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ABSTRACT

The generation of highly polarized high-energy brilliant y-rays via laser—plasma interaction is investigated in the quantum radiation-reaction
regime. We employ a quantum electrodynamics particle-in-cell code to describe spin-resolved electron dynamics semiclassically and photon
emission and polarization quantum mechanically in the local constant field approximation. As an ultrastrong linearly polarized (LP) laser pulse
irradiates a near-critical-density (NCD) plasma followed by an ultrathin planar aluminum target, the electrons in the NCD plasma are first
accelerated by the driving laser to ultrarelativistic energies and then collide head-on with the laser pulse reflected by the aluminum target, emitting
brilliant LP y-rays via nonlinear Compton scattering with an average polarization of about 70% and energy up to hundreds of MeV. Such y-rays
can be produced with currently achievable laser facilities and will find various applications in high-energy physics and laboratory astrophysics.

© 2020 Author (s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). https://doi.org/10.1063/5.0007734

I. INTRODUCTION

Polarized high-energy y-rays have a wide range of significant
applications, for example, in generating polarized positrons and
electrons,"” probing radiation mechanisms and properties of dark
matter’ and black holes," exciting polarization-dependent photo-
fission of nuclei in giant dipole resonances,” meson photoproduc-
tion,” and detecting vacuum birefringence in ultrastrong laser
fields.” "' Such y-rays are commonly produced through either
bremsstrahlung'>'” or linear Compton scattering.'* ' However, the
former cannot generate linearly polarized (LP) y-rays, suffers from
the deficiencies of large scattering angle and divergent emission in the
incoherent regime,'” and is limited to a low current density of the
impinging electrons and a low radiation flux owing to the risk of
damage to crystalline materials in the coherent regime,'* *” while the
latter is severely restricted by the low electron-photon collision lu-
minosity due to the low laser intensities.

Nowadays, with rapid developments in high-power laser
technology, state-of-the-art laser facilities can provide laser beams

with peak intensities of the order of 10>> W/cm?, pulse durations of
tens of femtoseconds, and energy fluctuations of ~1%,”" " which
have stimulated experimental investigations of quantum electrody-
namics (QED) processes during laser—plasma or laser—electron beam
interactions.””” Such strong laser fields can be employed to directly
polarize electrons™ *° through radiative spin effects and to create
polarized positrons’”"” through the asymmetry in spin-resolved pair
production probabilities. Moreover, in such strong laser fields, the
Compton scattering process moves into the nonlinear regime: during
laser—electron interaction, the electron radiates a high-energy
y-photon by absorbing millions of laser photons.”® Highly polar-
ized high-energy brilliant y-rays can be generated via nonlinear
Compton scattering in laser—electron beam interaction.” *' In
ultrastrong laser fields, the radiation formation length (inversely
proportional to the laser intensity) is much smaller than the laser
wavelength and cannot carry the driving laser helicity. Thus, the
circular polarization of the emitted y-photons is transferred from
the angular momentum (helicity) of electrons”! (by contrast, the
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generation of LP y-photons does not require electron polarization™”).
This mechanism is very different from that in the regimes of Thomson
scattering”>** and of linear and weakly nonlinear Compton scat-
tering,""® in which the polarization of the emitted p-photons is
transferred from the driving laser field since the radiation formation
length is longer than the laser wavelength. Further interaction of the
generated polarized high-energy y-photons with the laser fields could
produce electron-positron pairs via the multiphoton Breit-Wheeler
process,”” " in which case the photon polarization will have a sig-
nificant effect on the pair production probability,'”***">!~>*

Recently, all-optical y-photon sources have attracted widespread
interest.” * Most of the methods for generating brilliant high-energy
y-rays that have either been experimentally demonstrated or
proposed theoretically are based on bremsstrahlung,”*’ nonlinear
Thomson scattering,””” the synchrotron effect,”"** betatron oscil-
lations,””*" electron wiggling,”” and nonlinear Compton
scattering.”” *” However, in these innovative works, information
about y-photon polarization has generally been overlooked, in par-
ticular, in the regime of strongly nonlinear Compton scattering in the
laser-plasma interaction, which actually plays a significant role in
subsequent secondary particle generation.'”***"*'** Therefore, the
polarization process of the y-photons emitted during laser-plasma
interaction remains an open question.

