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This study investigates the generation of high energy photons and positrons using focused ultrahigh
intensity femtosecond laser pulses on a relativistic electron beam with a set of two-dimensional particle-
in-cell simulations. We consider circularly and linearly polarized, single and spatially separated double
laser pulses. We model both 500 MeV and 1 GeV electron beams. Higher positron production is obtained
using circularly polarized laser pulses. Using double pulses, the focusing effect of the ponderomotive
force confines the electrons to a small volume, generating additional energetic photons and positrons.
The positron spectral distributions are effectively modified by these variations. When the electron
beam energy is doubled, the number of positrons increased, while the cutoff energy remained nearly

constant.
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1 Introduction

One of the most interesting applications of ultra-intense
laser pulses is the acceleration of charged particles to
high energies. This has been intensively investigated re-
cently for its potential in table-top accelerators [1-3] and
other uses in many fields [3-5].

With the advancement of laser technologies and ex-
perimental capabilities, peak intensities have increased
while pulse durations have shortened [6]. Petawatt (PW)
scale laser systems are currently being conceived. The
generation of 10-100 PW is envisioned in the Extreme
Light Infrastructure beamlines project underway in cen-
tral Europe [7]. By tightly focusing such a laser pulse, in-
tensities of up to 1024 W/cm? are achievable, whereupon
many phenomena in quantum electrodynamics (QED)
can be attained in the laboratory, such as high energy
gamma ray emission and electron-positron pair genera-
tion [8, 9]. Potential uses of gamma ray and positron
beams include fundamental nuclear and particle physics
research [10] and laboratory astrophysics and plasma
physics analogs for interpreting celestial events [11, 12],
as well as others. These high-energy beams will not only
provide deep insights into fundamental physics, but will
also enable novel experimental applications.

Considerable theoretical and numerical studies into
different physical mechanisms taking place in QED phe-
nomena have been undertaken [13-22]. Recently, sev-
eral reports have predicted that ultra-intense laser fields
could induce QED cascades, which would be abundant
sources of photons and electron-positron pairs [17, 19,
21-23]. Various mechanisms have been proposed to ex-
plain high energy photon emission and electron-positron
pair production processes [24-29]. The three most ex-
tensively investigated of these are the trident process
[26-28], the Bethe-Heitler (BH) process [24], and the
Breit—-Wheeler (BW) process [25]. In the Trident pro-
cess, positrons are produced directly by energetic elec-
trons interacting with the Coulomb field of the atomic
nucleus: (Z +e~ — Z +2e~ +e™) [27, 28]. This type of
pair creation can result from relatively moderate laser
intensities I ~ 10?2 W/cm?, but the positron yields
are too low for practical applications. In the BH pro-
cess, electron-positron pairs are generated by nuclei in-
teracting with gamma photons radiated from deceler-
ated electrons in the target via Bremsstrahlung radia-
tion: (y+Z — Z+e~ +et ++') [24]. This is important
only for high-Z nuclei and moderate laser intensities. In
the BW process, plasma electrons are first accelerated by
the laser field such that they radiate a significant fraction
of their energy as gamma-ray photons by strongly non-
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linear inverse Compton scattering (Vigser+€~ — y+eT).
Then, the emitted gamma-ray photons generate electron-
positron pairs in the laser field by the multiphoton Breit-
Wheeler process (7 + nyaser — €~ + €1) [25], which
generates further photons and electron-positron pairs, re-
sulting in a cascade of pair production [18]. This process
dominates in ultrahigh intensity laser fields. Quantum
effects for electron dynamics in strong laser fields are
governed by the invariant parameter x = |F,, P¥|/mFE;,
where F),,, is the electromagnetic field tensor and P =
ym(c,v) is the four-momentum of the electron (Planck
units i = ¢ = 1 are used throughout). Physically, x is
the ratio of the electric field in the electron rest frame to
the critical Schwinger field E; = m? /e, and the BW pro-
cess is considerable only if x > 1. The laser intensity cor-
responding to the Schwinger field is ~ 2.3 x 10%° W /cm?
which cannot be reached with realistic lasers [41, 42].
However, a relativistic electron counter propagating with
the laser field has y ~ 1 due to the Lorentz boost, where
quantum emission effects become important.

