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Abstract

X/y-rays have many potential applications in laboratory astrophysics and particle physics. Although several methods have
been proposed for generating electron, positron, and X/y-photon beams with angular momentum (AM), the generation
of ultra-intense brilliant y-rays is still challenging. Here, we present an all-optical scheme to generate a high-energy
y-photon beam with large beam angular momentum (BAM), small divergence, and high brilliance. In the first stage, a
circularly polarized laser pulse with intensity of 10?2 W/cm? irradiates a micro-channel target, drags out electrons from
the channel wall, and accelerates them to high energies via the longitudinal electric fields. During the process, the laser
transfers its spin angular momentum (SAM) to the electrons’ orbital angular momentum (OAM). In the second stage, the
drive pulse is reflected by the attached fan-foil and a vortex laser pulse is thus formed. In the third stage, the energetic
electrons collide head-on with the reflected vortex pulse and transfer their AM to the y-photons via nonlinear Compton
scattering. Three-dimensional particle-in-cell simulations show that the peak brilliance of the y-ray beam is ~ 10?2
photons-s~!-mm2-mrad = per 0.1% bandwidth at 1 MeV with a peak instantaneous power of 25 TW and averaged BAM
of 10°#/photon. The AM conversion efficiency from laser to the y-photons is unprecedentedly 0.67%.

Keywords: laser—plasma interaction; y-rays

sources is limited. Laser—plasma-based X/y-photon sources
have the advantages of compact size, relatively low cost,
high beam brilliance, and photon energy, making them
extremely attractive for potential applications, especially
in astrophysics and high-energy physics!’~"!. In the past few
years, significant progress has been made in experiments,

1. Introduction

Bright X/y-ray sources have various applications in the
laboratory astrophysics, nuclear photonics, ultra-high-
density matter radiography, high-flux positron generation,
and nuclear medical imaging!'®!. Hard X/y-rays are

conventionally produced by large synchrotron facili-
ties with peak brilliance in the range of ~ 1019-10%*
photons-s™'-mm2-mrad per 0.1% bandwidth and photon
energy ranging from several kiloelectronvolts (keV) to
megaelectronvolts (MeV). However, the huge size and high
cost of these large infrastructures mean that access to these
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to develop a table-top hard X/y-ray source, allowing a peak
brilliance of the same order of magnitude as the synchrotrons
at photon energy between 20 and 150 ke V!'*~'?!, In numerical
studies, many proposals based on petawatt-class (PW-class)
laser pulse interaction with micro-wire!'* and channel!'¥],
gas!'”l near-critical-density plasmal'>~'®1,  mass-limited
foil and solid'*?°!, have also been proposed to produce
ultra-brilliant y-rays with cutoff photon energy of several
gigaelectronvolts and peak brilliance of several orders of
magnitude higher than that of synchrotrons. However, owing

© The Author(s), 2021. Published by Cambridge University Press in association with Chinese Laser Press. This is an Open Access article, distributed under
the terms of the Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and

reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1017/hpl.2021.29 Published online by Cambridge University Press


http://dx.doi.org/10.1017/hpl.2021.29
https://orcid.org/0000-0002-7216-5491
mailto:tongpu@nudt.edu.cn
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/hpl.2021.29&domain=pdf
https://doi.org/10.1017/hpl.2021.29

to the high photon energy, short pulse duration, and small
source size, it is very challenging to manipulate these y-
rays in a compact manner, e.g., the wave front, intensity
distribution, and angular momentum (AM).

Vortex photon beams have drawn wide attention
recently spread over the microhertz to megaelectronvolt—
gigaelectronvolt y-ray frequency ranges, due to their
potential use in microscopy imaging'”'!, microscopic particle
control??!, and astrophysics'”*?*. As a unique tool, they are
also of significance to gain insight into the dynamics of
particles. The interaction of matter and photons via the AM
may play an important role in the evolution of matter in
the universe. There have been some discussions about the
possible role of vortex photons in astrophysics’>>!, and
it has been argued that vortex photons are generated in
several astrophysical environments such as around Kerr
black holes””! and in nonuniform plasmas®®!. With an
additional degree of freedom, vortex photons can also carry
more information concerning the physical circumstances of
their sources, e.g., the magnetic field and radiation field*’!.
A vortex laser pulse, e.g., Laguerre—Gaussian (LG) laser, has
a helical phase front, hollow transverse field distribution,
and strong longitudinal electric field”=*"!, enabling the
generation of energetic charged particles with orbital angular
momentum (OAM)P*#2481 "high OAM X/y-ray***’! emis-
sion and harmonics generation***>>°_ To the best of our
knowledge, the highest intensity of LG laser pulse achieved
experimentally is around 10?° W/cm? with total power of tens
of terawatts (TW) 2!, Recently, some efforts have been
steadily dedicated to generating X/y-rayl®>>" vortices by
use of vortex lasers. However, PW-class vortex laser pulses
with an intensity of 107> W/cm? are typically required, which
pose great challenges to current laser technology.

