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Electron beam longitudinal polarization during the interaction with counterpropagating circularly
polarized ultraintense laser pulses is investigated, while accounting for the anomalous magnetic moment of
the electron. Although it is known that the helicity transfer from the laser photons to the electron beam is
suppressed in linear and nonlinear Compton scattering processes, we show that the helicity transfer
nevertheless can happen via an intermediate step of the electron radiative transverse polarization, phase
matched with the driving field, followed up by spin rotation into the longitudinal direction as induced by
the anomalous magnetic moment of the electron. With spin-resolved QED Monte Carlo simulations, we
demonstrate the consequent helicity transfer from laser photons to the electron beam with a degree up to
10%, along with an electron radial polarization up to 65% after multiple photon emissions in a femtosecond
timescale. This effect is detectable with currently achievable laser facilities, evidencing the role of the
leading QED vertex correction to the electron anomalous magnetic moment in the polarization dynamics in

ultrastrong laser fields.
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The development of modern ultraintense laser facilities,
with a record intensity already reaching 10> W/cm? [1-4],
brings about new possibilities for testing predictions of
strong-field quantum electrodynamics (QED) theory.
The typical field strength characterizing the strong-field
QED regime is the Schwinger critical field Eg = 1.3 x
10'® V/cm (corresponding to the intensity of Ig=
4.6 x 10* W/cm?) [5,6]. While directly not attainable
by lasers, the critical field can be achieved using the
Lorentz boost of ultrarelativistic electrons in a head-on
collision geometry [7], which enables the experimental
study of nonlinear regimes of strong-field QED processes.
In particular, recently such experiments are proposed at
DESY (LUXE) [8], and at FACET-II (E320) in the Stanford
Linear Accelerator Center (SLAC) [9].

In strong background fields electrons can be polarized due
to the spin-flip during photon emissions, which was first
discovered for synchrotron radiation [10-14] and termed as
radiative polarization. Recently, the possibility has been
proven of efficient radiative polarization using ultrastrong
laser fields, applied to produce polarized electrons [15-17]
and positrons [18-20] in a femtosecond timescale, as well as
for polarization transfer from electrons to y rays in laser
fields [21,22]. The polarization effects in strong laser fields
have a capability of detecting the quantum stochastic nature
of electron dynamics [23], diagnosing magnetic fields of
plasma [24], and providing ultrashort, high-brilliance, low-
emittance polarized beam sources for fundamental studies in
high-energy physics [25-27] and material science [28,29].
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The completely spin- and photon-polarization-resolved
probability rates for nonlinear Compton scattering have
been derived from strong-field QED theory in the Furry
picture for a plane-wave laser field [30], and for the locally
constant fields [31], as well as via the quantum operator
method [32], and employed for a deep analysis of all
polarization channels, helicity transfer in the perturbative
regime, and investigation of the polarization dependent
energy and angle distributions [33]. Furthermore, the study
of polarization effects has been extended to higher-order
QED processes [34-39], and QED cascades [40].

In radiative polarization the electron spin flip is prefer-
able along the instantaneous magnetic field in the rest frame
of the electron. Because of that in a storage ring or in
ultrastrong laser fields initially unpolarized electrons
are mostly polarized transversely after the interaction.
Nevertheless, high-precision high-energy physics at accel-
erators demands longitudinal beam polarization, e.g., the
Quweak €xperiment at Jefferson Lab [41] and E158 at SLAC
[42]. Presently, one common way of producing circularly
polarized electrons in accelerators is via photoemission
induced by a circular polarized laser field from a solid
[43,44]. There were a series of attempts to employ
Compton scattering for this purpose. While here the
helicity of the laser photons is efficiently transferred to
emitted y rays [45,46], the longitudinal polarization of the
scattered electrons is not efficient in the linear regime and
suppressed in the nonlinear regime. Thus, the electron
longitudinal polarization can reach only Py =P - ff ~ 1073
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during a single photon emission in a circularly polarized
laser field [47] at the laser strong field parameter a, = 100
and electron velocity f ~ GeV. Moreover, while scattered
electrons in the Compton process are weakly polarized, the
total longitudinal polarization of the electron beam is
vanishing. This is due to the polarization of unscattered
electrons, which exactly cancels that of scattered ones
[48,49]. The latter is explained as interference of the
incoming electron wave function with that of the forward
scattered one.

