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ABSTRACT

Spin-polarized positron beams have widely been utilized in applications ranging from fundamental physical studies to material processing.
Preparing highly polarized positron beams for accurate probing is a long-standing issue. Here, we put forward a method to produce ultra-
relativistic polarized positrons with unprecedented purity in a femtosecond timescale employing a few-PW circularly polarized laser pulse.
The fully spin-resolved QED Monte Carlo method is used for simulating the two successive QED processes during the interaction, i.e.,
nonlinear Compton scattering and nonlinear Breit-Wheeler pair production. As the photons emitted in a circularly polarized laser field are
symmetrically polarized, the polarization of the intermediate gamma photon beam averages out to zero, which is advantageous for improving
the polarization of positrons. Meanwhile, the moderate laser intensity suppresses the depolarization of the new-born positrons induced by
radiation reaction effect. As a result, the polarization of the positrons can reach up to = 90%, the highest among the laser-driven polariza-
tion schemes conceived hitherto. Furthermore, our method relaxes the requirement on laser intensity to few-PW level, offering a promising
way of preparing polarized positrons with current-generation laser facilities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0158256

I. INTRODUCTION

Spin-polarized positron beams are a powerful tool in fundamen-
tal physical studies and applications, such as improving the sensitivity
of the two-photon effect experiments," unraveling nucleon structures,”
and testing the standard model or searching new physics beyond it.’
In addition, polarized positrons scattered by materials could provide
information on the surface and bulk magnetism of the materials™

radioisotopes’ or the Bethe-Heitler process during interactions
between circularly polarized gamma rays with a high-Z target.
Polarized positrons generated from beta decays cannot be used as
beams due to the low density and wide angular divergence. In contrast,
positron beams generated by the polarized Bethe-Heitler process are
more potential for high-energy physical experiments as proposed in
the famous International Linear Collider.”” However, this method suf-
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and, consequently, are applied in material processing.

Generally, there are two available means of obtaining polarized
positrons. In the first method, unpolarized positrons generated by the
Bethe—Heitler process are sent to a storage ring, where the positrons
are polarized as a result of radiation due to the Sokolov-Ternov effect.”
However, owing to the weak magnetic fields (~Tesla), this method
requires a rather long polarization time (from tens of minutes to
hours),” huge layout scale, and expenses. Alternatively, polarized posi-
trons can be generated directly using beta decays of specific

fers from high depolarization rates and large angular divergences due
to multiple scattering in the Coulomb field of nuclei (Mott scatter-
ing).'”'" To remedy this, the target thickness has to be less than
0.2L43,"" which consequently limits the yield of polarized positrons
to =0.0le* /e .'"’>"" The present available highly polarized
(30%-80%) positrons'>'” " at yield ~10~*¢* /e~ and angular diver-
gence in the scale of degree still cannot meet the experimental require-
ments, such as for those at linear colliders.”'? Recently, a large-scale
interconnected-undulator-based positron generation system was
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conceived, which, however, faces a huge challenge and risk mainly
arising from thermal load on the positron production target."”
Therefore, the ability of efficiently preparing highly polarized positrons
is a long-standing issue.

With the rapid development of PW laser technology, schemes
employing ultra-intense electromagnetic fields have been proposed to
generate polarized positrons in a femtosecond timescale,” ** which
exploit two successive strong-field QED processes, nonlinear
Compton scattering (NCS) and nonlinear Breit-Wheeler (NBW) pair
production. The positrons are polarized at creation due to the asym-
metric creation probability between positrons with opposite polariza-
tion states. However, this polarization effect averages out to zero in a
symmetric oscillating field. Therefore, laser fields with some sort of
asymmetric structures are necessary for preventing the cancelation
from different half-cycles.””"** For instance, polarized positrons can
be obtained using a two-color laser pulse’’ or a strong unipolar field
generated by an ultra-relativistic electron beam propagating in a
plasma.”” However, the polarization degree of positrons in the both
methods is limited to = 60%. It has been reported in Ref. 21 that the
polarization degree can reach 90% by adding a specifically tailored
small ellipticity to split two oppositely polarized beams along the
minor axis of the laser field. Unfortunately, an improved simulation
including the polarization effect of intermediate photons reveals that
the average polarization of the positrons in elliptically polarized field is
reduced by 35%.”" Replacing the unpolarized seed electrons with
polarized ones could make a progress at higher polarization.”” **
However, the ability of preparing highly polarized seed electrons (typi-
cally ~80%'**") inhibits the polarization of the produced positrons.

