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Abstract

Based on collisions between the 100 PW laser and 8 GeV superconducting linear accelerator under construction in the
Shanghai High Repetition Rate X-ray Free Electron Laser and Extreme Light Facility, the construction of GeV-level y-ray as
well as positron beams was proposed according to particle-in-cell simulations. Key processes were considered, involving the
nonlinear inverse Compton scattering for y-ray generation and the multiphoton Breit—Wheeler process for electron—positron
pair production. Regardless of laser polarization, the simulations indicated that y-ray beams achieved energies up to 8 GeV,
brilliance of approximately 10%” photons/(s - mm? - mrad®), and emittance as low as 0.1 mm - mrad, whereas positron beams
attained energies up to 7 GeV, brilliance of approximately 4 x 10%* positrons/(s - mm? - mrad?), and emittance as low as 0.1
mm - mrad. Various applications could benefit from the possible high-energy y-ray and positron beams, which may potentially
be built in SHINE, including validation of the fundamental physics of strong-field quantum electrodynamics theory, nuclear
physics, nuclear astrophysics, and imaging.
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1 Introduction

The Shanghai High Repetition Rate X-ray Free Electron
Laser and Extreme Light Facility (SHINE) will offer a pho-
ton beam with energy spanning from 0.4 to 25 keV, leverag-
ing its MHz-level high repetition rate and fs-level ultrashort
pulse, to achieve exceptionally high average brightness and
peak brightness [1-3]. As a fourth-generation X-ray source,
SHINE will provide cutting-edge experimental platforms for
scientists across diverse fields worldwide. The ultra-intense
laser induces high-energy particle accelerators, taking
advantage of compactness, tunability, and high brightness
of laser systems [4, 5] to open new opportunities for multi-
disciplinary research, including superheavy nuclei synthe-
sis [6-8], quantum-mechanical processes [9], fundamental
particles [10], nuclear structure, and photonuclear physics
[11-13]. With its 100 PW laser at the Station of Extreme
Light (SEL) [14, 15], which is upgraded and constructed
based on the existing Shanghai Superintense Ultrafast Laser
Facility (SULF) with 10 PW and 1 PW, and the 8 GeV elec-
tron beam of the Superconducting Linear Accelerator (SLA)
[16, 17], various particle beams can be generated by laser
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target shooting of the ultra-intense ultrashort laser (UIUSL)
system, such as the high-energy y-rays, positron sources, and
even heavy-ion beams. y-rays offer vast promising applica-
tions in different energy regions, for example, low-energy y
-rays (1-30 MeV) could be used to investigate the laboratory
astrophysics [18-20], and the enhanced low-energy y-rays
also provide a strong platform for medical isotope produc-
tion [21, 22], photo-transmutation [23-25], and activation
experiments [26, 27] through photonuclear reactions [18,
28, 29]; medium-energy y-rays (> 100 MeV) could be used
to study photonuclear spallation reactions, improving the
photonuclear reaction database [13, 30, 31] high-energy y
-rays (> 140 MeV) could be used to research pion photopro-
duction on the nucleon [32—-34] and determine more accurate
resonance coupling constants through more experimental
measurements of the nucleon resonance spectrum [35, 36].
The positron, as an antimatter particle, also has cutting-edge
applications in the research of particle physics [37], positron
emission tomography (PET) for material sciences [38] and
solid-state physics, such as diagnosing complex structures
of Fermi surfaces [39].

