4u? [IntKy (u') — K3 ()] (S;-B)(S-B) } (1)

3

where Wy = amc/[8v3xh. (k- p;)(1 4+ u)?], ' = 2u/3y,
u = ho,/(& - ho,), IntK,(u') = [ dzKy(z), K, is the
n-order modified Bessel function of the second kind, a the
fine structure constant, 4. = fi/mc the Compton wave-
length, @, the emitted photon frequency, ¢; the electron
energy before radiation, f# = v/c the velocity, a = a/|a|
the acceleration, n = k - r the laser phase, p;, k, and r are
four vectors of the electron momentum before radiation,
laser wave vector, and coordinate, respectively, S; and S
denote the electron spin polarization vector before and after
radiation, respectively, |[S; /| =1, and S;; =8, -S;. The
case when S; and S are along the magnetic field in the rest
frame of electron is given in Ref. [65]. Arbitrary spin
directions are necessary in Eq. (1) to consistently include in
the Monte Carlo code the electron spin precession effect in
the laser field between the photon emissions. Summing
over Sy, the radiation probability depending on the initial
spin is obtained [64]

—uS; - [B x AlKi(u)}. (2)

Averaging by the electron initial spin, the widely used
radiation probability is obtained [55-59]. The radiation
probabilities in Egs. (1) and (2) are summed up by photon
polarization.

The spin dynamics due to photon emissions are described
in the spirit of the quantum jump approach [66,67]. After a
photon emission, the electron spin state is collapsed into one
of its basis states defined with respect to the instantaneous
spin quantization axis (SQA), which is chosen along the
magnetic field in the rest frame of electron, i.e., along # x a.
We consider the stochastic spin flip at photon emission using
three random numbers N,, N, and N” in [0, 1], as follows.
First, at each emission length, because the spin-dependent
radiation probability in Eq. (2) V_Vfl- > N,, a photon is
emitted. The emitted photon frequency w, is determined
by the condition (1/Wp,) [o: {[dW;(w)]/(dw)}de = N,
Then, the electron spin flips either parallel (spin-up) or
antiparallel (spin-down) to SQA with probabilities of W}[

and W}i, respectively. Here, W ; = }i + W.ll. and W}i and
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FIG. 2. (a) Transverse distribution of the electron spin compo-
nent S, vs the deflection angles 6, = arctan(p,/p.) and

0, = arctan( py/P;). (b) Transverse distribution of the electron
density logo(d>N,/ deo.de,) rad=2. (c) Average spin S'y (magenta
solid) and electron distribution log;o(dN, /d,) (black dashed) vs
0,. (d) Ratio of polarized electron number N7 to total electron
number N, vs the beam average spin S‘y. The red (right) and blue
(left) curves represent the polarization parallel and antiparallel to
the +y axis, respectively. And, the points (—0.65,0.1) and (0.71,
0.05) indicate (:9),, NE/N,) of electrons in the blue and red boxes
in panel (b), respectively. The laser and electron beam parameters
are given in the text.

W]{i are calculated via Eq. (1). If WTI. /Wy > N, the spin
flips up, otherwise, down.

Between photon emissions, the electron dynamics in the
external laser field is described by Lorentz equations, and
the spin precession is governed by the Thomas-Bargmann-
Michel-Telegdi equation [68-71]:

as ey (9 y
d_n_C(k-p)SX[ <2 1>7+1 Bif

+(§-1+%>B—(g o >ﬂ E] (3)

where E and B are the laser electric and magnetic fields,
respectively, g is the electron gyromagnetic factor [21]: g(y) =

24+2u(x). ﬂ()() la/ ()] f5°[v/ (1+)*[Ls[(2y)/ (3x)] Dy,
with  Ly(z = [ sin{[(3z)/2][x + (x 3/3)]}a’x Because

y <1, g~2.00232. The accuracy of our Monte Carlo
code is confirmed by reproducing the well-known results
on the radiative polarization [19,21,46,47,72].

The spatial distribution of the electromagnetic fields
takes into account up to (wy/z,)* order of the nonparaxial
solution [72-74], where wy, is the laser beam waist and z,
the Rayleigh length.