In this paper, we aim to put forward an efficient method of produc-
ing highly polarized positrons with polarization degree = 90%, higher
than any laser-driven schemes conceived hitherto. We use a circularly
polarized ultra-intense laser pulse to interact with an unpolarized ultra-
relativistic electron beam, as shown in Fig. 1. During the interaction,
high-energy photons emitted by seed electrons are well collimated and
polarized radially, corresponding to a zero-level average polarization.
In the subsequent NBW processes, high-energy photons decay into
electron—positron pairs. As for the photon beam with a vanishing aver-
age polarization, the degradation effect originating from the photon
polarization could be removed. Furthermore, compared with other
schemes, typically with laser intensity =10% W/cm’ the required
laser intensity here is one order of magnitude less, which makes the
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depolarization effect of random radiation reaction suppressed, resulting
in a high positron polarization degree larger than 90%.

Il. SIMULATION METHOD

A recently developed Monte Carlo method™” incorporating all
polarization effects in strong-QED processes are employed to calculate
the polarization dynamics of electrons, photons, and positrons, during
the interaction of a circularly polarized ultra-intense laser pulse with
an ultra-relativistic electron beam. This method is based on the fully
spin- and polarization-dependent quantum probabilities derived via
the Baier-Katkov QED operator method under the local constant field
approximation (LCFA), which is valid when the invariant laser field
parameter ay = |e|Ey/(mmo) > 1.°°*° In LCFA, the photon emis-
sion probability and pair production probability are determined by the

local value of the quantum parameter, y,, = |e| —(Eup®)*/m’.
Here, F,, is the field tensor, p” is the four-momentum of the photon
or electron (positron), E, is the laser field amplitude, wy is the laser fre-
quency, and e <0 and m are the electron charge and mass, respec-
tively. Relativistic units i = ¢ = 1 are used throughout.

A common stochastic algorithm is employed to describe
mechanically the quantum events of photon emissions and pair pro-
ductions.””** At each time step At, whether a photon (a pair) is emit-
ted (created) is determined by the quantum probability as follows.

The photon emission probability takes the following form:****

derad CR

where Cg = am/[v/31),(1 + u)’], @ is the fine structure constant, 7,
is the electron Lorenz factor, u = w,/(¢; — w,), ®, is the emitted
photon energy, and ¢; is the electron energy before radiation, respec-
tively. The variables introduced in Eq. (1) read

Fy = —(1 + u)IntKy(«') + (t? +2u+ 2)K(u)
—u(S; - &)Ky (i) — sf{(l +u) [IntK%(u’) - ZK%(u’)} S;
+u(l+ u)K%(u/)éz + i [IntK%(u’)—Kg(u’)] (S; - év)é,/},
(2)

~ g - "
i W T
. \_:
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FIG. 1. Scenarios of generating polarized
positrons via successive NCS and NBW
processes in an ultra-intense laser field. A
circularly polarized laser pulse propagat-
ing along +z direction head-on colliding
with an unpolarized electron bunch produ-
e ces positrons polarized in radial directions
pointing to the center of the beam axis.
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Fy = (S;-&)u(l + u)Ki(u') + (S - ér)uKy(u')

2
+(Sr x Sp)e, (”7 + u) Kg(u/)

— S {(Si- @) (S &) +(S - @) (8- &) MntKi (), ()
Fy = —(S; - &,)ulntKy (') — (Sy - &)u(1 + u)IntKy(u')

+[(Si- &) + (S - &) (2 + wuKs(u)
—(Sy x S;)é; (% + u) K%(u/)