For collisions between the UIUSL and high-energy elec-
tron beam [40, 41], y-rays are generated through nonlinear
inverse Compton scattering (NICS), and electron—positron
pairs are yielded through the multiphoton Breit—-Wheeler
process (MBWP) of the quantum electrodynamics (QED)
effects when the optical laser field is sufficiently intense
[42—-44]. Several experiments have successfully obtained
y-ray beams through NICS: (1) An electron beam acceler-
ated by a laser of intensity 4 x 10'” W/cm? undergoes NICS
with a laser of intensity 8 X 10'® W/cm? at the Rutherford
Appleton Laboratory (RAL), generating a y-ray beam with
a maximum energy of 18 MeV and peak brilliance of 1.8 X
10% photons/(s - mm? - mrad? - 0.1%BW) [45]; (2) an elec-
tron beam accelerated by a laser of intensity 7.7 x 10'® W/
cm? also undergoes NICS with a laser of intensity 1.3 x 10%!
W/cm? at the RAL, generating a y-ray with a critical energy
of 30 MeV [46]. Earlier theories and simulations demon-
strated that (1) an increase in the electron Lorentz factor and
laser intensity can increase the energy of y-ray produced; (2)
the enhanced stability of the electron beam might reduce the
emittance of the y-ray beam [47, 48]; and (3) an increase in
the laser intensity might also enhance the laser energy con-
version efficiency to y-rays and positrons [49].

Considering all the favorable factors mentioned above,
high-quality y-ray and positron beams can be generated by
an SEL 100 PW laser and an SLA 8 GeV electron beam
through the NICS and MBWP processes in SHINE. In com-
parison with the GeV-level y-rays produced by bremsstrahl-
ung [50], the NICS makes it possible to produce a first-class
high-quality y-ray source above the GeV level in SHINE
and significantly improve the energy of y-ray source at the
nearby Shanghai Laser Electron Gamma Source (SLEGS)
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[51]. The upcoming y-ray, positron, and electron beams may
have practical multidisciplinary applications. One unique
and complementary application is photonuclear reactions
and related applications of y-rays: The different cross sec-
tions of photonuclear reactions induced by high-energy
y-rays allow for the differentiation between stable and unsta-
ble isotopes in samples using y-ray spectroscopy [52, 53],
radioactive isotope production for medical applications [21,
54], and reaction mechanisms of nuclear spallation reactions
[13]. These studies have the potential to be performed within
y-ray energies ranging from hundreds of MeV to 8 GeV.
The strong penetrating power of y-rays can be applied to the
nondestructive testing of large engineering samples, and the
high-brilliance y-ray beam can also serve as a microscope for
the study of material lattice dynamics [55]. Another applica-
tion is nonlinear strong-field QED verification: Experiments
for precision measurements of high-energy heavy element
reaction events can be conducted to verify the predictions
of nonlinear QED effects using these three types of parti-
cles [56-58]. Motivated by these promising opportunities,
the particle-in-cell (PIC) program SMILEI was employed to
simulate the entire processes between the UIUSL and high-
energy electron beam, and the feasibility of this scheme was
elucidated, which also filled the gap between the y-ray and
positron beam research. This article is organized as follows.
In Sect. 2, the key physical mechanisms and parameter set-
tings of the simulations are highlighted. The simulation
results, including the spatial distribution, energy spectrum,
and spatial electric field distribution of the particles, are pre-
sented in Sect. 3. The beam parameters and specific appli-
cations of the particles are discussed in Sect. 4. The main
findings are summarized in Sect. 5.

2 Models and simulations

The SMILEI toolkit, which is a collaborative, open-source,
and user-friendly PIC code, has been applied to a wide range
of physics studies, from relativistic laser-plasma interactions
to astrophysical plasmas [59]. Within all the simulated grids,
the motion of particles in the electromagnetic field satis-
fies Vlasov’s equation and gradually forms a self-consistent
dynamical system [60—62]. The mechanism of high-energy
y-ray production in collisions between the UIUSL and high-
energy electron beam is an incoherent process known as
NICS. The dynamics of a single electron with charge —e and
mass m could be determined by the Lorentz equation in an
arbitrary external field, which is described by the covariant
form of the Lorentz equation with the electromagnetic field
tensor F*V in the form of
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and the Lorentz invariant quantum parameter for the photon
at the time of photon emission is denoted as
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where y, = ¢€,/(m.c*) and y, =¢,/(m.c?) are the nor-
malized energies of the radiating particle and emitted
photon, respectively; v and ¢ are their respective veloci-
ties, and c is the speed of light in vacuum. E and B denote
the electric field and magnetic field, respectively; and
E, = m?c®/(he) ~ 1.3 x 10" V/m is the Schwinger field.
The MBWP is the process in which high-energy photons
decay into an electron—positron pair in an intense electro-
magnetic field [63, 64]. The strength of the QED effects
for electrons and positrons depends on the photon quantum
parameter.

