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Dense Polarized Positrons from Laser-Irradiated Foil Targets in the QED Regime

Huai-Hang Song ' Wei-Min Wang 24 and Yu-Tong Li'?%t
'Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China
2Department of Physics and Beijing Key Laboratory of Opto-electronic Functional Materials and Micro-nano Devices,
Renmin University of China, Beijing 100872, China
*School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
*Collaborative Innovation Center of IFSA, Shanghai Jiao Tong University, Shanghai 200240, China
5Songshcm Lake Materials Laboratory, Dongguan, Guangdong 523808, China

® (Received 14 December 2021; revised 13 May 2022; accepted 13 June 2022; published 11 July 2022)

Many works have shown that dense positrons can be effectively generated from laser-solid interactions
in the strong-field quantum electrodynamics (QED) regime. Whether these positrons are polarized has not
yet been reported, limiting their potential applications. Here, by polarized QED particle-in-cell simulations
including electron-positron spin and photon polarization effects, we investigate a typical laser-solid setup
that an ultraintense linearly polarized laser irradiates a foil target with micrometer-scale-length preplasmas.
We find that once the positron yield becomes appreciable with the laser intensity exceeding 10 W /cm?,
the positrons are obviously polarized. Around 30 nC positrons can acquire >30% polarization degree with
a flux of 10'2 sr~!. The angle-dependent polarization is attributed to the asymmetrical laser fields that
positrons undergo near the skin layer of overdense plasmas, where radiative spin flip and radiation reaction
play significant roles. The polarization mechanism is robust and could generally appear in future 100-PW-

class laser-solid experiments.
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Polarized positrons with a preferential orientation of spins
can exhibit unique features in many areas, such as searching
new physics beyond the standard model in International
Linear Collider (ILC) [1,2] and probing spin phenomena at
material surfaces [3,4]. Polarized electron-positron (e~e™)
plasmas are believed to be ubiquitous in pulsar magneto-
spheres [5,6]. There are a few methods to generate high-
energy polarized positrons. Ultrarelativistic positrons in tesla-
level magnetic fields of storage rings can be polarized via
radiative spin flip [7,8], but rather slowly. Alternatively,
polarized positrons are usually produced via Bethe-Heitler
(BH) process by hitting high-Z targets with circularly
polarized y photons [9,10] or prepolarized electrons [11].
These BH methods suffer low conversion efficiency of about
10* positrons (10~ nC) per shot, and thus high repetitions are
necessary to meet the high-charge or high-density require-
ments of ILC (3.2 nC) and laboratory astrophysics [12,13].

Much denser positrons can be efficiently generated
from single-shot laser-matter interactions in the strong-
field quantum electrodynamics (QED) regime [14-18].
This approach is becoming experimentally feasible with
advances in high-intensity laser technologies [19].
Recently, 1.1 x 102> W/cm? intensity has been realized
by a 4-PW laser system [20], and higher-power laser
facilities of 10-PW [21] to 100-PW [22-25] classes will
be available. In such strong laser fields, y photons can be
radiated by electrons and in turn annihilate into e~e™ pairs
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via multiphoton Breit-Wheeler (BW) process [26]. For all-
optical configurations of lasers colliding with unprepolar-
ized multi-GeV electrons [27,28], polarized positrons are
available if laser fields are asymmetric, such as elliptically
polarized [29] or two-color linearly polarized [30] lasers.
Limited by the charge of electron beams from laser
wakefield accelerations, the corresponding positron yield
is only 10~* nC level. Furthermore, constructing such
asymmetric strong laser fields is challenging due to low
damage thresholds of optical devices [31]. Recent QED
particle-in-cell (PIC) simulations have shown that imping-
ing on stationary targets by lasers above 10 PW [32-37] is
capable of generating dense and more than 10 nC positrons
via self-sustained QED cascades. However, it remains
unclear whether such positrons are polarized or not as
the QED models being widely adopted in existing QED
PIC codes [37-40] overlook polarization effects.

In this Letter, a polarized QED PIC code [41,42]
including e~e™ spin and photon polarization effects is
employed to clarify the questions. We numerically inves-
tigate a linearly polarized laser interaction with a solid
foil target with micrometer-scale-length preplasmas, as
depicted in Fig. 1(a). For laser intensities exceeding
10* W/cm?, substantial positrons are created primarily
near the skin layer of solid-density plasmas, where the
dominance of laser magnetic components is favorable for
e~et creation. Then, positrons are quickly pushed into
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FIG. 1. (a) Schematic for generating polarized positrons in
laser-solid interactions, where a linearly polarized laser pulse
impinges on a foil target with micrometer-scale-length preplas-
mas. Positrons of two polarizations S, >0 and S. <0 are
deflected along opposite angles 0, < 0 and 6, > 0, respectively,
where 6, = arctan(p,/|p,|). (b) and (c) are distributions of
positron number f_ (6,.e.) and polarization S, versus 0, and
energy . at the end of interactions, where f_ (6,) and S, versus
0, are plotted by curves.

deeper plasmas and escape from the laser fields, causing
them only to experience subcycle laser fields. In such
asymmetric fields, positrons are split into two populations
of opposite polarizations at different deflected angles.
Above 30% polarization of around 30 nC positrons can
be achieved and it can even reach 60% at some angles and
energies. In future 100-PW laser-solid experiments even
aiming at other applications [35,37,43], skin layers can be
certainly formed and consequently, polarized positrons and
electrons could be ubiquitous, indicating polarization
effects should be considered.