In this paper, we present an all-optical plasma-based
scheme to produce a well-directed multi-MeV y-ray vortex
beam with large beam angular momentum (BAM) and
high brilliance. In the scheme, a circularly polarized (CP)
Gaussian laser pulse irradiates a micro-channel target in
the first stage, and a large number of electrons are dragged
out from the channel wall. These electrons are accelerated
subsequently to hundreds of MeV by the longitudinal electric
fields in the channel. Meanwhile, the drive laser transfers its
spin angular momentum (SAM) to the energetic electrons’
OAM, so that a dense electron beam with large AM is
formed. In the second stage, the drive pulse is reflected from
the attached fan-foill*®!, which adds exp(il¢) to the phase of
the drive and changes it to an LG one. Once the energetic
electrons collide head-on with the reflected vortex laser, the
nonlinear Compton scattering (NCS) is triggered with a large
key quantum parameter y,.. This results in a dense y-photon
with a small divergence of ~ 9°, a peak brilliance of ~ 10?2
photons-s™'-mm™-mrad per 0.1% bandwidth at 1 MeV, a
peak radiation instantaneous power of 25 TW, and averaged
BAM of 10°#4/photon. During the process, the laser AM is
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converted efficiently into y-photons with an unprecedented
efficiency of 0.67%, which is promising for some potential
applications in various domains.

2. Results and discussion

2.1. Overview of the scheme and model

Figure 1 illustrates schematically our scheme and the key
features of the produced y-photon beams. In order to
demonstrate the proposed scheme, we performed full three-
dimensional particle-in-cell (3D-PIC) simulations with the
open-source code EPOCH. In the code, the QED BLOCK is
enabled to include the emission of photons via a Monte Carlo
algorithm, the radiation reaction effect, and the feedback
between the plasma and photon-emission processes,
whereas the effect of spin polarization is ignored 'l
In the first stage, a left-handed CP Gaussian laser pulse
with the dimensionless laser electric field amplitude a =
apexp (—r*/od) (cosge, + singe;) is incident from the left
side of the simulation box, where ay = (eEy) / (m.cwp) =
100, o = 3A¢ is the laser focus spot size, Ag = cTp =1 pm s
the laser wavelength, T is the laser cycle, ¢ is the laser phase
term, wy and Ey are the laser frequency and the electric field
amplitude, and e, m,, and c are the unit charge, the electron
mass, and the speed of light in vacuum, respectively. This
corresponds to a laser peak intensity of about 10?? W/cm?,
which is about one order of magnitude lower than the aimed
maximum laser intensity in several laser infrastructures such
as ELI?l, APOLLONI®! and SULF®Y. The pulse has a
Gaussian time profile and the duration is 107y. The grid
size of the simulation box is 40X (x) x 121y (y) x 1249 (2),
sampled by 2000x300x300 cells with 9 macro-particles
per cell. The micro-channel target has a longitudinal axial
length of 15X and is located between x = 11y and x = 161
with thickness of dy = 1)¢. The inner diameter of the micro-
channel target is 61¢. The fan-foil is left-handed (LH fan) and
consists of eight parts with the same step height A =1/16 to
mimic a A/2 spiral phase plate!”®!. The thickness equation of
the fan-foil can be written as d,, = dj +dsg’—]’; (n=0,1,2---,7),
where ¢, = H(¢—Zn)H[(n+1)Z —p]|Zn, d, is the
thickness of n-order step, dy = A is the minimum thickness
of the fan-foil, d; = 11 is the maximum thickness difference
of the fan-foil, ¢ is the angle of cylindrical coordinate
system, and H(x) is the Heaviside function. In addition, the
fan-foil is perpendicular to the axis of the micro-channel and
placed at x = 16X. If the foil acts as a perfect reflection
mirror, the colorbars represent different phase changes
when a plane wave is of normal incidence on the foil. The
minimum thickness of the foil is 1 um to ensure that the foil
remains opaque to the laser pulse. Both the micro-channel
and fan-foil plastic target consist of fully ionized carbon
and hydrogen ions with a 1:4 ratio of carbon to hydrogen.
The corresponding densities of electrons, carbon ions (Co),
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Figure 1. Schematic of y-ray vortex generation from a laser-illuminated light-fan-in-channel target. A CP laser pulse is incident from the left and irradiates
a micro-channel target. Electrons are extracted from the channel wall, travel along the channel, and are accelerated to hundreds of MeV by the longitudinal
electric fields. Later, the laser pulse is reflected along the — x axis by a light fan and an LG laser pulse is thus formed which collides head-on with the dense
energetic electron beam with large AM. This finally results in the generation of a bright multi-MeV y-ray vortex. Note that the fan-foil is perpendicular to
the axis of the micro-channel and the arrow of reflected laser points to the micro-channel.