[(Si €,)(Sr - e2)+(Sr-e,)(Si - éz)ﬁ%(”,)a (4)

Fy = (14 0Ky (w) = u(1+ )(S, - &K () + (5, - §y)
X (u;+ u+ I)Ké(u’) — u(Sy - éZ)K%(u’)

— S A6 )W) + [(8i-@)(S - €)
—(8 - €)(Sy - &)IntKy () }, (5)

where o' = 2u/3y,, IntKi(u') = I dzKi(z), K, is the nth-order
modified Bessel function of the second kind, €, is the unit vector along
the direction of the transverse component of electron acceleration,
€, = e, x e, where &, is the unit vector along the electron velocity,
and §; and Syare the electron spin-polarization vectors before and after
radiation, respectively, |S;| < 1.

When a photon is emitted, its energy is determined by the Monte
Carlo algorithm,”" and its movement direction is assumed to be along
the electron velocity, given the smallness of the emission angle ~1/7,
for an ultra-relativistic electron. The Stokes parameter & = (&, &,, &3)
for the emitted photon with respect to the axes of €, €, is taken as
¢ = F/F,.The electron final spin is determined by Eq. (1) with photon
polarization summed over”*

d;z\;‘:d :%(a1 +a,-8+b-S), (6)

with
ar = —(1 + u)IntKy (') + (1 +2u+ 2)Ke(u'), (7)
a = —&uki(), (8)

b=—-(1+u) [IntK%(u/) - 2K§(u/)} Si—u(l+ u)K%(u/)éz
1P [IntK%(u’) - K%(u’)] (Si - &,)é,. 9)

After a photon emission, the electron spin jumps to a mixed state
Sf determined by Eq. (1) as

Sk b

= 10
! a1+a2-S,- ( )

If a photon-emission event is rejected, then the electron spin also
changes according to the no-emission probability,””*”* which is
explained as the interference of the incoming electron wave function
with that of the forward scattered one, ™ or in the QED language as radi-
ative correction effect of the one-loop propagator (self-energy).”” >

pubs.aip.org/aip/pop

A detailed interpretation of this effect is discussed in Ref. 35. The proba-
bility for no-emission reads

W =3 (8 d), (1)

where

c=1- JCR [7(1 + u)IntKs (') + (2 + 2u + 2)Ke (i)

-S;- ézuKé(u’)]duAt, (12)
a=s{1- JcR [0+ wnti, )
+(u* + 2u+2)K§(u’)] duAt} +eé JCRuK%(u’)duAt, (13)
The final spin vector of the electron is
d
NR _
S =—. (14)

[

Similar to the algorithm of photon emission, we use the photon-
polarization- and electron (positron)-spin-resolved pair production
probability to determine whether a pair is created or not, and then
determine the pair’s spin states. The pair production probability is”’

dz Wpair 9

dopdt ~ 2 S (15)

2
h= ( % 2> K:(p) + IntKs(p) — &Ka(p), (16)

) w, . W, L o)\,
= & 2Ky ()¢~ K(p) <6—+’ ¢ 8—j>e;
: |9y et —e? N
+ & |—IntKi(p) + —Kz(p) | €,, (17)
o 3 &8 3

where C, = am?/(v/37w,); o,, &, and &_ are the energies of the
parent photon, new-born positron, and electron, respectively, with
W, =&y +e5 p=207/Byere); &= (&,E,E) refers to the
photon polarization vector with &; (i=1, 2, 3) the Stokes parameters
defined with respect to the axes of €] and €} [also €; and &, in Eq.
(1)]."" Note that here é’l is the unit vector along the direction of the
transverse component of positron acceleration, &, = &/ x &, with &,
the unit vector along positron velocity. The spin state of the new-born
positron is set as

S, =1, (18)

The spin state of the new-born electron is also obtained in Eq. (15) by
replacing &, ¢ ,and S| withe_, ¢, and S_, respectively.”