In this paper, highly polarized high-energy brilliant p-rays
generated by laser—plasma interaction are studied in the quantum
radiation-reaction regime with currently achievable laser
intensities.”' >’ We implement electron spin and photon polarization
algorithms in two-dimensional (2D) and three-dimensional (3D)
particle-in-cell (PIC) EPOCH codes’”’" in the local constant field
approximation'”*””*""* to describe spin-resolved electron dynamics
semiclassically and photon emission and polarization quantum
mechanically.”**”***"*> 'We consider a commonly used experi-
mental setup: an ultrastrong LP laser pulse irradiating a near-critical-
density (NCD) hydrogen plasma followed by an ultrathin planar
aluminum (Al) target (see the interaction scenario in Fig. 1). The
electrons in the plasma are first accelerated by the driving laser pulse
to ultrarelativistic energies and then collide head-on with the laser
pulse reflected by the Al target, emitting abundant LP y-photons via
nonlinear Compton scattering with an average polarization of about
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70%, energy up to hundreds of MeV, and brilliance of the order of 10!
photons/(s mm* mrad® 0.1%BW) for the given parameters. Com-
pared with laser—electron beam interaction,”! this scenario is more
easily accessible, since only a single laser beam is required. We also
show the impact of the laser and target parameters on the y-ray
polarization and brilliance. As a conical gold (Au) target filled with an
NCD hydrogen plasma is employed instead of a planar target, for the
same driving laser, the collimation and energy of emitted y-rays are
improved, but the polarization rate is reduced, because of the impact
of the laser-driven strong quasi-static magnetic field [see the inter-
action scenario in Fig. 4(a)].

Il. SIMULATION METHOD

In this work, we consider laser-plasma interaction in the
quantum radiation-reaction regime, which requires a large nonlinear
QED parameter X, = le|— (Fwp")’/m*21.""""  Multiphoton
Breit-Wheeler pair production is characterized by another nonlinear
QED parameter x, = le|y/~ (vak;)z/m?'?‘ * Here, p and k, are the
4-momenta of the electron and photon, respectively, e and m are the
electron charge and mass, respectively, and F,, is the field tensor.
As the electron collides head-on with the laser, one can make the
estimate x, = 2doy.wo/m, with y, being the electron Lorentz factor and
ag = eEg/mw, the invariant laser field parameter. Here, E, and w, are
the laser field amplitude and frequency, respectively. Relativistic units
with ¢ = 7 = 1 are used throughout.

In our simulation method, we treat spin-resolved electron dy-
namics semiclassically, and photon emission and pair production
quantum mechanically in the local constant field approx-
imation,'”*””*""* which is valid at a, > 1. In each simulation step, the
photon emission and polarization are both electron-spin-dependent
and are calculated using Monte Carlo algorithms™**"** derived in the
leading-order approximation with respect to 1/y, via the QED op-
erator method of Baier and Katkov.” The photon polarization is
represented by the Stokes parameters (£}, &5, £3), defined with respect
to the axes &, =a—v- (v-a) and & =v X4, with the photon
emission direction fi being along the electron velocity v for an
ultrarelativistic electron (the emission angle ~1/y, < 1). Here,

V@/\» LP ~-photon

p% /i

NCD plasma

FIG. 1. Scenario for the generation of LP y-rays via nonlinear Compton scattering. An ultrastrong LP laser pulse, polarized along the y axis and propagating along the x direction,
irradiates an NCD hydrogen plasma followed by an ultrathin planar Al target. Laser-driven ultrarelativistic electrons in the plasma collide head-on with the laser pulse reflected by
the Al target, emitting LP high-energy y-photons, which can penetrate through the Al target and propagate forward.
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v = v/|v], and the unit vector a = a/|a| is along the electron accel-
eration a. On detecting the mean polarization of a y-photon beam, one
must first normalize the Stokes parameters of each photon to the
same observation frame (01, 0, n), i.e., rotate the Stokes parameters
of each photon from its instantaneous frame (€;, €,, n) to the same
observation frame (0;, 0,, i), and then calculate the average Stokes
parameters of the y-photon beam.*"**”” Alternatively, in quantum
mechanics, the density matrix of photons in terms of the pure
state e, is given by p,; = eae;;, and it can also be expressed as the

following combination of the Stokes parameters and the Pauli
1+&;

matrix o:"’
( & +ify >

After photon emission, the electron spin state is determined by
the spin-resolved emission probabilities and instantaneously col-
lapses into one of its basis states defined with respect to the in-
stantaneous spin quantization axis (SQA), which is chosen
according to the particular observable of interest: to determine the
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polarization of the electron along the magnetic field in its rest
frame, the SQA is chosen along the direction of the magnetic field,
ng =vXa;""" in the case when the electron beam is initially
polarized with initial spin vector S;, the observable of interest is the
spin expectation value along the initial polarization, and the SQA is
chosen along that direction.”' Between photon emissions, the spin
precession is governed by the Thomas-Bargmann-Michel-Telegdi
equation.’—'8 %0 One can, alternatively, use the Cain code® to obtain
uniform results.