and protons (H™) are 200n., 20n., and 80n., respectively,
where n, = (m.€ow}) /€ is the critical density and & is the
vacuum dielectric constant. Periodic boundary conditions
are used for both field and particles in the simulations. Note
that the undesirable longer laser pulse pedestal derived from
amplified spontaneous emission in experiments can be well
controlled by plasma mirror technology!®-*"1, which is thus
ignored in our simulations. Such high-contrast femtosecond
laser pulses at relativistic intensity as needed here are
readily available with double plasma mirrors. Meanwhile,
some related experiments on micro-channels, wire-arrays
or light fans have also been successfully carried out to
explore electron acceleration, extreme pressure conditions,
and vortex laser generation, respectivelyl>':0%:6%1,

2.2. Electron acceleration in the micro-channel

Micro-channel targets have been widely employed to reshape
the laser profile and enhance electron and ion accelera-
tionl®®7%711 They can act as a unique source of well-defined
electron bunches and have potential applications in bright
X/y-photon emission. Assuming a CP plane wave in the form
of E(x,y,2,8) = E(x,y,2) &®~9 one can obtain V’E +
kK’E =0 and V - E = 0 from Maxwell equations. If the wave
propagates in the positive x direction, the longitudinal elec-
tric field can be described by E, = i/k (0Ey/dy+ dE./0z).
For a Gaussian laser pulse in free space with E; =
Egexp (—r?/o?) [cos (kx — wot) €, + sin (kx —wo1) €.],  the
longitudinal component of laser pulse is of the form

E ——2 0 _r2 [ (kx — wot) y — cos (kx — wyt) ]
= X in ,
Z > €Xp > )18 wot) y — cos wot) z

(H

which is obviously much smaller relative to the laser trans-
verse electric field. As for the laser parameters used in our
simulations, the amplitude of the longitudinal laser electric
field is only about 0.03E, based on Equation (1). However,
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Figure 2. Distributions of the transverse electric field Ey at different cross-
sections from x = 1119 to 12Ap at t = 16Ty. The black dots represent the
positions of energetic electrons dragged out from the channel wall.

when such a tightly focused Gaussian laser is injected into
the micro-channel, the laser field distribution and propaga-
tion become quite different from that in vacuum. In this situ-
ation, the channel target acts as an optical waveguide, which
is able to stimulate a series of high modes'’!. Although
their transverse electric fields are relatively weaker than
the incident Gaussian (LGgg) mode as shown in Figure 2,
they have much stronger longitudinal electric fields. Here,
the longitudinal electric field in the plasma channel can be
approximately written as'’!)

kljl,m X 2 2
Ex ~ EQW,[HZX exp (—ro/ao)
1.164
=E exp (—r%/aoz),

077 2
(Zﬂro/vll)»()) -1

where J| max and J)’C, max are the maximum values of the first-
order Bessel function of the first kind and its derivative
with respect to r, respectively, and vy; is the /th root of the
first-order Bessel function. As shown in Figures 3(b) and