The parameters adopted in the SMILEI simulation are
based on SHINE, where the monoenergetic electron beam
density is 3.2 x 10** /m?, the beam charge is 200 pC, the
full-width-at-half-maximum (FWHM) is approximately 66
fs, and the beam spot size is 10 pm X 10 pm, derived from
the appropriate rectangular reduction of the highly intensive
electron beam distribution. The laser is set to be a Gaussian
laser with a wavelength A = 1 pm, a focal spot size of 5 pm,
a FWHM of 15 fs, and a peak intensity I = 102 W /cm?,
which corresponds to a normalized laser amplitude of
ag, =~ 190 for circularly polarized laser (denoted by CPL)
and ay;,, ~ 269 for linearly polarized laser (denoted by LPL)
[65-67]. The spatial size of the two-dimensional and three-
velocity (2D3V) particle-in-cell (PIC) simulation is set to
be 300 pm X 100 pm, with a spatial step size of 100 nm
and a time step of 22 as. Each grid initially contained 16

Fig.1 (Color online) Schematic
collision between the ultra-

intense ultrashort laser (¥},q.;) - c
and the high-energy electron
beam (e”). The moving direc- < Y1aser
tions of particles are indicated +
by thick arrows * €
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electrons in the electron beam region. The electron beam
moved straight from the center on the left toward the right,
whereas the laser focused on the electron beam traveled from
the center on the right toward the left. The y-rays are imme-
diately emitted by the collision of electrons and photons
through the NICS mechanism [68, 69], specifically, via the
Monte Carlo simulation [56, 70, 71]. Almost simultaneously,
electron—positron pairs are created by photons through the
MBWP mechanism. The collision processes, as well as the
colliding equations, are illustrated in Fig. 1, which includes

NICS : e” +myper = v +e€ ., 4)
MBWP : y +ny,e — ¢t +e . 5)
3 Results

When the electrons interact with the laser and the number
of positrons no longer increases, the results for particle pro-
duction are shown under both the CPL and LPL patterns,
including the spatial distributions of the produced particles,
the energies of the produced particles, and the space electric
field.

3.1 Particle spatial distribution

The spatial distributions of the particles are plotted in Fig. 2.
For the CPL pattern, as shown in Fig. 2a, c, and e, the spatial
distributions of y-rays, compared with those of electrons and
positrons, are more dispersed in the Y direction. The spatial
distributions of the electrons and positrons almost overlap.
The central sizes of the three generated particle beams are
almost equal to the initial electron beam size. The central
density of y-rays is greater than that of electrons, and posi-
trons have the lowest central density. For the LPL pattern, as
shown in Fig. 2b, d, and f, the spatial distribution of parti-
cles resembles a “crown” adorned with a “gem”, which is the
beam center (black dashed box), and it is quite different from
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Fig.2 (Color online) Particle spatial distributions at 700 fs of the
SMILEI simulated collisions between 100 PW laser and 8 GeV elec-
tron beam based on the Station of Extreme Light (SEL) and Super-
conducting Linear Accelerator (SLA) in the Shanghai High Rep-
etition Rate X-ray Free Electron Laser and Extreme Light Facility
(SHINE). a and b are for y-rays production under circularly polarized
laser (CPL) and linearly polarized laser (LPL) patterns, respectively.
¢ and d are for electron production under CPL and LPL patterns,
respectively. e and f are for positron production under CPL and LPL
patterns, respectively. Particle beam parameters are given in Sect. 4

the “meteor” pattern in the “rotating forward” CPL pattern.
The y-rays are also more dispersed in the Y direction than
the electrons and positrons. y-rays have the highest central
density, followed by electrons, and then positrons, the latter
being similar to the electrons. Compared with the CPL pat-
tern, the particles in the LPL pattern are markedly spread on
the sides of the beam center in the vertical direction and have
a higher particle density. Under both patterns, the same dif-
fusion phenomena of particles occur in the Y direction close
to the beam center, and the particles in the horizontal direc-
tion are distributed mostly to the left of the beam center,
with a cluster of electrons at the “tail end”, which refers to
the left end of the X-axis and the center of the Y-axis.