Recently, it has been demonstrated that QED radiative
corrections, i.e., the interaction of the electron with its own
radiation field, can also affect the electron spin dynamics in
intense background fields [35-37]. In particular, due to
QED loop corrections, the electrons exact spin-dependent
wave function becomes unstable inside a strong back-
ground field, leading to 1% polarization for unscattered
electrons [35,36]. The latter provides the QED description
of the polarization of unscattered electrons discussed in
Ref. [48]. The spin effects resulted from the electron mass
loop are also described as a spin rotation, which appeared to
be more significant within the tail of a tightly focused laser
beam [37]. Furthermore, there are experimental plans to
reach the fully nonperturbative regime of QED, employing
beam-beam collisions in TeV-class lepton colliders [50—
55], when the effective field in the rest frame of electrons
could be supercritical, and radiative corrections to QED
processes nonperturbative and substantial.

In this Letter, we investigate the role of the electrons’
anomalous magnetic moment on the helicity transfer from a
circularly polarized (CP) laser pulse to an ultrarelativistic
electron beam for the nonlinear Compton scattering process
in the radiation reaction dominated regime. The electron
three-dimensional polarization properties are analyzed
using numerical Monte Carlo simulations based on the
spin-resolved radiation probabilities in the local constant
field approximation (LCFA). While previous studies
neglecting the QED radiative corrections came to a con-
clusion that the helicity transfer from laser photons to
electrons is forbidden in the nonlinear Compton scattering
process, we obtain a sizable longitudinal polarization of
electrons when the one-loop QED vertex correction [11,56]
to the anomalous contribution to the magnetic moment is
accounted for. A longitudinal polarization degree close to
3% is shown, which could be further improved up to 10%
with postselection techniques. Compared with the conven-
tional way via the Sokolov-Ternov effect, our scheme can
directly produce substantial longitudinal electron polariza-
tion without an additional polarization rotator and in an
orders of magnitude faster timescale. More importantly, we
prove the scenario of the helicity transfer during nonlinear
Compton scattering. Initially, spin flips during photon
emissions induce electron transverse polarization which
is phase matched with the laser field. Because of the latter

property and the anomalous correction to the magnetic
moment [57-59], the oscillating transverse polarization is
transformed into accumulated longitudinal polarization dur-
ing the interaction. The latter demonstrates a signature of
QED radiative corrections for electron polarization dynamics
in ultrastrong laser fields. Additionally, the electron trans-
verse radiative polarization with a degree over 60% is shown
after the interaction, of interest for high-energy applications.

We model the laser-electron interaction process with the
Monte Carlo method [60-63], which treats the photon
emissions quantum mechanically with the spin-resolved
photon emission probabilities in the LCFA [15,21]. The
LCFA [14,64-68] is valid at ay=|e|Ey/(mwy) > 1,
when the coherence length of the photon emission,
I ~2;/ag, is much smaller than the typical length of
the trajectory (here the laser wavelength 4; ). Furthermore,
E, is the laser field amplitude, w, the laser frequency, and
e(< 0), m are the electron charge and mass, respectively.
Relativistic units 7= c =1 are used throughout. The
photon emission probability is determined by the local
value of the quantum strong-field parameter

Xe = le|\/—(F,p*)*/m?, where F,, is the field tensor

and pY the four vector of electron momentum. The
simulation method is the following [69]: The common
statistical event generator is conducted at each simulation
step to determine whether or not a photon-emission occurs
based on the photon emission probability via the Baier-
Katkov QED operator method [70]. If a photon-emission
occurs, the emitted photon energy is determined by the
stochastic procedure and spectral probability with polari-
zation involved, while the electron and photon polar-
izations via the averaged algorithm involving the density
matrix for the mixed state of an electron ensemble
[63,71,72] to reduce the statistical fluctuation. Because
of the radiation reaction, the electron momentum is
reduced tops = (1 — w,/|p;|)p;, where p; ; are the electron
momentum before and after emission, respectively, and w,
the energy of emitted photon. If the photon-emission event
is rejected, the electron spin changes according to the
nonradiation probability [18,63]. This no-emission spin
variation originates from the radiative correction of the
one-loop propagator correction where the electron propa-
gator is modified by the process that a virtual photon is
emitted and reabsorbed by the electron [35]. At first order
in the fine-structure constant , it cancels the longitudinal
polarization of the electrons induced by emitting soft
photons in a circularly polarized field [38,48,73]. In the
regime a, ~ 1, the cancellation is broken after including
radiation reaction, leading to a nonzero longitudinal
polarization of the final electrons [39].