Simulation setups.—We perform polarized QED PIC
simulations to investigate positron polarizations sketched
above with recently developed YUNIC [41,42] code. The
strength of QED is characterized by the quantum invariant
parameter y, = (|e|a/mjc*)|F,, p*|, where F,, is field
tensor, p” is e”e™ four-momentum, % is reduced Planck
constant, ¢ is speed of light, and e and m, are electron charge
and mass. Two leading multiphoton QED processes
of Compton scattering and BW pair production are
implemented through the standard Monte Carlo algorithm
[38-40], but including e~e™ spin and photon polarization
effects [15,44—-46]. Since mean axes are selected as quan-
tization axes, spin vectors S of nonradiating electrons and
positrons as well as Stokes vectors € of nondecaying photons
also need to be updated [46]. More implementation details
can be found from the Supplemental Material (SM) [47].

We first adopt one-dimensional (1D) PIC simulations to
better get insight into the positron polarization mechanism

with higher numerical resolutions, where the geometry is
ID while S, € and particle momenta p remain fully
three dimensional (3D). A laser pulse linearly polarized
along the y direction is normally launched from the left
boundary x = 0 at the initial time ¢# = 0. The laser has a
duration 7y =20fs (FWHM of Gaussian temporal
envelope), central wavelength 4y = 1 ym, and normalized
amplitude ay = |e|E; /m.cwy = 1500 (peak intensity
3 x 10** W/cm?), where E; and @, are laser amplitude
and frequency. An initially unpolarized and preionized
carbon foil target of an electron density ny = 530n,. is
placed at x = 9.754, with a thickness d = 0.5 ym, where
the critical density n, = m,@3/2re* ~ 1.1 x 10*! cm™. In
the front of the foil target, there are preplasmas following
an exponential density profile with a scale length
L = 1.5 ym. The simulation domain L, = 204, cell size
Ax = 1y/96, 500 electrons/C®* ions per cell are taken.
The laser cannot penetrate into the foil target through
relativistic transparency because laser fields are strongly
dissipated in front preplasmas via QED cascades [37].

Polarized positron properties.—By laser direct acceler-
ations, some electrons from preplasmas quickly gain
hundreds of mega-electron-volt energies to emit y photons.
Here, the boosted field strength in the electron rest frame
can exceed the Schwinger limit to achieve y, = 1, entering
the QED-dominated regime. By the end of interactions
t = 28T, up to 94% laser energies are absorbed, with 63%
transferred into y photons, 18% into e~e™ pairs, and 13%
into ions. If e~e™ spin and photon polarization effects are
not considered, the pair yield is overestimated by about 7%,
close to our recent PIC results with counterpropagating
laser pulses [42].

Figures 1(b) and 1(c) illustrate that transversely polar-
ized positrons are obtained and their polarizations are angle
dependent. Positrons deflected along +y directions are
polarized along F z directions. With the larger deflection
angle |0,|, positrons generally possess the higher polari-
zation degree |S,|, which can reach 30% for |6,] > 20°
[blue line in Fig. 1(c)]. More than 50% of total positrons
acquire a 30% polarization through the angular selection.
In addition, |S.| also depends on positron energies, with
higher values in lower-energy and higher-energy regions; it
can reach 60% at some angles and energies, accounting for
1% positrons.

Polarization mechanism.—Positrons are mainly created
near the plasma skin layer at the target front surface, where
laser magnetic fields are dominated over electric fields [51]
[Fig. 2(a)]. The magnetic-field-dominated regime (MFDR)
favors QED processes, while the electric-field-dominated
regime (EFDR) facilitates e~et accelerations [52,53],
because magnetic fields are always approximately
perpendicular to particle velocities, whereas electric fields
are not. Considering that positrons are discretely produced
with a period of half laser cycle, we will focus on positrons
created at around r = 217, as marked by the elliptical zone
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FIG. 2. (a) Spatiotemporal (x-f) evolution of electron density 7,

and positron creationrate I', , where I" | represents positrons created
per unit length and unit time. Contour lines of | B, /B.| — |E,/E.| =
300 (MFDR) and —300 (EFDR) are plotted, where E.(B,) =
mycawy/le|. (b) Magnetic field B, and radiation power P4 of
marked positrons created in the elliptical zone marked in (a). Several
marked positrons are tracked, indicating they can be classified
into two bunches, denoted as bunch I and bunch I1. (c)—(e) Evolution
of a typical bunch-II positron [the orange trajectory in (b)]:
(¢) experienced fields E, and B, (d) momenta p, and p,, and
(e) QED parameter y, and spin component S,, where light-gray and
dark-gray regions denote EFDR and MFDR, respectively, and the
red star in (e) represents a strong radiation event.

in Fig. 2(a). The obtained results can be analogously
extended to other half cycles.