Between quantum events, the electron (positron) dynamics in the
ultra-intense laser field are described by Lorentz equations, dp/dt
= q(E + v x B). The spin precession is governed by the Thomas-
Bargmann-Michel-Telegdi equation: "’

s _gq g Y
~_1 (21 .B
dt msx{ (2 )y+1(v Jv

g 1 g Y
S _14+-|B— (22— E 1
+(2 +v) (2 Hl)vx ] 19
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where E and B are the laser electric and magnetic fields, respectively,

and g is the electron gyromagnetic factor: g(y,) = 2 + 2u(y.), u(%.)
2 . { . 3

== (1i'y)3 L (3—/{) dy, with Ly(z) = J§* sin [} (x + %)]dx As

Yo K 1,8~2.00232, q is e and - e for electron and positron,

respectively.

lll. NUMERICAL RESULTS

A typical numerical result for positrons polarization in our scheme
is shown in Fig. 2. The peak laser intensity of the circularly polarized
tightly focused Gaussian laser pulse’’ is Ip ~ 2.5 x 10! W/cm®
(ap = 30), pulse duration (the full width at half maximum) t = 6Ty
with T, being the period at the wavelength of 2 = 1 m, and focal
radius wy = 54. The electron bunch is considered as a cylindrical form
at a length of L, = 64 and radius of w, = 14, with N, = 1 x 107 elec-
trons uniformly distributed longitudinally and normally distributed
transversely. The initial kinetic energy is 10 GeV, the energy spread is
10%, and the angular divergence is 1 mrad. With the present available
laser intensities up to 1 x 102 W/cm® and electron energy close to
10 GeV (Ref. 42) generated by laser wakefield accelerators and hundreds
of GeV by traditional accelerators, we choose the laser and electron
parameters above to keep the quantum parameters y,,, > 1 for substan-
tial high-energy photon emission and pair production. Here,
2 = 411,

" The produced positrons concentrate around the center of the
angular momentum distribution, and the number density decreases

ARTICLE
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with the increase in the deflection angles |0,| and |0,|, with a total
yield of 8.9 x 10° (corresponding to 0.089 ¢ /e™) [see Fig. 2(a)]. The
positrons are polarized radially pointing to the beam-center axis, with
the polarization degree increasing with the increase in the deflection
angle [see Figs. 2(b) and 2(c)]. The profile curves in Fig. 2(d) show
more intuitive features of polarization P, and the density with respect
to the deflection angle. It can be seen that the positrons polarization is
opposite for +0,, respectively, with P, > 0 at 0, > 0 and P, < 0 at
0, < 0. Meanwhile, the polarization degree |P,| increases with the
increase in |0, | and the maximum value of | P, | can be as high as 91%.
The average polarization degree is 46.8% for positrons with 0, > 0
(0, < 0), while it is nil for the total positrons due to the symmetric
angular distribution of polarization. For experimental applications, it
is applicable to utilize post-selection techniques to purify the polariza-
tion degree through collecting positrons within a certain angle range.
We calculate the polarization of post-selected positrons and their rela-
tive fraction as shown in Fig. 3. It can be seen that it is feasible to get a
high polarization degree with a sizable positron number proportion.
For instance, if we collect positrons within [9.4 mrad, 30 mrad], then
corresponding to 1% of the total, we would obtain a polarization of
77%. Higher polarization degree could also be achieved by selecting
positrons within a smaller angle range. By collecting the positrons
with 0, > 26.5 mrad, we obtain highly polarized positrons with
P, >90%, much higher than the existing schemes based on ultra-
intense lasers. Indeed, the relative fraction for positrons with polariza-
tion ~90% is low. It could still be enhanced by collecting positrons in
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FIG. 3. Polarization P, of the selected positrons with 0, € [0, 30mrad] and 0y €
[—1.2mrad, 1.2mrad] (left axis) and their relative fraction with respect to the total
positron number (right axis) vs the collection angle 0, .

different radial directions and rotating their polarizations to a same
direction via spin-rotators.”’ The relatively wide angular distribution
of polarization is advantageous for using angle-selection technique to
improve the polarization, compared with that in the elliptically polar-
ized laser scheme. The angle-dependent polarization of positrons is
connected with their spatial positions. Even though the splitting angle
is small (~10 mrad), the spatial separation of positrons with different
emission angles would be notable after a long propagation distance.
For instance, a 10-mrad angle separation corresponds to a 5-cm spatial

, . 0, , o )
—&—Ki(p)er — (— —¢3 (o—> Ki(p)ez + &

ARTICLE

pubs.aip.org/aip/pop

separation at a propagation distance of 5 m. Therefore, the positrons
with different spins are well-separated in space and can be split.