3.2 Particle energy
The energy spectra of the produced particles are plotted in

Fig. 3. The energy spectrum of y-rays decreases rapidly in
the range of E, € [0, 8] GeV. For the LPL pattern, more
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tron beam based on the SEL and SLA in SHINE. The CPL and LPL
denote the circularly polarized laser and linearly polarized laser,
respectively

photons are produced in the lower energy range (£, < 0.9
GeV), whereas for the CPL pattern, more photons are pro-
duced in the higher energy range (E, > 0.9 GeV), with the
maximum energies for both patterns approaching 8 GeV.
The electron energy broadens from the mono-energy to the
low-energy region, and the energy spectra of electrons and
positrons both gradually increase to form peaks and then
decrease with increasing energy. The peaks of the electron
and positron distributions are both located at £, = 0.2 GeV
for the CPL pattern, the peaks of the electron and positron
distributions are both located at £, = 0.1 GeV for the LPL
pattern, and more positrons and electrons are produced com-
pared to the LPL pattern at the peak positions. More elec-
trons are produced in the LPL pattern than in the CPL when
E, <0.5 GeV, whereas the opposite trend occurs when E, >
0.5 GeV. The number of positrons produced in the CPL pat-
tern is similarly less than that produced in the LPL pattern
when E, < 1.1 GeV, whereas the trend reverses when E k >
1.1 GeV. Notably, the maximum energy of electrons still
approaches 8 GeV, and the maximum energy of positrons
is close to 7 GeV.

3.3 Space electric field

The electric field strength reflects the spatial and momen-
tum evolution of charged particles at their positions. Fig-
ure 4 shows the electric field, which offers a more detailed
reference for interpreting particle beams. Charged particles
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Fig.4 (Color online) The spa- (a) (b)
tial electric field distribution at E (mco/e) E (mco/e)
700 fs of the SMILEI simulated CPL 20 LPL

¢

collisions between 100 PW laser
and 8 GeV electron beam based
on the SEL and SLA in SHINE.
Panels a, ¢, and e denote the y
-rays, electrons, and positrons
in the CPL pattern, respectively.
Panels b, d, and f denote y
-rays, electrons, and positrons
in the LPL pattern, respectively.
Panel g is for the electric field
component distribution in the Z
direction

v
150

E (mco/e)

0 600
400
200 400
0
200

€

E_(m cw/e)

CPL e
CPLy
CPL e*
LPLe

LPL y
LPL e*

+o o+ + 0

20
Fun, ) 20

@ Springer



157 Page6o0of13

W.-Q.Su et al.

exhibit greater stability in regions where the electric field
remains stable. As shown in Fig. 4a—f, the electric field
reaches its maximum at the “tail end” of the particles,
decreasing toward both sides of the Y-axis and the right side
of the X-axis. For electrons and positrons, the electric field
at the beam center is relatively low, enabling most particles
to move forward collectively. Conversely, the electric field
is higher at the “tail end”, causing particles at the rear to
diverge outward. The electric field is weaker in the CPL
pattern than in the LPL pattern.

As shown in Fig. 4g, the electrons and positrons of the
CPL pattern are subjected to an electric field force in the Z
direction, whereas those of the LPL pattern are not subjected
to any electric field force in the Z direction. It was revealed
that the electrons and positrons at the “tail end” diverge in
three dimensions in the CPL pattern, whereas they only
diverge in the X and Y directions in the LPL pattern.

4 Discussion

To specifically discuss the characteristics of particle beams
produced in the simulations, an area of X € [190, 230] um
and Y €[45, 55] ym is delimited for further estimation of the
angular spectrum, particle beam parameters, experimental
layout, and specific applications in scientific research.