As emitted high-energy y-photons interact further with the
strong laser fields, electron-positron pairs could be produced by the
multiphoton Breit-Wheeler process,”” > and the pair production
probabilities depend on the photon polarization,”*”*" ** which can
be calculated using the Monte Carlo method."

I1l. POLARIZATION OF y-RAYS GENERATED BY
LASER-PLASMA INTERACTION

An ultrastrong LP laser pulse irradiates an NCD hydrogen
plasma followed by an ultrathin planar Al target (Fig. 1). Electrons in
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FIG. 2. (a) Angle-resolved density of emitted y-rays Iogm[dzNy/dsde (MeV~" mrad~")] vs y-photon energy &, and polar angle 6. (b) Linear polarization &3 of emitted y-photons
vs £,and 6. In (a) and (b), ap = 100. [(c) and (d)] dN,/d6 and average linear polarization &, respectively, vs 6, calculated by summing over ¢, in (a) and (b), respectively. (e) dN,/
de, calculated by summing over 6in (a) vs e, The red, blue, and black curves in (c)(e) are for the cases ap = 50, 100, and 150, respectively. Only y-photons with e, > 1 MeV are
counted. Other laser and target parameters are given in the text. (f) &3 vs ye and e/e..
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the plasma are accelerated to ultrarelativistic energies and then collide
head-on with the laser pulse reflected by the Al target, emitting
abundant LP high-energy y-photons. To maximize the reflection of
the driving laser pulse, the thickness of the Al target should be greater
than the laser piston depth.”” In fact, as the emitted y-photons
penetrate through the Al target, an appropriate thickness can also
mitigate bremsstrahlung and Bethe-Heitler pair production, which
usually requires a thickness of the order of millimeters.””**

The simulation box employed is x X y =401, X 30sAo, and the
corresponding cells are 1000 X 750. An LP laser pulse injected from
the left boundary polarizes along the y axis and propagates along
the x direction with wavelength Ay = 1 ym and normalized intensity
a = agexp|-(t —to)*/t*lexp (-y*/w?), where the focal radius
wo = 509 and the pulse duration 7 = 9T, with laser period Ty,
corresponding to a full width at half maximum (FWHM)
v =2vIn21 = 15Ty, and a time delay ¢, = 7 is adopted. A solid
planar Al target with electron density n*! = 702n, and thickness
da =1 pm is placed 20 ym from the right boundary, where the
plasma critical density n, = mw?/4me? = 1.1 X 10*' cm™. The left
side of the Al target is filled with an NCD hydrogen plasma with
electron density #, = 51, and thickness d, = 10 um. The numbers of
macroparticles in each cell are 100 for electrons and 20 for H" and
for A1"** (fully ionized).

Distributions of the density and linear polarization of emitted
y-rays are illustrated in Figs. 2(a) and 2(b), respectively, with the laser
peak intensity Ip = 1.38 X 10* W/cm? (aq = 100).”" High-energy
y-photons with €, 2 100 MeV are mainly emitted forward, and two
density peaks arise near 0 = +21°, since the y-photons are assumed to
be emitted along the electron momentum, and the electron propa-
gation angle 6,  p*/pl = ag/y, (the electrons interact with the re-
flected laser pulse with invariant intensity parameter ar and

........ Losasaaaalaaaaaaaalaaaaaiag
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FIG. 3. (a) and (b) dN,/df and &, respectively, vs @ for the cases n, = 2n, (red), 5n, (blue), and 10n, (black). [(c) and
(red), 9T, (blue), and 12Ty (black). ay = 100, and other laser and target parameters are the same as those in Fig. 2.
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ag % a « ay with an average laser intensity a), as shown in Fig. 2(a),
which is in excellent agreement with other simulations.”” The linear
polarization of y-photons is characterized by the Stokes parameters £,
and &.""**77 As we employ the basis vector of the observation frame
0, in the polarization y-x plane of the driving laser, and because
y-photons are emitted mainly in the polarization plane, &, is negligible
and &5 is as given in Fig. 2(b): at a given polar angle, the linear
polarization &; for higher-energy y-photons is larger. The average
linear polarization & =~ 0.68, and the partial &5 can reach up to 0.73. In
nonlinear Compton scattering, the circular polarization defined by &,
requires initially longitudinally spin-polarized electrons'' and is
negligible here.