In the marked zone, positrons are created in a negative
half cycle of B, < 0, causing the polarization to acquire a
negative value S’Z ~ —0.4 [Fig. 3(a)]. This is because
positron spins at birth have higher probabilities to be
parallel to the magnetic field direction & = B’/|B’| in their
respective rest frames as their parent y photons of high
energies are weakly linearly polarized in the x-y plane
(Fig. S6 in SM). Here, B'~y,[B—f xE—p(f-B)|, p
denotes unit vector along the positron velocity, and y,, is the
relativistic factor. Considering that f is directed in the x-y
plane, ¢ = (0,0,B./|B,|) can be obtained in the MFDR,
hence S, of newly created positrons has the same sign
with B,. From Fig. 3(a), the positron number and polari-
zation at birth are both essentially symmetrical with respect
to 0, = 0. Similarly, positrons created in adjacent positive
half cycles also exhibit similar distributions, but with
S, >0 due to B, > 0 [Fig. 3(g)]. Thus, positron polar-
izations at birth in positive and negative half cycles would
be canceled out. However, asymmetric subcycle laser fields
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FIG. 3. (a)—(f) show positrons created in the negative half cycle

[elliptical zone marked in Fig. 2(a)]; (g) and (h) are those in the
next positive half cycle for comparison. The positron number
f+(6,) and polarization S versus the deflection angle 0, [(2),(2)]
at birth and [(b),(h)] at the end of interactions. [(c),(e)]
f+(0,. 44) and [(d),()] S, versus 0, and &,q at the end of
interactions for [(c),(d)] bunch I and [(e),(f)] bunch II, where €4
is the total radiation energy per positron. f, () versus 6, at birth

and at the end of interactions are also plotted by curves
in (c) and (e).

that positrons experience later can break the polarization
symmetry and cause the angle-dependent polarization. In
all half cycles at the end of interactions, S’Z > 0 at ¢9y <0
and S, <0 at 0, > 0 are achieved [Figs. 3(b) and 3(h)],
where spin flip and radiation reaction play significant roles.

The marked positrons are pushed forward after being
created, and gradually divide into bunch I and bunch II
[Fig. 2(b)]. Two bunches successively escape laser fields
from two adjacent half cycles, with the relative number
N :NT ~3:5. Only experiencing the first MFDR where
they are created, bunch-I positrons are quickly pushed
forward into deeper plasmas, as their initial negative
momenta p, <0 [red-dotted line in Fig. 3(c)] lead to
strong forward Lorentz forces, i.e., B, along the +x
direction. Without undergoing any EFDR for accelerations,
bunch-I positrons are generally less energetic and weakly
radiating [Fig. 3(c)], hence almost retaining the initial
negative polarization [Fig. 3(d)]. By contrast, bunch-II
positrons travel through an EFDR to obtain higher energies
and then through the second MFDR for strong radiation
[Fig. 3(e) and also P4 plot in Fig. 2(b)]. Because of
quantum stochasticity, spins of only a fraction of bunch-II
positrons can flip parallel to { and achieve an opposite
polarization of S’Z > 0 [Fig. 3(f)] as B, > 0 in the sec-
ond MFDR.
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FIG. 4. The positron yield N, (solid triangle) and polarization
S‘z (dashed circle) at 6, > 20° versus (a) the preplasma scale
length L and (b) laser amplitude ay, respectively, where we take
ag = 1500 1in (a) and L = 1.5 pum in (b). Other parameters are the
same as Fig. 1.