The considered polarization effect is illustrated in
Fig. 2. The laser peak intensity I, ~ 1.38 x 10> W/cm?
(¢ = 100), wavelength Ay, = 1 pum, pulse duration 7 = 5T,
with period T, focal radius wy =5 um, and ellipticity
e = |E,|/|E,| = 0.05. For the cylindrical electron bunch,
polar angle 6, = 180°, azimuthal angle ¢, =0° and
angular divergence is 0.3 mrad. Initial kinetic energy ¢, =
4 GeV with an energy spread Aey/ey = 0.06, ymax = 1.5
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FIG. 3. (a), (b): The relative magnitude of the spin-dependent
term in the radiation probability of Eq. (2) with y = 1 and 0.1,
respectively. 6Win = Wpin/ (Wraa — Wepin)» and, Wy,q and Wy,
are the total radiation probability and the spin-dependent term in
Eq. (2), respectively. Red and blue curves denote S; parallel and
antiparallel to SQA, respectively. (c),(d): Electron momenta in EP
(LP) and CP plane waves, respectively. The colored circles
indicate the photon emission points in the laser field and the
corresponding electron final momenta. The red-up (blue-down)
arrows indicate “spin-up” (“spin-down’’) with respect to +y axis
in (c2), (c3), and (d2), and +x axis in (d3). (¢) Scaled p, of two
sample electrons vs 7. (f) Scaled y (black), radiation probability
Wy (cyan) and flip probability Wy, (red) vs 5 for a sample
electron. The laser and electron beam parameters in (e) and (f) are
the same as in Fig. 2.

(the pair production is estimated to be negligible for present
parameters). The bunch radius w, = 4, length L, = 54,
and density n, ~2.6 x 10'7 cm™ with a transversely
Gaussian and longitudinally uniform distribution, which
can be obtained by current laser wakefield accelerators
[75,76]. The feasibility of elliptical polarization of ultra-
strong laser beams is demonstrated in Refs. [77,78].
Figure 2(a) demonstrates that an initially unpolarized
electron bunch is polarized and splitted into two beams
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polarizing parallel and antiparallel to the minor axis of
elliptical polarization (4y axis), respectively, with a split-
ting angle of about 20 mrad, which is much larger than the
angular divergence of the electron beams [72]. The corre-
sponding electron density mainly concentrates in the beam
center, because the transverse ponderomotive force is
relatively small; see Fig. 2(b). Figure 2(c) represents the
average spin :S’y (magenta-solid curve) and the electron
density distribution (black-dashed curve) integrated over
0,. Near 0, = 0, the electron density is rather high, but Sy is
very low. With the increase of |6,|, the electron density
exponentially declines; however, S’y remarkably ascends
until about 80%. Separating the part of the electron beam
within 6, > 0 (or 6, < 0), one will obtain an electron beam
with positive (or negative) transverse polarization. When
splitting the beams exactly at 6, = 0, one obtains |S, |~
34.21% for both the splitted beams. However, we can
increase the polarization of beams if we exclude the
electrons near 6, = 0. For instance, as is shown by blue
and red boxes in Fig. 2(b), the corresponding average spin
S, and electron number ratio N7 /N, are approximately
(—65%, 10%) and (71%, 5%), respectively, see Fig. 2(d).
The corresponding splitting angle is of about 3 mrad,
which is much larger than the angular resolution (less than
0.1 mrad) with current technique of electron detectors
[76,79-81].

Moreover, for experimental convenience, we consider
the cases of larger energy spread Agy/ey = 0.1, larger
angular divergence of 1 mrad and different collision angles
0, =179° and ¢, = 90°, and all show stable and uniform
results [72].

The reason for the electron beam polarization and
splitting is analyzed in Fig. 3. The spin effect in the
radiation probability is due to the third term in Eq. (2), and
its contribution is rather significant (about 30%) for high-
energy photon emission; see Figs. 3(a) and 3(b) at
ho,/e; % 0.5 ~0.6, which is negative (positive) for S;
parallel (antiparallel) to SQA. For simplicity, we analyze
the electron radiative dynamics in plane wave cases; see
Figs. 3(c) and 3(d). Let us assume that the relativistic
electrons initially move along —z direction, have no trans-
verse momentum, and the final polarization along y axis is
detected. When in the laser field the electron emits a photon
(mostly at large y) with a transverse momentum, finally it
will appear with an opposite one due to the momentum
conservation. The ultrarelativistic electron is assumed to
emit a photon along its momentum direction, because the
emission angle ~1/y is rather small. Therefore, the electron
final transverse momentum will be opposite in sign to its
momentum at the photon emission point. In the laser field
the transverse momentum p;, = —eA(#), with the vector
potential A(n), is ahead by z/2 with respect to the field
E(n). The SQAisalongff x a x ef X E + ¢ff x (f x B) ~
e(1—p.)B x E, and note that f# is negative.