3(c), the cross-section of the longitudinal electric field has
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Figure 3. (a) Three-dimensional isosurface distribution of electron energy density of 60 MeV at r = 16Ty. The (y, z) projection plane of electron energy
density on the left is taken at x = 120, the (x, y) projection plane at the bottom is taken at z = 0, and the (x, z) projection plane at the rear is taken at y = 0.
Distribution of the (b) longitudinal electric field E, and (c) transverse electric field Ey at x = 7.810 and ¢ = 17Ty. (d) Typical electron trajectories in the
phase space (1x, 7). (¢) Projection of some typical electron trajectories in the y—z plane until # = 307,. Here the colorbar represents the electron energy.
(f) Electron momentum distribution in the y—z plane at ¢ = 207}. Evolution of (g) electron beam divergence and (h) energy spectrum. The black dashed

circles in (d)—(f) represent the boundaries of the micro-channel.

higher mode which is in accord with the previous similar
simulation!’'!. The maximum dimensionless field amplitude
of E, (Ex = 20.45) is nearly half of the maximum of E,
(Ey = 42.47), which is close to the theoretical result as
for the parameters used in our simulations, E, ~ 0.78E).
Such a strong longitudinal electric field which is increased
significantly as compared with that in vacuum is capable of
accelerating electrons to high energies.

Figure 2 presents the transverse electric field E, and
electron distribution in the y—z plane ranging from x =
11X to 124 at t = 16T,. One sees that these electrons
are well directed along the channel walls. At a single laser
wavelength, e.g., x = 11A¢—12A¢, these electrons located at
different positions have different but regular spatial distribu-
tion, which is in excellent agreement with the laser transverse
electric field. This indicates that these electrons are pulled
out from the channel wall by the laser transverse electric
field. They form a helical bunch as shown in Figure 3(a), with
phase interval of m between upper and lower parts, which
results from the helical structure of the laser electric field.

In order to investigate the electron acceleration inside
the micro-channel, we track some typical electrons (energy
above 100 MeV at r = 167)) in the simulations and record
their positions and characteristics of the field experienced by
the electrons. For clarity, we furthermore separate the elec-
tron energy gain into two parts, 1, = —¢q. f gvxExdt/meocz,
N1 = —qe[y (wEy+v.E:) dt/meoc?. Here, 7 is the energy
gain by the longitudinal electric field, n, is the energy
gain by the transverse field, and the electron energy y () =
y(0) + nx + n.. The trajectories of the traced electrons in
the phase space (1),, 1) are shown in Figure 3(d). One can
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see that most of the electron acceleration is dominated by
the longitudinal electric fields and the contribution of the
transverse electric field to the electron acceleration is very
limited. Figure 3(e) presents the projection of some typical
electron trajectories in the y-z plane until = 307} and Figure
3(f) shows the corresponding momenta at t = 207,. Once
the electrons are pulled out from the channel inner wall, they
move forward around the laser axis. When the electrons enter
into an applicable laser phase, they gain steady acceleration.
However, the electron trajectories do not exactly point to
the laser axis as indicated by Figure 3(e), but have a small
deviation initially, implying a large OAM for each electron.
This can be also seen from Figure 3(f), where the motion
of most of the electrons is counterclockwise. The collective
motion of these electrons in the micro-channel results in
the formation of an energetic electron beam with large AM.
Figures 3(g) and 3(h) present the evolution of the electron
divergence with energy above 1 MeV and the corresponding
electron energy spectra at t = 87, 16Ty, 24Ty, and 307). In
this stage the electron beam is well directed along the micro-
channel wall and is distinctive with a small divergence angle
of approximately 5.7°, a cutoff energy of 240 MeV, and nC
charges at r = 167y. After that, the electrons are characterized
by 4 radian in space and the cutoff energy drops rapidly at
t = 30T}, indicating the commencement of the second stage.

2.3. Laser pulse reflection by the light fan

As the laser pulse propagates in the channel and arrives at the
fan-foil attached to the channel, the second stage starts. Here,
the thickness of the fan-foil increases with the angle ¢ in
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Figure 4. Distributions of the transverse electric field Ey at different cross-
sections from x = 104 to 111 at r = 267 when the incident laser pulse is
completely reflected by the light fan.