The spin precession between photon emissions is gov-
erned by the Thomas-Bargmann-Michel-Telegdi equation
[74,75]: dS/dt = S x F, with
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FIG. 1. (a) Distribution of electron number density log;y(N),
with N, = dN,/[dpd sin0d0d¢]. (b) Average longitudinal
polarization P =f-S;. (c) Average transverse polarization
[P |=1|Sf— ,180°] and the
azimuthal angle of ¢ in [0°,360°], respectively. (d) P)| (red-solid),
P, (black-dashed), and log,(dN,/[d0sin(0)]) (yellow-dotted)
at ¢ = 180° vs 6, respectively.
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where E and B are the laser electric and magnetic fields,
respectively, # & —1 the electron velocity, and g the electron
gyromagnetic factor. Taking into account the radiative
correction to the first order of « in the interaction with
the radiation field and being exact with respect to the
external field [12],

st =220 wtr) = [ (3 o
(2)
with Li(z) = [§°sin {(3z/2)[x + (x 3/3)]}dx. At y, < 1,

one obtams the Schwinger result ¢ =2+ (a/7)~
2.00232. The electron dynamics is described by the
Newton equation with the Lorentz force. The modification
of the equation of motion due to the anomalous magnetic
moment [76,77] does not change the electron dynamics [69].

The polarization effect of electrons is illustrated in Fig. 1. A
right-hand CP tightly focused Gaussian laser pulse is
used [78], with peak intensity I,~ 2 x 10*> W/cm?
(ap = 100v/2), pulse duration (FWHM) 7 = 5T, with the
laser period Ty, A =1 um, and focal radius wy, = 54. The
counterpropagating cylindrical electron bunch has a length

of L, = 52 and radius of w, = 1A. N, = 10° unpolarized
electrons are distributed longitudinally uniformly. The trans-
verse distribution is Gaussian with the variance of
0.y =034 The initial electron Kinetic energy is
gy = 1 GeV, the energy spread Aegy/eq = 10%, and the
angular divergence (FWHM) A0 = 0.1 mrad. The diagram-
matic detailed setup (see Fig. 17 in the Supplemental Material
[69]) and the feasibility for larger beam spreadings is shown in
Ref. [69]. As the quantum parameter for pair creation
7, = lel\/—(F,k)*/m? ~ 0005 < 1, with & = (w,k)
being the four-momentum of laser photons, the rate of
producing e*e” pairs by emitted photons is W, ~ 107
and consequently can be neglected [69].

After the interaction the scattered electrons concentrate in
the center of the angle distribution, and have longitudinal, as
well as transverse polarization, see Figs. 1(a)-1(c). The
average longitudinal polarization degree is not large
Py =(1/N,) SN S, - (B:/1B:]) ~2.65%,  nevertheless
exceeding by an order of magnitude the QED tree-level
result 13” ~ 0.1% [47]. The electrons are highly polarized in
the transverse plane with polarization vector pointing to the
center of the beam. The electron number density decreases
exponentially from the center to the peripheries [Fig. 1(d)],
while the polarization P and P increase with the deflection
angle. Therefore, the polarization purity can be increased by
selecting large angle electrons with post-momentum-angle
selection techniques. Meanwhile, the longitudinal polariza-
tion degree can be increased by post-energy selection due to
the P dependency on the electrons energy (Fig. 2). Higher
P|| can be obtained by collecting low energy electrons. For
instance, by collecting the electrons with energies less than
45 MeV, we can get a polarization degree of P| = 10% with
the percentage of number of 1%.