To make the results in Figs. 2(a) and 2(b) clearer, we sum over ¢,
to obtain the angle-resolved number and linear polarization of
emitted y-photons shown by the blue curves in Figs. 2(c) and 2(d), and
we sum over 0 in Fig. 2(a) to obtain the energy density shown by the
blue curve in Fig. 2(e). The impact of the driving laser intensity a, can
be seen from Figs. 2(c)-2(e). In ultrastrong laser fields, in one laser
period Ty, the number of formation lengths (in which a photon could
be emitted) is proportional to the invariant laser intensity, and the
photon emission probability in each formation length is proportional
to the fine structure constant a,”**” and thus the number of emitted
y-photons N, N, aagt/T, % ag, where N, is the number of parental
electrons and is proportional to the target density n, and laser focal
spot size wy: N, Lo nemw?. Since ao > 1, nearly all atoms within the
focal spot can be fully ionized. As a, increases from 50 to 150, N,, also
continuously increases, the reflected laser intensity az and the
electron energy y, are both increased, and consequently the peak angle
0 = agly. increases slightly [Fig. 2(c)]. e, = &.x., where the electron
energy ¢, ~ 4 (i.e., a stronger driving laser can accelerate electrons to

-180° -90° 0°  90°
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higher energies) and y. * agy. * aoe., and thus, as a, increases, ¢,
increases as well [Fig. 2(e)].

We underline that &; decreases monotonically with increasing
ap, as shown in Fig. 2(d). The physical reason for this is as follows. The
Stokes parameter &5 depends sensitively on the parameters y.and ¢,/e,
(see the analytical expression for &; in Refs. 41 and 42), as demon-
strated in Fig. 2(f). As y, increases in the region under consideration,
&3 decreases continuously; as ¢,/e, increases, &5 first increases slightly
and then gradually decreases to 0. Consequently, as x, * g, increases,
&, decreases in Fig. 2(d); i.e., lower-intensity driving laser pulses can
generate higher-polarization (but lower-brilliance) y-photons.

In the case ao = 100, the radius and duration of the emitted y-ray
beam are w), = w, and 7, = 7', respectively. The angular divergences
(FWHM) are approximately 1.74 X 1.74 rad,> 1.47 X 1.47 rad’
1.39 X 1.39 rad’, and 1.36 X 1.36 rad” for ¢, > 1 MeV, 10 MeV,
100 MeV, and 200 MeV, respectively. The corresponding brilliances
are 0.67 X 10?%,2 X 10%, 7 X 108, and 2 X 10" photons/(s mm?

v,

LP laser
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mrad? 0.1% BW) for g, =1MeV, 10 MeV, 100 MeV, and 200 MeV,
respectively. It is obvious that the brilliance « N, o a,. For the given
parameters, the multiphoton Breit-Wheeler pair production prob-
abilities during the interactions of y-photons with the laser fields are
rather low, since y, < 1.

Note that for the given parameters, as the y-photons propagate
through the plasma, the photon polarization flips (depolarization) in
the background fields (vacuum polarization), and the collisions with
the plasma particles (involving Compton scattering and Bethe-
Heitler pair production) are estimated to be negligible.'”*°

With the aim of determining experimental feasibility, the impact
oflaser and plasma parameters on the density and polarization degree
of emitted y-photons is shown in Fig. 3. For instance, as the plasma
density n, or the driving laser pulse duration 7 increases, N,
N, aart/Ty  n,t also increases [Figs. 3(a) and 3(c)]. However, for an
NCD plasma, & changes only slightly with variations in 7, and 7
[Figs. 3(b) and 3(d)]. Note that as 7, increases from 2n, to 10n,, the

oelectron venLP ~y-photon

0.4
0.3
025
0.1

45.‘.|..,|.‘.|‘.‘
100 20 40 60 80

&, (MeV)

FIG. 4. (a) Scenario for the generation of LP y-rays by an ultrastrong LP laser pulse, polarizing along the y axis and propagating along the x direction, interacting with a conical Au
targetfilled with an NCD hydrogen plasma. The red and blue areas inside the cone indicate the quasi-static magnetic fields along the +z and —z directions, respectively, caused by
the driving laser pulse. (b) Plot of log1o(dN,/dQ2) with respect to the polar angle 6 and the azimuthal angle ¢, where the solid angle dQ = sin 6 df d¢. () Plot of the linear polarization
PLp with respect to @ and ¢, where Pip = /& + £2. (d) Total energy spectra of emitted y-photons dN,/de, vs ¢,. (e) dN,/de,, (black) and P (red) vs ¢, at angles (6, ¢) = (10°