the cylindrical coordinate system, as illustrated in Figure 1.
When the laser irradiates the fan-foil, the reflected laser wave
at different angle ¢ has different phase change, resulting in
an LG pulse generation. LG laser can carry OAM, which can
improve the BAM of y-ray and the conversion efficiency of
laser- y-ray AM. We will discuss this point later. Figure 4
shows the laser transverse electric field E, in the y-z plane at
different positions between x = 104y and 11X at t = 267
when the incident laser pulse is completely reflected. As
expected, the fan-foil behaves like a light fan, which changes
the pulse wavefront and intensity distribution in space and
results in the formation of an LG vortex. For simplicity, we
assume a perfect fan mirror. Thus, the laser mode of the
reflected pulse can be expanded by a series of LG modes!’].
The amplitude of the LG,,, laser intensity can be defined in
the cylindrical coordinate system (p, ¢, x) by

LGum (p,¢,x) = (Cnm/W) exp (_lkpZ/ZR) exp (_
x expl—i(n+m+1)y] '
X exp[—i(n— m) 1 (— l)mm(n,m)
x (pﬁ/w> ngln’(?;‘ m) (2,02/W2) s
2

p*/w?)

where R(x) = (¥+x2)/x, wx) = [2(2+22) /kw]',
¥ (x) = arctan(x/xg), C,, is a normalization constant,
k = 2m /) is the wave number, xz is the Rayleigh range,
L‘m"m'("nI m () 1is the generalized Laguerre polynomial, and
I = | n—m| is the azimuthal mode index. For a laser pulse
with helical phase front and an exp(il¢) azimuthal phase
dependence, the OAM along the laser propagating direction
has a discrete value of /A per photon. Although the incident
laser can stimulate a series of high modes in the channel,
the dominant laser mode upon the fan-foil is still the former
LGqo as shown in Figure 2. Thus, mode decomposition of
incident LGy mode whose wave front has been modified
by the light fan structure can be written using the expansion
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coefficients!’?)

ag = (LGy|exp (—iA¢@) [LGoo)
/ / pdpde (Cl/wy) exp (ikp® /2Ry — p* /w})

x expli(s—1) ¢](— 1)min(s, o) (,Ox/i/wst) [s—1]

X Lyt (207 /w2) exp(—iAg)
X (Coo/w)exp (—ikp® /2R — p* /w?). 3)

Here A¢p = ZZ:OH (¢p—n/4n)H (mw/4n+m /4 — ¢) 21 /8n
and H (x) is the Heaviside function. The mode thus becomes
complicated and the percentage of the modes is given by
I; = lag|?. As A¢ =~ ¢ as we settle in our simulations, only
the modes with / = s—¢ =1 contribute most in the ¢ integral.
Our calculations show that I,y &~ 78.5%, so the dominant
mode of the reflected laser pulse should be LG o!"%!, which is
in excellent agreement with the simulation results as shown
in Figure 4.

2.4. Bright y-ray vortex emission

At the third stage, the reflected LG laser pulse collides head-
on with the energetic electrons with large AM. Here, the
stochastic emission model is employed and implemented
in the EPOCH code using a probabilistic Monte Carlo
algorithm. The QED emission rates are determined by the
Lorentz-invariant parametert’*: x, = eh(mc*) | F,,P" |,
where F,, is the electromagnetic field tensor and P" is the
electron four-momentum. In our configuration, x, can be

expressed by x. = (Ve/E;) \/(E+B xB)*— (B-E)*. Here,
E, = (mgc3) /eh denotes the Schwinger electric field, B =
v/c is the normalized velocity of electron by the speed of
light in vacuum, y, represents the electron relativistic factor,
and E and B are the electromagnetic fields. In fact, the
electron trajectories deflect once the electrons collide head-
on with the reflected laser pulse, agreeing well with the
analysis above. As the energetic electrons counter-propagate
with the reflected LG pulse, the photon emission proba-
bilities are increased significantly and x, can be described
approximately by x., =2y, | E| | /E;. Figure 5(a) illustrates
the spatial distribution of x, along the x-axis at r = 22T
Here . is up to 0.55, implying efficient y-photon emission.