4.1 Angular spectrum

For convenience, 0, = arctan(p, /p,) and 8, = arctan(p,/p,)
are defined to portray the particle beams. The angular spec-
tra of the particles in the selected beam region are plotted in
Fig. 5, which shows that the 6, angular spectra for different
particles in the CPL pattern are considerably narrower than
those in the LPL pattern, with peak values for the same par-
ticles almost equal at §, ~ 0. Among the three particles, the
6, angular spectrum of y-rays shows the widest distribution
with the highest peak values (approximately 2.4 x 10'° for
CPL and 7.7 x 100 for LPL). Electrons exhibit a narrower
angular spectrum with lower peak values (approximately
1.2 x 10° for CPL and 6.8 x 10® for LPL). Positrons display
the narrowest 6, angular spectrum with the lowest peak value
(approximately 2.0 x 108 for CPL and 2.6 x 108 for LPL),
closely resembling the 6, angular spectrum and peak value
of electrons. The 6, angular spectrum of different particles in
the CPL pattern is similar to their corresponding 6, angular
spectrum in the CPL pattern, whereas the widths of the 0,
angular spectrum for particles in the CPL pattern are greater
than those of the 6 angular spectrum for the corresponding
particles in the CPL pattern, with the peaks of the 6, angular
spectrum approximately at 9.5 x 10'° for the y-ray beam,
1.2 x 10° for the electron beam, and 1.8 x 108 for the posi-
tron beam. Notably, for all particles in the LPL pattern, they

@ Springer

(/degree)

Counts

Fig.5 (Color online) The angular spectrum of particle momentum
(6, = arctan(p, /p,) and 6, = arctan(p,/p,)) in the beam region at 700

fs simulated by SMILEI for collision between circularly polarized
(CPL) or linearly polarized (LPL) SEL 100 PW laser and SLA 8 GeV
electron beam

are focused on 6, = 0, owing to the absence of an electric
field in the Z direction. Particles in the CPL pattern display
a significantly broader 6, angular spectrum than those in
the LPL pattern. These discrepancies could be attributed to
limitations in the 2D simulation, which makes it difficult to
select the effective region in the Z direction.

4.2 Particle beams parameters

The main parameters for the particle beams in the simulated
results, namely beam brilliance, beam emittance, and beam
flux, are further discussed. The particle beam brilliance is
given by Eq. (6),

N

T TxXD2x0? ©

where N is the number of particles when the 2D area is
extended to the 3D space, T is approximately 30 fs,
D =10 pm, and @ = a,/y,- (Lorentz factor y,- ~ 1.57 x 10%)
is 12 mrad and 17 mrad for the CPL and LPL patterns,
respectively [45].

The particle beam emittance in 2D space is described by

€= <y2><<1’;_i>2> —<y§—‘z>2. 7

The peak flux of the particle beam is defined as F = N/T.
The energy conversion efficiency is n = E,/E,., where E,
is the total energy of the particle and E,, is the sum of the
energies of the corresponding laser and initial electrons,
respectively.
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Fig.6 (Color online) The particle beam brilliance spectrum (denoted
by the left Y-axis) at 700 fs simulated by SMILEI for collision
between the CPL and LPL patterns of SEL 100 PW, Shanghai Super-
intense Ultrafast Laser Facility (SULF) 10 PW or 1 PW lasers and the

For comparison, the 10 PW and 1 PW lasers at the SULF
facility were also simulated, which collided with the same
electron beam to yield particle beams. The SULF 10 PW
and 1 PW laser intensities were 10?! W/cm? and 10%° W/
cm?, respectively, with focal spot sizes of 5.5 pm and 40
pm, respectively, and FWHMs of 30 fs [72, 73]. In Fig. 6,
the simulated particle beam brilliance spectra for the 1 PW
and 10 PW lasers in SULF as well as the 100 PW laser in
SHINE on the high-energy electron beam and experimental
cross sections of particles [74—76] are plotted. The remark-
able differences between the simulated results are that fewer
positrons can be produced in the SULF 10 PW laser and that
positrons cannot be produced in the SULF 1 PW laser. It
should be noted that the trends of the energy-brilliance for
beam particles are similar to the trends of the energy spectra