The reason for the electron beam polarization is analyzed
in Fig. 3. Without radiation reaction, the electrons typically
move along a spiral trajectory in the CP laser pulse, with the
transverse momentum perpendicular to the electric field
[Figs. 3(a) and 3(b)]. In each time step, the spin vector of an
electron flips to the direction parallel or antiparallel to the
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FIG. 2. Longitudinal polarization P, and number density
log,o(dN,/de,) (MeV~1), versus final electron energy &,.
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FIG. 3. The evolution of the field and electron parameters: (a) E,,

py,-and S (b)Ey, p,,and S5 (¢) S, forg = 9(x.) (redsolid), g = 2
(blue dotted), and g = g(y,) but without radiative polarization
(magenta dashed), for an initially unpolarized electron beam. The
electron spin dynamics is calculated numerically with Eq. (3). At
t = 0 the peak of the laser pulse reaches the focal spot. The field and
momentum components are normalized to their maximum.
Radiation reaction for the electron momenta is neglected
for simplicity [80]. (d) The values of the three terms in
Eq. (5) are defined as 7 = (1/a){u?Ky/3 —uK, ;5[S;- (B xs)]},
T, = (1/a){w’IntK, /3 — uK; 3[S; - (B x )]}, and T3 = (1/a)
u(l +u)Ky 38 xs), with  a=(1+u)ntK;,;3—(2+2u+
u?)Ky/3 +8; - (B x s)uK, ;3and S; = 0.01, S; is parallel to (8 x s).

instantaneous spin quantization axis according to the quan-
tum probabilities [18]. The evolution of polarization of an
electron ensemble including both effects of spin flip and spin
precession is described by the following equation [12]:

as am o u?du
E‘SXF‘@W/O (I +u)
+ (IntK /3 — Ky /3)(S - B)B + (B x @)K 3], (3)

where IntK, = f°° dzKi(z), Kop=Kys(u'), Ky =
K, /;3(u), and'K,, is the nth-order modified Bessel function
of the second kind, u' = 2u/3y,, u = w,/(g) — »,), and &

the electron energy, , the photon energy, anda = ﬂ / |ﬂ |. As
shown in Figs. 3(a)-3(c), the transverse polarization S|
oscillates synchronously with E, and |S.| builds up expo-
nentially. The phase matching between S, , and E, , follows
from the domination of the last term in Eq. (3) for S | . In fact,
K, /3|8 | < K3, and the spin precession role [first term in
Eq. (3)] is known to be minor for the transverse radiative
polarization. Consequently, dS | /dt is parallel to —f x a,
and thus, § | is parallel to E. We analyze the accumulation of
the longitudinal polarization:

[K,/38

ASE =

[PKy/3 — uK; j5[S; - (B x @)]]S| + [P IntK, ;5 — uK; ;5[S; - (B x a)]]S) + u(1 4+ u)K, 5(8 x a)

dSui e gﬂ l
s (G (55)H

am o y’du
—\/_T]WSA mIntK1/3, (4)

with the use of Eq. (11.171) in Ref. [7]. For an initially
unpolarized electrons beam, the longitudinal polarization
arises due to the S| term, connected to the spin procession,
which can be approximated as dS)/dt~—(2e/m)
[(g/2) —1]S, - E, taking account of SH =0, f~1 and

B|| — k. As well known, the Dirac theory predicts precisely
g = 2, which leads to vanishing longitudinal polarization
[Fig. 3(c)]. However, the QED loop corrections induce an
anomalous contribution to the electron’s magnetic moment,
g # 2 [Eq. (2)], which results in rotation of the transverse
polarization to longitudinal direction in the case when S |
and E are phase matched. Note that, the phase matching of
S| and E is a unique feature of electrons in a counter-
propagating circularly polarized laser field, and, conse-
quently, such a configuration is essential for producing
P [69]. Therefore, the electron anomalous magnetic
moment is the origin of helicity transfer. Our estimation
of § via Eq. (3) yields P = 3.26% after the interaction,
which is in accordance with the simulation result. Thus, even
though the spin precession is trivial for the well-studied
transverse polarization in strong-field QED [12,15,16], it
plays an essential role in generating longitudinal polariza-
tion. The correlation between anomalous magnetic moment
and longitudinal polarization may consequently provide
new potential of accurately measuring g/2 — 1. For instance,
the maximum and the changing rate of the averaged
polarization degree exclusively depend on the anomalous
magnetic moment, which would be sensitive measures of the
anomaly ¢/2 — 1 [79].