Figure 5(b) shows the 3D isosurface distribution of the
number density of emitted y-photons at ¢ = 207). It is seen
that the y-photon beam is distinctive with a typical vortex
structure in space, with few photons along the laser propa-
gation axis. The maximum photon density is several tens of
n.. This indicates that the y-rays are also LG-like, carrying
AM. We will discuss this point later. In order to certify the
formation of y-ray, Figures 5(c)-5(f) and 5(g)-5(j) illustrate
the transverse distribution of y, and the photon number
density at different cross-sections ranging from x = 14.84¢ to
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Figure 5. (a) Distributions of x, along the x-axis at t = 227 and (b) three-dimensional isosurface distribution of photon number density of 10 n, at t = 24Ty,.
The (y, z) projection plane on the left is taken at x = 18A¢, the (x, y) projection plane at the bottom is taken at z = 0, and the (x, y) projection plane at the
rear is taken at y = 0. (¢)—(f) and (g)—(j) Transverse distributions of x, and the photon number density at different cross-sections ranging from x = 14.84¢ to
15.4X0 att =26 T. The black dashed circles in (c)—(j) represent the boundaries of the micro-channel.

154X at t = 26T). As expected, the larger the parameter ,,
the greater the y-photon emission becomes. Meanwhile, the
distribution of the y-photons matches well with the energetic
electrons as seen in Figure 2, confirming a photon beam with
vortex structure in the micro-channel.

Figure 6(a) presents the evolution of energy spectra of
the y-photons. As . is as high as 0.55, the photon energy
estimated byl”! fiw & 0.44y,y.m.c* in a head-on collision
is approximately 76 MeV, which is consistent with the
simulation results. Figure 6(b) displays the evolution of
y-photon brilliance (black line), instantaneous radiation
power (red line), photon number (blue line), and total
photon energy (green line). The photon emission occurs
since t = 16T, when the head-on collision takes place. The
peak instantaneous radiation power is at ¢t = 227). Here the
power of radiation emitted by a single electron can be written
as Prg ~ 2eE cay xe28 (xe) /3, where ay is the fine-structure

constant, g(x.) = [3\/§/ (ang)] fgoF (X&Xy) dyy is the
radiation correction induced by the QED effect, and x, =
(ﬁw/2mg(:2ES) \/(E +k x B)> — (k- E)? is another key quan-
tum parameter determining the positron generation!’”!.

https://doi.org/10.1017/hpl.2021.29 Published online by Cambridge University Press

For simplicity, we takel g (x.) = (3.7x] + 31x2+12x. +
1)’4/ °, and thus the estimated radiation power with photon
energy above 0.1 MeV is approximately 5 TW, which is in
reasonable agreement with our PIC simulations of averaged
radiation power of 6 TW. Meanwhile, the photon brilliance
reached the maximum at around ¢ = 237y. After the collision,
the photon number still increases, but the photon energy
tends to be unchanged. This indicates that the major y-
photon emission results from the NCS process during the
collision process. Figure 6(c) shows the divergence angle of
y-photons (top) with photon energy > 0.1 MeV, indicating a
well-directed photon beam with a small divergence angle
of approximately 9°. Conservatively, we consider a y-
photon vortex with yield of 10'° at 1 MeV, full width at
half maximum duration of approximately 6.6 fs, source size
of around 3 pm?, and divergence of 160 mrad x 160 mrad.
This results in a y-photon vortex source with peak brilliance
of approximately 10??> photons-s™! 2.mrad™ per 0.1%
bandwidth at 1 MeV, peak instantaneous radiation power of
25 TW, averaged BAM of 10°% /photon, and pulse energy
of approximately 0.5 J. The peak intensity of the y-rays is
around 10°° W/cm?.

-mm-
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Figure 6. (a) Energy spectra of y-photons at t = 197, 207}, 22T, and 287). (b) Evolution of the y-photon brilliance (black), instantaneous radiation power
(red), photon number (blue), and total energy (green). Here the gray area marks the collision stage. (c) Divergence angle of y-photons (top) at t = 197,
20Ty, 22Ty, and 287y. Here the bottom shows the angular-energy distribution of y-photons at t = 287.

2.5. AM transfer from laser to y -photons

Exploring the laser AM transfer to charged particles and
photons is of significance for understanding the dynamics of
laser—plasma interaction at high laser intensity. When a laser
beam carrying nonzero AM impinges on plasma, its AM can
be transferred to plasma ions and electrons, thus setting them
in rotational motion. This occurs both with SAM and OAM.
As we know, each photon carries & or - SAM. To get a
powerful AM source, we use an ultra-intense CP Gaussian
laser in our scheme. Once the intense CP laser pulse interacts
with a micro-channel target, its SAM can be transferred to
electrons and ions, and finally to the y-photons via the NCS
process. Here, the total AM of the incident CP laser pulse
can be calculated exactly by