+0.3°, 180" + 0.3°), where P, is the average linear polarization of y-photons with energies > &,. The results in (b)(e) are calculated with ¢, > 1 MeV at t = 110T,, when the
interaction has finished. The laser parameters are the same as those in Figs. 2(a) and 2(b), and the target parameters are given in the text.
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opacity of the plasma increases as well, and laser propagation becomes
more and more unstable, which results in an asymmetric angular
distribution of emitted y-rays,“' as shown in Fig. 3(a). Meanwhile, in
the plasma, as a result of the driving laser pulse pushing the electrons
in the low-density region forward, a high-density region can be
created, where unstable laser propagation further induces asymmetric
y-photon emission. This effect becomes more severe as the laser pulse
duration 7 increases, as shown in Fig. 3(c). As already shown in Fig. 2,
the peak angle of the y-ray spectrum 6 « ag/y,, and ag and y, here both
depend on the laser and plasma parameters (e.g., ao, 7, and n,). It is
difficult to obtain analytical relations between 0 and these parameters;
however, our simulation results in Figs. 2(c), 3(a), and 3(c) indicate
that the peak angle 6 changes only slightly when these parameters
vary, which is advantageous for experimental observations.

Furthermore, instead of the planar target in Figs. 1 and 2, we now
consider a conical Au target filled with an NCD hydrogen plasma
[Fig. 4(a)]. The front and rear surfaces of the cone are open. As
an ultraintense LP laser pulse irradiates the NCD hydrogen
plasma inside the Au cone, almost all the bulk electrons are pushed
forward and excite a strong quasi-static magnetic field B,.”"*
The maximum intensity of the magnetic field can be estimated as
max(B,) = 47|e|B.n.R, which is of the same order of magnitude as the
magnetic field of the driving laser.”’ Here, R and f8, denote the radius
of the cone and the electron velocity scaled by the light speed in
vacuum. For the plane-wave case, the transverse electric field E, can
almost cancel v-B with the magnetic field B, and consequently y. is
rather small and the photon emission is very weak. However, in
the case of a conical target with a strong quasi-static magnetic field B,
Xe & B, greatly increases, and thus subsequent y-photon emission is
significantly enhanced. Furthermore, since most photons are emitted
at the edge of the cone, where the transverse velocities of electrons are
close to 0, the angular spread of the y-ray beam is narrowed.”’

In Fig. 4, the simulation box is x X y X z=1101y X 4019 X 401,
and the corresponding cells are 2200 X 400 X 400. A solid conical Au
target with electron density 2" = 100n, and thickness da, = 1 ym is
located in the region from 51, to 75, on the x axis. The left and right
opening radii of the cone are R; = 7A¢ and R, = 31, respectively. The
Au cone is filled with an NCD hydrogen plasma of density #, = 5n,.
The numbers of macroparticles in each cell are 100 for electrons and
20 for H* and for Au®" (partially ionized). The angle-resolved density
of emitted y-photons is illustrated in Fig. 4(b). Compared with the
case of a planar target employing the same driving laser, the colli-
mation and cutoff energy of the emitted y-photons in the case of a
conical target are much better, since the conical target has a greater
longitudinal size and generates strong confinement effects derived
from the transverse magnetic field. For instance, most y-photons
concentrate in the angular region 6 < 20°, and the cutoff energy
exceeds 450 MeV, as shown in Fig. 4(d); see for comparison the
corresponding values for a planar target in Fig. 2. The azimuthal
magnetic field generated in the conical target results in a transverse
(azimuthal) spread of the electron dynamics and further y-photon
emission. This reduces the average polarization rate of the y-rays, as
shown in Fig. 4(c), because y-photons polarized along different az-
imuthal angles cancel each other in the average polarization. For
instance, the energy density and polarization of the y-photons at a
specific solid angle (8, ¢) = (10" £ 0.3°, 180" £ 0.3°) near the y-ray beam
center are illustrated in Fig. 4(e). The linear polarization and the
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energy density are respectively proportional and inversely propor-
tional to the y-photon energy. For £, 220 MeV, 40 MeV, and 60 MeV,
the linear polarizations Prp = 0.28, 0.41, and 0.52, respectively, and the
brilliances are approximately 0.86 X 10%°, 0.43 X 10*, and 0.30
X 10%° photons/(s mm? mrad® 0.1% BW), respectively.

IV. CONCLUSION

Generation of highly polarized high-energy brilliant y-rays has
been studied through investigating the interaction of a single-shot
ultraintense LP laser pulse with a solid target filled with an NCD
plasma in the quantum radiation-reaction regime. The results show
that with currently achievable laser intensities, the emitted y-rays
could reach an average linear polarization of about 70%, an energy up
to hundreds of MeV, and a brilliance of the order of 10>! photons/
(s mm?* mrad® 0.1% BW), and could have applications in high-energy
physics and laboratory astrophysics.
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