The reasons for the production of highly polarized positrons are
elucidated in Figs. 4 and 5. Two typical QED processes in strong fields
are: the emission of photons by electrons by NCS, and the production
of pairs by high-energy photons via the NBW process. Let us start
with the photon-emission process during NCS. The angular distribu-
tion of the photons emitted during the NCS process is shown in Fig. 4.
The high-energy photons are well collimated with a small polar angle
range within 3 mrad [see Fig. 4(a)]. The angular spread of photons is
one order of magnitude less than that of the positrons in Fig. 2, indi-
cating that the contribution of parent y-photons to the final transverse
momentum of positrons is negligible. From Figs. 4(b)-4(d), it can be
seen that the photons are transversely polarized as &, =0, and &, 5
(ranging from —0.6 to 0.6) centrosymmetrically distributed around
the beam-center axis. For the whole photon beam, the average polari-
zation becomes zero due to the cancelation from different parts of the
beam.

Let us proceed to the analysis of the angle-dependent polarization
of positrons generated during NBW. The final transverse momentum
of a positron can be estimated as Pﬂ ~ P\ — eA(y, ), where P is the
momentum inherited from the parent photon, and A (1., ) is the vector
potential at the creation point with ., = wot; — koz being the crea-
tion phase of the pairs. Comparing the angular distribution of Figs. 2
and 4, it is clear that P! < P’j_ and consequently P’j_ ~ —eA(n,),
indicating that the final transverse momentum of a positron is deter-
mined by the laser field where the positron is created. From Egs.
(15)-(18), the spin state of a positron at the creation phase can be
derived as

22
o, et — ¢ .
ZIHtKg(P) + et K:(p)| e,

(20)

In the case ¢, , 3 = 0, one obtains

- (%) Ki(p)e

o’
( r_ 2) K:(p) + IntKi(p)

ey6_

Equation (21) shows that the created positron is polarized anti-
parallel to €,, which is roughly the opposite direction of the
instantaneous magnetic field at #,. In a circularly polarized
laser field, the magnetic field is parallel with —A(7..) for arbitrary
1, and, consequently, fPfl | S+ () with Sy (n,) being the
polarization of the positron at the creation phase. Thus,
0~ —P /y, || Si(n,). The positrons could undergo radiation
reaction effect in the laser field, which may beak the correlation
between polarization and final transverse momentum built when
the pair is created. However, thanks to the moderate laser

( % 2) K:(p) + IntKi(p) — &Ke(p)

intensity employed in our scheme, the influence of radiation reac-
tion effect on the angular distribution of polarization is negligible
(see Fig. 5). Therefore, the positrons keep radically polarized even
after moving out of the laser field.

The correlation between polarization degree and deflection angle
0 is explained below, by means of the relation of polarization S and
pair-production probability with respect to the energy ratio &, /w, as
illustrated in Fig. 6. The dependence of polarization and probability on
the positron energy &, /e, are plotted for y, = 1.7 and 4.1, which are
the maximum and average value of y,, respectively. In both the
cases, the positron spin component S, decreases from 1 to 0, as
&4+ /w, increases from 0 to 1 [see Fig. 6(a)], with a wide energy spec-
trum, ranging from 0 to w, [see Fig. 6(b)]. It results in that the posi-
trons with lower energies tend to show larger deflection angles
0~ |Pﬂ|m / &+ o< 1/e; and higher polarization. In addition, for the
low energy part, i.e, &4 ~ 0, the positron polarization could be close
to 1. However, it is hard to get 100% polarized positrons in a realistic
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scenario (Fig. 2), due to the overlapping of positrons with different
energies but with the same deflection angles.