Lisser = &0 / r x (E xB)dy, @)

where r is the grid’s position, and E and B are the corre-
sponding electromagnetic fields in each grid. The BAM of
particles with respect to the laser axis is defined by

Lecuy=Y  (Txp). Q)

Here the subscript i denotes the serial number of individ-
ual particles. The photons’ momentum originates from the
parent electrons, the averaged momentum can be scaled
as'""1 b, o¢ x2g (xe). One can thus estimate the photon AM
as L, o« Nyryp,, o NyFy ng (Xe), where N, and 7, are the
yield and the average off-axis radius of photons. Figures 7(a)
and 7(b) show the evolution of the particles’ BAM and the
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laser energy conversion efficiency to charge particles and y-
photons. At the first stage, the CP laser pulse accelerates the
electrons in the micro-channel and transfers its SAM to the
energetic electrons, so that the electrons’ BAM and energy
increase. At the second stage, the light fan modifies the wave
front by adding exp(ilg) to the phase of the drive. Thus, the
electron BAM increases more sharply during the collision
stage, because the reflected pulse is also able to transfer
its AM to the electrons via the NCS processm]. However,
due to the photon emission and radiation reaction effect, the
total energy of electrons keeps unchanged until the collision
stage is completed. During the process, the carbon ions and
protons occupy only very small AM as compared with the
electrons. The final laser energy conversion efficiencies to
electrons and photons are around 20% and 1.2%, respec-

tively. We define the laser AM conversion efficiency to the
iy Iriyxpiyl

leo [Tx (ExB)dv|
effect of the high-energy y-photons emitted in the micro-

channel, we summarize AM of all these photons and divide
it by the total laser AM. The AM conversion efficiency from
laser to y-photons is unprecedentedly 0.67%, which is nearly
seven times higher than that of the scheme in Ref. [78]. Such
an efficient multi-MeV y-photon vortex source would offer
exciting potential capabilities and opportunities for diverse
studies, such as the investigation of the AM transfer by Kerr
black holes?>*?*!, For example, it may be common in the
universe to generate vortex photons by high-energy electrons
interacting with CP electromagnetic waves. These phenom-
ena tend to be found easily in some astrophysical environ-
ments, e.g., in the vicinity of magnetized near neutron stars
and in turbulent plasma in astrophysical jets, which have
attracted the attention of numerous researchers!”>>#27571,

y-photons as pay = Owing to the collective
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Figure 7. (a) Evolution of BAM of electrons (black arrow), protons (blue
arrow), carbon ions (green arrow), and y-photons (red arrow). (b) Evolution
of laser energy conversion efficiency to electrons (black arrow), protons
(blue arrow), carbon ions (green arrow), and y-protons (red arrow). Here
the gray area denotes the collision stage and the arrows indicate the y axes
of different curves.

Our scheme shows a possible way to study the photon vortex
generation in the universe by laser—plasma interactions.

3. Discussion

In order to demonstrate that the light fan is capable of
increasing the laser photon’s AM, a plane foil and a right-
hand helix foil (RH fan) are considered separately in our
additional PIC simulations. The differences can be easily
distinguished from each photon’s AM during the laser—
foil interaction. For a laser pulse, its total electromagnetic
energy is % f (£0E2 + MLOBZ)dv, where o is the vacuum
permeability. Therefore, each photon’s averaged AM can be
written as

go [rx (ExB)dy
Ly (50E2 + MLOBZ) dv
B+Dh, (6)

Lphoton = 0,

where § and / represent the SAM and OAM quantum number
of a photon, respectively, and fwy is the laser photon energy.
For a left-handed CP Gaussian pulse considered in our sim-
ulations, each photon has an AM of Lypgion = (—14+0) A =
—h. Figure 8(a) shows the evolution of the laser photon
averaged AM. At the first stage, the averaged AM of the laser
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Figure 8. Evolution of (a) averaged AM of laser photons and (b) averaged
BAM of y-photons in the right-handed helix fan case (RH fan, black), plane

foil case (blue), and left-handed helix fan case (LF fan, red). The gray area
shows the collision stage.