0.5
0.4

Sy

0 [
0 0.10.20.3040.5060.70.809 1 0 0.10.20.3040.50.60.7080.9 1

S 5

FIG. 4. Impacts of (a) ellipticity e, (b) laser intensity &, (c) laser
pulse duration 7, and (d) initial kinetic energy of electrons &, on
the polarization. Other parameters are the same as in Fig. 2.

For the LP plane wave polarized along x axis, see
Figs. 3(cl)and 3(c2), y « &y oscillates with |E,|, and the
SQA is along y axis, with a sign following E . According to
Eq. (2) and Figs. 3(a) and 3(b), at points of y;, y,, the
photon emission is more probable for spin-up (with respect
to +y direction) electrons, because the corresponding E,
(green curve), and consequently, SQA are both negative.
At points of y3 and y,4, spin-down electrons mostly radiate.
The final transverse momenta of electrons emitting photons
at y; and y, are positive and at y, and y; negative.
Consequently, spin-up and spin-down electrons move
symmetrically with respect to the x axis and mix together,
as indicated in Fig. 1(d). The similar analysis is applicable
for the CP case; see Figs. 3(d1)-3(d3). Finally, spin-up
and spin-down electrons mix together in x-y plane; see
Fig. 1(c).

However, for the EP plane wave with a rather small
ellipticity (E, < E,), the radiation probability and the SQA
both mainly rely on E,, and the SQA is along y axis. In
Fig. 3(c3), p, has a 7 delay with respect to E,; at points of
y; and y,, E, and SQA are both negative, thus, spin-up
(with respect to +y direction) electrons more probably
radiate and finally acquire negative p,. And, at points of y3
and y,4, spin-down electrons more probably radiate and
finally have positive p,. Consequently, electrons split up
with respect to the +y axis; see Figs. 1(b) and 2, in which,
because p, is negative, spin-up (spin-down) electrons move
at positive (negative) 6, = arctan(p,/p.). The trajectories
of sample electrons in Fig. 3(e) illustrate those behaviors.

We underline that the spin-dependent beam splitting
relies on the spin-dependent radiation reaction, rather than
on the asymmetric spin flip. Moreover, multiple flips of
spin will smear out the considered effect, and we judi-
ciously have chosen parameters to reduce the flip effect via
limiting the number of emitted photons N, ~ &az/T, ~
3.65 [51,72], along with rather small spin flip probability;
see Fig. 3(f).

Furthermore, impacts of the laser and electron beam
parameters on the polarization are analyzed in Fig. 4. First,
the ellipticity € is a very crucial parameter. If ¢ is too small,
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the splitting angle 6, ~ p,/p, «x E,/E, is very small as
well, and the polarized electrons partially overlap near
py =0 (e.g., the ultimate case of the LP laser), which
reduces the degree of polarization. Oppositely, largely
increasing ellipticity can increase the splitting angle, but
unfortunately also the SQA rotation (cf., the ultimate case
of the CP laser). Thus, the average polarization decreases;
see Fig. 4(a). The optimal ellipticity is of order of 1072
to 107!, The trade-off exists also for the laser intensity,
pulse duration, and the electron energy. From one side, the
effect relies on the radiation reaction and requires large
7~ 107%¢y > 1 and many photon emissions. From another
side, the spin flips smear out the considered effect which
imposes restriction on the photon emissions. For this
reason, with increasing £ and the electron kinetic energy
&9, the polarization is first enhanced due to the increase
of y, and then saturates; see Figs. 4(b) and 4(d). The
mentioned trade-off yields nonuniform dependence on the
laser pulse duration. The polarization is weak at too short
or too long pulses, and the optimum is v = 57, for the
given parameters; see Fig. 4(c).

For a simple estimation of radiative polarization effects,
we also develop a semiclassical analytical method based on
the modified Landau-Lifshitz equation [51,82,83] with a
radiation-reaction force accounting for quantum-recoil and
spin effects. This model further confirms above obtained
results qualitatively [72].

In conclusion, we have developed a Monte Carlo method
for simulating radiative spin effects. We show that adding a
proper small ellipticity to the strong laser pulse allows us to
directly polarize and split a counterpropagating relativistic
electron beam into highly polarized parts with current
achievable experimental techniques, which can be used in
high-energy physics.
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