0.1
E,(GeV)

SLA 8 GeV electron beam, respectively. The experimental data for
photonuclear reaction cross sections are denoted by the right Y-axis
[74-76]

for all particles in the SEL 100 PW laser. Although in differ-
ent laser polarization states and the number of particles in
the beam region, the peak energy of electrons and positrons
in the CPL pattern is still higher than that in the LPL pattern.
The maximum value of beam brilliance in the CPL pattern
is slightly lower than that in the LPL pattern. In accordance
with the beam brilliance of the SEL 100 PW, SULF 10 PW,
and 1 PW lasers, the phenomena clearly demonstrate that
a more intense ultrashort laser produces more y-rays when
colliding with an electron beam and that more positrons are
also produced.

Table 1 presents the parameters of particle beams simu-
lated by SMILEI for collisions between the SEL 100 PW
and SLA 8 GeV electron beam according to Fig. 6. The
y-ray beam brilliance in the CPL pattern (up to 1.09 X

Table 1 Particle beam P T L E, (GeV) E, (GeV) &(mm-mrad) F (particles/s) (%)

parameters simulated by (particles/ €

SMILEI for collision between (s - mm? - mrad?

circularly polarized (CPL) or

linearly polarized (LPL) SEL )

100 PWlaserand SLAB GV cp oy 191027 0232 7.950 0.109 182X 10 447

electron beam.
Electron  1.52 x 10%5 0.676 7.726 0.099 248x10% 018
Positron  3.97 x 10% 0.633 6.598 0.101 6.57x 102 005

LPL yray  8.89x 10% 0.158 7.975 0.165 426x10° 596

Electron  1.05 x 10%5 0.418 7727 0.156 449%10% 019
Positron  4.93 x 10% 0421 6.860 0.152 211x10%  0.09

The laser polarization (P), particle type (T), beam brilliance (L), average particle energy (E,,

), maximum

particle energy (E,,,,). emittance (), peak flux (F), and energy conversion efficiency (#) are given

@ Springer
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1077 photons/(s - mm? - mrad?)) is higher than that in the
LPL pattern, and the positron beam brilliance in the LPL
pattern (up to 4.93 X 10 positrons/(s - mm? - mrad?)) is
higher than that in the CPL pattern. Interestingly, the beam
emittance is approximately 0.1 mm - mrad in the CPL pat-
tern, which is considerably smaller than 0.2 mm - mrad in
the LPL pattern. Moreover, the peak flux of y reaches 10%
photons/s, which is considerably higher than existing y-ray
sources [52], for example, 10°~° photons/s in HIyS and
10°~10 photons/s in SLEGS, and the high y-ray flux results
not only from the ultrashort pulse duration but also from
the fact that the y-ray flux of existing y-ray sources is usu-
ally the average y-ray flux.

In the CPL pattern, y-rays are the most abundant in
the beam region, followed by electrons, and positrons are
the least numerous. The electron beam brilliance is 1.52
x10% electrons/(s - mm? 'mradz), and the positron beam
brilliance is 3.97 x10** positrons/(s - mm? - mradz). Simi-
larly, the y-ray energy conversion efficiency of 4.47% is
the maximum, and the energy conversion efficiencies of
electrons and positrons are 0.18% and 0.05%, respectively.
The y-rays and electrons have the highest energy in the
beam region (up to 8 GeV), whereas the maximum particle
energy of the positron beams is approximately 7 GeV. The
average particle energy of the electron and positron beams,
which is approximately 0.6 GeV, is higher than that of the
y-ray beam (~ 0.2 GeV).