photons is exactly —#, which indicates that the left-handed
CP LGyy mode is still dominant and the laser pulse is well
kept in the micro-channel. This is consistent with the analysis
above. Once the interaction enters into the second stage, the
averaged AM of each photon increases up to —1.6A for an
LH fan. By contrast, it is nearly unchanged for a plane foil
and is about —0.6A for an RH fan. This implies that the light
fan can adjust efficiently the laser AM by changing the wave
front. It is also worth stressing that the AM of the protons and
carbon ions in the foil will be also adjusted significantly by
use of different fan-foil, which is beyond scope of the current
work. Note that, when the fan-foil target is left-handed, the
increased OAM of the left-handed CP laser is along the
negative x axis direction. Therefore, the AM absolute value
of laser increases. When the fan-foil target is right-handed,
the increased OAM of the laser is along the positive x axis
direction. The averaged AM value of laser photons decreases
as shown in Figure 8(a). Thus, the AM absolute value of
right-handed laser will decrease when it is reflected by the
left-handed fan-foil target.

Figure 8(b) illustrates the evolution of averaged BAM of y-
photon beams in all three cases. One can see that during the
second stage the efficiency of y-photon emission increases
drastically due to the large x.. Meanwhile, the laser AM
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Figure 9. Scaling of the photon yield (Ny, black circles), the laser energy
conversion efficiency (1, red circles), and total y-photon BAM (L, blue
circles) with (a) the laser electric field amplitude ao and (b) the micro-
channel length /. Here, the black and blue curves are the fitting results.

is also transferred more efficiently to the y-photons in the
LH fan case, which is 16% higher than that in the plane
case and RH fan case. When the foil is left-handed, the
reflected laser pulse can increase the y-photon’s averaged
BAM, whereas the right-handed light foil will behave in
an opposite manner. This results from the fact that the
y-photon beam’s averaged BAM originates from both the
parent electrons and the reflected laser pulse. The latter
is capable of increasing or decreasing the photon BAM,
depending on the helix direction of the fan-foil and its step
number. Once the head-on collision between the energetic
electrons and reflected laser pulse terminates, the y-photon
BAM remains unchanged roughly.

We also investigated the robustness of the scheme by using
different laser and plasma parameters. First, we discuss the
effect of the laser intensity, where we keep all other param-
eters unchanged but vary the normalized laser amplitude
from ayp = 60 to 140. Figure 9 shows the scaling of the
photon yield (N,, black circles), the laser energy conversion
efficiency (n,, red circles), and photon BAM (L,, blue
circles) with the laser electric field amplitude ay. It indicates
that the y-photon emission becomes more significant with
the increase of laser intensity. For ay = 140, the photon yield
and energy conversion efficiency can reach 6 x 10'? and
2.5%, respectively. As the photon yield scales as N, « ag
as shown in Figure 9(a), the BAM of the photon beams
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L, < Nyx2g(x.) o a, B/ which is in excellent agreement

with the results as shown in Figure 9(a).

We also considered the effect of the length of micro-
channel on the photon emission. Figure 9(b) shows the
simulation results for which [ is varied in the range of
10X to 20X, with all other parameters unchanged. It shows
that the photon yield and energy conversion efficiency are
insensitive to the micro-channel length (within the range
of lengths studied). However, the BAM scales as L, o[ as
shown in Figure 9(b). This can be attributed to the relation
Ye o eE,l, which depends on the electron acceleration length.
The BAM of photon beams can therefore be approximated
by L, x Ny7y[_7y o I*73, which is close to the simulation
results in Figure 9(b). Our scheme thus provides a practical
and efficient way to control the ultra-bright y-photon vortex
emission by designing the laser and target parameters, which
could be tested in the upcoming laser facilities.

4. Conclusion

In conclusion, we have proposed and numerically demon-
strated an all-optical laser—plasma scheme to produce
multi-MeV y-photon vortex in light-fan-in-channel target
irradiated by high-power CP laser pulse with intensity
of approximately 10> W/cm?. Full three-dimensional
PIC simulations show that high brilliance (~ 10??
photons-s™!-mm2-mrad per 0.1% bandwidth), large BAM
(~ 10°h/photon), ultra-intense tens-of-TW and small
divergence angle (~ 9°) y-ray vortices can be efficiently
achieved via the NCS process. With the upcoming multi-
PW laser facilities such as ELI and SULF, this all-optical
scheme not only provides a promising and practical avenue
to generate bright y-ray vortices for various applications
such as laboratory astrophysics”’>"I and particle physics'’"!,
but also enables future experimental tests of nonlinear QED
theory in a new domain.
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