Figures 3(e) and 3(f) show that part bunch-II positrons
with final S, > 0 mainly appear at 0, < 0. This is caused
by strong radiation reaction and can be explained by
tracking a typical bunch-II positron [Figs. 2(c)-2(e)].
Under Lorentz force and radiation reaction, its transverse
momentum p, can be approximated as p, = p,+
fdt{|e|(Ey _ﬁsz) - [py/(yemecz)]Prad}’ where Pyo is
the initial y momentum, and the last term denotes radiation
reaction whose direction is opposite to the positron
velocity. Figure 2(d) shows that the tracked positron first
undergoes gyration motions in the first MFDR due to its
low initial energy and then enters the EFDR for significant
accelerations. As E, > B, and small P4 in these two
regimes, the positron gains p, > 0. After entering the
second MFDR, the positron emits a high-energy photon
and simultaneously its p, is sharply decreased by radiation
reaction (i.e., Py, is large enough). As E;, < B_ and 5, > 0
in the second MFDR, p, gradually decreases and changes
the sign to achieve 6, < 0. Here, the strong radiation of
€ > 0.2 GeV is necessary for bunch-II positrons to flip
their spins [54] and gain opposite deflection angles. This is
supported by statistical results [Fig. 3(e)] that 6, changes
from positive to negative value as ¢,4 increases. Note that
bunch I finally obtains a small positive deflection angle
9y ~ 10° in average, making less contribution to the overall
polarization.

Therefore, under the joint action of spin flip and
radiation reaction, positrons created in negative half cycles
are generally polarized with S, > 0 at@, < Oand S, < 0 at
0, > 0 [Fig. 3(b)]. In positive half cyéles, as the positron
polarization at birth, and subsequent spin flip and deflec-
tion all rely on the direction of laser magnetic fields, the
final polarization is still S, > 0 at 0, <0 and S, <0 at
0, > 0 [Fig. 3(h), with more details and a summary given
by Fig. S8 and Table SI in SM]. The consistency of angle-
dependent polarizations in all half cycles leads to the
overall polarization as displayed in Fig. 1(c). The obtained
electrons are also polarized like positrons, but with weaker
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FIG. 5. 3D PIC simulation results. (a) Densities of the electron
n, and positron n . (b) Central slice of positron polarization S, in
the x-y plane. (c) Positron flux and two positron polarization
components (d) S‘Z and (e) S y versus the polar angle 6 and
azimuthal angle ¢, where the laser is polarized along ¢ = 0, 180°
and propagates along 6 = 0.

polarization owing to the mixing of unpolarized target
electrons (Fig. S7 in SM).

Parameter influences.—The dependence of positron
yield N, and positron polarization S, on the preplasma
scale length L and laser amplitude a, are presented in
Figs. 4(a) and 4(b), respectively. Preplasmas generated by
laser prepulse are unavoidable and also adjustable in real
experiments. Preplasmas of relatively low densities favor
both N, and S, by enhancing laser absorption and
generating more ultrarelativistic electrons to trigger QED
cascades [37]. The small scale length of L = 0.4um leads
to a significant laser reflection, where positrons are mainly
created in strong standing waves away from the target
surface [Fig. S9(a) in SM]. It implies that they would
experience quasisymmetrical multicycle laser fields, detri-
mental to their polarizations. Excessive preplasmas of
L > 1.5 um also cause a slight decrease of S, [Fig. 4(a)]
since more laser energies are depleted by preplasmas before
reaching the target bulk.

Positrons are polarized once the positron yield becomes
appreciable with laser intensities above 10°* Wcm™
(ap > 1000). As shown in Fig. 4(b), N, increases with
the growth of a,, and S. also tends to rise until a peak
around ay = 1700. Low intensities cannot guarantee posi-
tron generation mainly near the target surface and strong
photon emission [Fig. S9(b) in SM]. Similar trends are also
observed for different target densities, but the optimized a,
for peaked S, decreases for a lower density [Fig. S10
in SM].

3D simulations.—Finally, 3D PIC simulations are con-
ducted to validate the above 1D results. The incident
laser has a transverse profile of exp[—(y* + z%) /03], with
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o9 = 2.0 ym (a peak power of 197 PW). Other laser and
target parameters are the same as Fig. 1. Figure 5(a)
presents that positrons are composed of discrete bunches,
consistent with Fig. 2(a). Similar angle-dependent polari-
zation S, can be observed in Fig. 5(b). The total positron
yield is 550 nC; among them, around 30 nC positrons with
a flux 10'? sr~! acquire a polarization above 30%. Because
of the tight focusing of laser fields, positrons are also
slightly polarized in the y direction [Fig. 5(e)]. We find that
the positron polarization is somewhat weaker when the
laser is obliquely incident, and there are 22 nC positrons
with the polarization above 30% for a 30° incidence angle
(Fig. S11 in SM).

In conclusion, we have investigated dense polarized
positrons and electrons from QED-dominated laser-solid
interactions. About 30 nC transversely polarized positrons
with the polarization degree above 30% can be generated at
the laser intensity 3 x 10** W/cm?. Such high-charge and
dense polarized positrons are promising for use in future
electron-positron colliders via further wakefield accelera-
tions [55-57], as well as to explore collective behavior
of polarized plasmas [58,59]. The positron polarization
mechanism is robust since the laser fields experienced by
positrons are naturally asymmetric near the skin layer, and
therefore polarized positrons could be ubiquitous in future
100-PW laser-solid experiments.
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