In the LPL pattern, the beam brilliance, energy con-
version efficiency, maximum particle energy, and average
particle energy of the particles have the same numerical
order in terms of the three types of particles: y-rays, elec-
trons, and positrons. The y-ray and electron beam bril-
liances are 8.89 x10%° photons/(s - mm? - mradz) and 1.05
x10% electrons/(s - mm? - mrad?), respectively. The energy
conversion efficiency of y-rays is 5.96%, which is margin-
ally higher than the 2% given by the all-optical scheme for
laser energy into y-rays in 2012 [77]. The energy conver-
sion efficiencies of electrons and positrons are 0.19% and
0.09%, respectively. The maximum particle energies are
similar to those in the CPL pattern. The average particle
energy of the electron and positron beams is approximately
0.4 GeV, and the average particle energy of the y-ray beam
is approximately 0.2 GeV. Although the maximum energy
of y-rays approaches the initial electron energy during
the collision process, most of the y-rays still have lower
energy. Meanwhile, most of the positrons have higher
energies.

In general, the energy conversion efficiency of particles
in the CPL pattern is lower than that in the LPL pattern,
the maximum particle energy in the CPL pattern is nearly
equal to that in the LPL pattern, and the average particle
energy in the CPL pattern is higher than that in the LPL

@ Springer

pattern. These conflicting results could be attributed to the
fact that more positrons are generated with lower energy
and greater spatial emittance in the beam region in the
LPL pattern. The CPL pattern demonstrates superior beam
quality for generating y-rays and electrons, whereas the
LPL pattern may achieve higher beam quality for generat-
ing positrons in SHINE.

4.3 Facility layout and specific applications

The simulations in this work provide an alternative way to
produce high-quality y-ray and positron beams, which is dis-
tinct from the all-optical scheme [78—80], where the UTUSL
first generates a high-energy electron beam and then col-
lides with another UIUSL. The simulated results are aimed
at assessing the feasibility and advantages of electron-laser
colliding y-ray sources and positron beam facilities, which
provide new opportunities for high-energy photonuclear
reactions and positron-related physics within the afore-
mentioned energy ranges. Examples of different (y, z°), (7,
abs), and (y, ) reactions within the high-energy scope are
plotted in Fig. 6, which could enhance the comprehensive
understanding of nuclear structures, such as form factors,
polarization, and resonances [81], and the high brilliance
and high flux of the particle beams may partly advance the
nuclear reaction yield. Furthermore, as shown in Fig. 7a—d,
the maximum energies of y-rays and positrons vary with
the momentum angle 6, in the beam region at 700 fs, par-
ticularly when the energy exceeds 100 MeV. y-rays near the
0-degree momentum angle with energies below 100 MeV
have the highest proportion. Positrons around the 0-degree
momentum angle with energies above 100 MeV have the
highest proportion.

A concept design for a possible colliding station based
on the SEL 100 PW laser and SLA 8 GeV electron beam in
SHINE is shown in Fig. 7e. First, the spatial distributions
of the three types of particles overlap, as demonstrated by
the simulated results. In addition, beam separation can be
achieved by placing deflecting magnets around the beam
region [44, 82, 83]. Finally, neutral y-rays propagate in the
positive direction along the X-axis, whereas electrons and
positrons propagate in opposite directions along the Y-axis
[43, 79, 84]. Particle energies follow a continuous spectrum
defined by the surrounding temperature in the high-temper-
ature, high-density plasma of extreme astrophysical envi-
ronments, including y-ray bursts in active galactic nuclei,
pulsars, stellar interiors, supernovae, neutron star mergers,
and so on. Utilizing a beam with a continuous energy spec-
trum could more effectively simulate the overall effects of
particles in real astrophysical environments, such as the
integrated reaction rates under a continuous y-ray spectrum,
which are crucial for experimentally verifying model param-
eters in the evolution of nuclear celestial bodies and may
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Fig.7 (Color online) a and b are, respectively, the §, — E, diagrams
of y-rays and positrons in the beam region under the CPL pattern, and
c and d are, respectively, the 6, — E, diagrams of y-rays and positrons
in the beam region under the LPL pattern, with the particle energy of
100 MeV marked by the dashed line. e is a sketch drawing of a collid-
ing station and its high-energy y-ray and positron beamlines based on
the SEL 100 PW laser and SLA 8 GeV electron beam in SHINE [17],
and its specific applications

reveal new phenomena in astrophysics. The potential high-
quality y-ray beams in SHINE would significantly promote
nuclear reaction research and strange phenomena in nuclear
physics and nuclear astrophysics. Ultra-intense y-rays are
ideal for studying the photonuclear reactions of short-lived
unstable nuclides with high cross sections and minimal rare
nuclide target material [85], and y-ray-assisted multiphoton
fusion processes [86].