The polarization schemes employing linearly or elliptically polar-
ized lasers perform badly in obtaining highly polarized positrons. In
the former case, the kinetic motion of particles is roughly in the x-z
plane, resulting in a negligible angular spread over 0, [Fig. 7(a)]. With
the quantization axis along the magnetic field direction, S,=0 is
obtained [see Fig. 7(b)]. In the laser field, the magnetic field B, has a
7/2 phase delay with respect to vector potential A,. The positrons cre-
ated at B, >0 and S, >0 (B, <0 and S, < 0) could have final
momentum P, > 0 or Py < 0. Consequently, the created positrons
with S, > 0 or S, < 0 are mixed together, resulting in an unpolarized
beam (P, = 0) [see Fig. 7(b)].

The elliptically polarized laser cases are discussed in detail in
Refs. 21 and 24. To ensure a sufficient deflection angle for post-
selection, one has to employ lasers with high intensities. The typical
amplitudes along major and minor axes of the ellipse are a, ~ 100
and a, ~ 10, respectively, corresponding to a laser intensity of
= 10?2 W/em?. Such a high laser intensity would enhance the depolar-
ization effect for positrons due to the radiation recoil effect.”’ In addi-
tion, the influence of photon polarization (€5 ~ 0.5) in positron
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FIG. 7. Simulation result of the laser-electron interaction with a linearly polarized
(along x axis) laser pulse. (a) Average transverse polarization degree |P| vs the
deflection angles 0, and 0,, respectively. (b) Polarization P, = S, (red-solid),
P, =S, (blue-dashed-dotted) and positron-number density N = l0g;o(dNe. /
dby) (mrad™) (black-dotted) vs 6,. The other laser and electron-beam parameters
are the same as those in Fig. 2.

polarization is not trivial, causing the average polarization to be
degraded by 35%.™

The impacts of laser and electron-beam parameters on the posi-
tron polarization are studied in Fig. 8. When the laser intensity ao
increases from 20 to 40, the gradient of the curve declines due to
0 o ay [see Fig. 8(a)]. The maximum polarization degree for ay = 20
and ay = 30 are similar, but reduces to 84% for a; = 40 due to the
nontrivial radiation reaction. The polarization curve remains stable
when the laser pulse duration changes from 4T to 8T, except for a
more intense fluctuation appearing at large 0,, region for shorter 7 [see
Fig. 8(b)]. The fluctuation arises due to the reduction in the positron
yield. The polarization degree is proportional to the initial seed elec-
tron energy [see Fig. 8(c)]. For a certain deflection angle, 0, o< 1 /ex,
the larger &, corresponds to lower energy ratio &, /w, as w, x & and
larger polarization as shown in Fig. 6(a). Thus, larger &, is preferred
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FIG. 8. Impacts of laser and electron-beam parameters, including laser intensity (a), pulse duration (b) and initial seed-electron energy (c), on the positron polarization.

for higher polarization and positron yield but it cannot be too large for
the suppression of the radiation reaction effect.

Condlusively, we have investigated the production of highly
polarized positrons via successive nonlinear Compton scattering and
nonlinear Breit-Wheeler processes during the interaction between a
circularly polarized few-PW laser pulse and an ultra-relativistic
electron beam. Taking advantage of the correlation of the final
momentum and the polarization of the positron created in a circularly
polarized field and the suppression of the depolarization effect origi-
nating from radiation recoils, the positron polarization can reach up to
91% with a laser intensity of ~10%' W/cm®. Compared with the exist-
ing schemes of producing polarized positrons with lasers, our scheme
provides the highest polarization degree but with the lowest laser
intensity, which makes it an attractive method for preparing highly
polarized positrons in a femtosecond timescale. The highly polarized
positrons could be used for applications, such as experiments in high-
energy physics, nuclear physics, and material physics.
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