Moreover, the Monte Carlo simulation reveals a radial
polarization feature of the electron beam with absolute
value P up to 65% [Fig. 1(c)]. Even though the averaged
transverse polarization is negligible due to the cancellation
from opposite angles, which coincides with the prediction
of modified BMT equations [Figs. 3(a) and 3(b)], it is
possible to collect electrons in a certain angle to obtain a
high transverse polarization, as well as a high longitudinal
polarization by applying a spin-rotating system [15]. We
can give a simple estimation of the radial polarization using
the spin-flip transition probabilities, which determine the
spin change after a photon emission [15,18]:

(1 + u)IntK1/3 - (2 —+ 2u + MZ)K2/3 +St . (ﬂ Xa)uK1/3

(5)
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The initial spin S; is taken as the average polarization of the
ensemble shown in Figs. 3(a)-3(c), i.e., [P, |~ 1072 and
|P| ~ 1072, In this case, the fist two terms of Eq. (5) are
negligible compared with the last term since |S| < 1, and
the remaining terms with modified Bessel functions are
comparable, see Fig. 3(d). Consequently, the change of
transverse spin is estimated as AS® « —f x a, antiparallel
to the momentum of the scattered electron after one photon
emission [69]. This feature is preserved during multiple
photon emissions, yielding the radial transverse electron
polarization [Fig. 1(c)].

Since the transverse polarization |AS¥| increases with
the emitted photon energy [69], the electrons that experi-
ence more energy loss obtain higher transverse polariza-
tion, which subsequently contributes to higher longitudinal
polarization according to Eq. (4). Meanwhile, as the
deflection angle of electron 6, ~ 1/y, the transverse
polarization degree increases with the decrease of 6
[Fig. 1(d)]. Therefore, P| is inversely proportional to &,
and 0 [Figs. 1(d) and 2]. The above analysis is not relevant
for scattered electrons with energy higher than 135 MeV,
corresponding to those within angle of 0 > 167°. These
electrons are polarized opposite to the laser helicity and the
polarization degree increases with €, and @ [Fig. 2]. This
counterintuitive polarization feature highlights two differ-
ent contributions of QED loop effects to the electron
polarization in background fields. First, the loop effects
induce anomalous magnetic moment g > 2, which yields
the rotation of the radiative transverse polarization into the
longitudinal direction. Second, the loop effects result in
varying the electron spin even without photon emissions
[35]. The latter effect is included in our Monte Carlo
simulations by means of an additional no-photon-emission
probability for the spin-flip [63]. We estimate this effect via
turning off artificially the photon emission in the modified
BMT equation [69]:

dsvR e am [~ du
g~ mS<F] '\/5”% (1 IS #xa)
uK,3]S — (B x a)uK,3}. (6)
Py Py x10°
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FIG. 4. The dependence of the longitudinal polarization P on
the laser duration 7 and the initial electron energy &, at the laser

intensity of ay = 100y/2 and 50+/2, respectively.

Compared with Eq. (3), the dominant term (f x a) has
opposite sign. Thus, if the transverse spin dynamics is
governed by no-emission polarization, the phase of S, is
opposite to E. Consequently, the energetic electrons obtain
a negative longitudinal polarization [Fig. 3(c)] due to
polarization rotation associated with anomalous magnetic
moment, i.€., Py =-P, x S| - E < 0, which is opposite to
the low-energy electrons in the remaining contribution to
the spectrum, as shown in Fig. 2.

The impacts of the laser and electron beam parameters
on the longitudinal polarization are analyzed in Fig. 4. With
the increase of ¢, and a, the transverse polarization P |
increases since radiative polarization is enhanced for
a larger radiation loss scaled by y,~5 x 107%q,y, and
consequently, the longitudinal polarization P grows.
While for a certain ¢, and a, P rises at first and then
declines with respect to 7. Without radiation reaction, one
would expect a monotonously increase of P with the
increase of interaction time from Eq. (3). Unfortunately,
radiation reaction breaks the phase correlation between S |
and FE, and disrupts the longitudinal polarization built at the
preliminary stage of the interaction, resulting in the
decrease of P for a long laser pulse [69].

Concluding, we have analyzed the role of the anomalous
magnetic moment and no-photon-emission spin dynamics,
i.e., effects which both are consequences of QED radiative
corrections, for electron polarization in the radiation
dominated regime with multiple photon emissions. We
showed that exclusively due to these effects helicity transfer
is possible from CP laser photons to electrons in ultrastrong
field regime ay > 1, which challenged the belief that
circularly polarized laser beams cannot induce high longi-
tudinal polarization. Thanks to high collision luminosity in
the nonlinear regime, this single-shot signature is robust
with respect to the laser and electron parameters and
measurable with currently available experimental technol-
ogy [69]. It could also serve for testing QED predictions on
radiative corrections.
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