However, several questions remain regarding both the
technique and theory. One is how to achieve collisions
by synchronizing the electron beam and laser within a
few microns and femtoseconds [87-89], which requires
extremely high initial beam quality and technical precision
[50, 90, 91]. This might be solved by using a spherical mir-
ror to control the collision angle and by triggering the SLA
electron beam with a laser pulse that shares the seed of the
SEL 100 PW laser for precise time control. Another question
is whether the maximum energy of the three types of parti-
cles may exceed the maximum energy of the initial electron
beam, which requires increasing the electron beam energy

of the accelerator to obtain higher y-ray and positron beam
energies. The third is that the aforementioned applications,
such as those involving photonuclear reactions, necessitate
the development of detectors with higher sensitivity and the
exploration of theoretical models under extreme conditions.

5 Conclusion

A comprehensive simulation was performed on particle pro-
duction in collisions between the SEL 100 PW laser and
SLA 8 GeV electron beam based on SHINE using the PIC
program SMILEI. Most of the y-rays and electron—positron
pairs generated by the NICS and MBWP were localized at
the beam center, where the beam center size matched that
of the initial electron pulse. The majority of y-rays are dis-
tributed in the lower energy range (E, < 0.9 GeV), and the
generated electrons and positrons are concentrated at E, =
0.2 GeV for CPL and E,, =0.1 GeV for LPL. Electrons and
positrons moved forward in the beam center, whereas those
in the “tail end” spread out in three-dimensional space for
the CPL pattern and in the X and Y directions for the LPL
pattern. Within the selected beam region, the angles of the
particle momentum were clustered around 0°, and the beam
brilliance increased with increasing laser intensity. The
beam brilliance of the y-rays, with a maximum energy of up
to 8 GeV, reached 10%” photons/(s - mm? - mrad®). The beam
emittance was approximately 0.1 mm - mrad in the CPL pat-
tern, and its energy conversion efficiency was up to 5.96% in
the LPL pattern. The maximum energy of positrons reached
7 GeV, with a beam brilliance of up to 4 x 10%* positrons/
(s - mm? - mrad?), a beam emittance of approximately 0.1
mm - mrad in the CPL pattern, and an energy conversion
efficiency of 0.09% in the LPL pattern. High brilliance, high
energy, and low emittance are the advantages of the y-ray,
positron, and electron beams, which are generated in simu-
lated collisions. The y-ray beam brilliance was higher, and
the beam emittance was lower in the CPL pattern than those
in the LPL pattern. The positron beam brilliance was higher,
and the particle energy conversion efficiency was larger
in the LPL pattern than in the CPL pattern. The insights
gained from these results may inspire us to choose distinct
laser polarization patterns, various energy ranges achieved
through moderating materials, and diverse particle beams
guided by magnets to achieve specific goals of experimental
research, such as studying photonuclear reactions and verify-
ing strong-field QED theory.

In addition to quantitatively and comprehensively assess-
ing top-quality y-ray and positron beams with the most
intense laser, this work explores the feasibility of the facil-
ity design scheme. Multiple frontier applications have been
presented with these y-ray and positron beams, including
y-ray microscopy in material science and engineering, y-ray
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spectrum diagnostics of radionuclides, positron emission
tomography (PET) for advanced nuclear analysis technol-
ogy, and others. Moreover, if the particle beams, including
the electrons of the SLA and the SEL 100 PW laser [92], can
be polarized [93, 94] and vortexed [95], they will have sig-
nificant potential to enhance research in plasma physics and
advance studies in nuclear physics and astrophysics [96, 97].
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