Experimentally, pair production by laser-electron in-
teraction was demonstrated at the Stanford Linear Ac-
celerator Center in 1997 [30]. In this experiment, a 46.6
GeV electron beam collided with a counter-propagating
laser beam, generating electron-positron pairs [31]. The
physical process occurs via two steps. First, high-energy
photons are emitted from nonlinear Compton scattering
of laser photons with relativistic electrons. Second, the
electron-positron pairs are created by these high-energy
photons interacting with multiple laser photons through
the BW process. If a QED cascade can be triggered in
the laboratory, dense beams of positrons will be pro-
duced, enabling several new fields, including antimatter
science [32], pair plasma physics [15-21], and the repro-
duction of astrophysical phenomena [12].

In this paper, we present simulations of head-on col-
lisions between ultrahigh intensity laser pulses and rela-
tivistic electron beams, yielding high-energy photons and
positrons. We modeled both linearly polarized (LP) and
circularly polarized (CP) laser beams, as well as two dif-
ferent electron beam energies. In addition, we carried out
calculations using a time-coincident but spatially sepa-
rated double beam shaped laser profile. We found that
positron creation was significantly enhanced using CP
radiation relative to LP. Photon and positron produc-
tion using double CP lasers exceeded that of a single CP
laser. When the electron beam energy is doubled, the
number of photons and positrons increase while the cut-
off energy of both remain nearly constant. Thus, a QED
cascade may be more easily triggered by double CP laser
pulses and higher electron beam energy.

We use the quantum electrodynamics particle-in-cell
(QED-PIC) code EPOCH [34] to simulate photon emis-
sion and electron-positron pair production in the laser-
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electron beam interaction process. Section 2 will intro-
duce the physical model and the PIC simulation parame-
ters. In Section 3, we study the results for photon emis-
sion and positron production by different laser pulses
and electron beams, present comparisons between them,
and include some discussion. Finally, in Section 4, we
provide a summary of our work.

2 Model and simulation parameters

Our physical model is illustrated in Fig. 1. First, we con-
sider the simple geometry of a single laser pulse interact-
ing with the electron beam, as shown in Fig. 1(a). We be-
gin by examining the two laser polarization states. The
CP electric field rotates about the z axis and oscillates
along the y axis in LP laser pulses. Second, we study
multiple laser pulses interacting simultaneously with the
electron beam, as shown in Fig. 1(b). In the double pulse
configuration, the laser pulses are transversely separated
by equal distances from the electron beam propagation
axis. Such multiple pulses could be produced by the fiber
laser proposed by Mourou et al. [35] or through tailoring
the wavefront with a deformable mirror [36]. In the 2D
simulations, two parallel CP or LP laser pulses are posi-
tioned at the right side of the simulation box [36]. They
have identical Gaussian temporal profiles and the same
spatial widths.

To test our proposed idea, we carried out a set of
2D QED-PIC simulations for the different configurations
mentioned above. Photon emission and electron-positron
pair creation via the BW process were modeled using the

Electron beam Laser
- -
Laser

Electron beam
-

Fig. 1 Structural diagram of our proposed scheme. (a)
A single laser pulse interacting with a counter-propagating
electron beam. (b) Multiple laser pulses interacting with a
counter-propagating electron beam. The laser pulse enters
the simulation box from the right boundary at ¢ = 0, and
propagates along the negative x direction. The electron beam
enters the simulation box from the left boundary at t = 0,
propagating in the positive x direction. Other model param-
eters are given in the text.

Laser
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Monte Carlo method. In our simulations, the laser pulses
enter the simulation box from the right boundary at ¢t =
0, propagate along the negative x direction, and collide
head-on with the counter-propagating electron beam.
The laser has a wavelength A = 1 um and peak intensity
I =3 x10* W/cm?, which corresponds to a normalized
laser amplitude of ag = eA/(mec?) = 1480/v/2 for CP
and ag = 1480 for LP, where e is the electron charge,
A is the vector potential, m. is the electron rest mass,
and c is the speed of light in vacuum. The laser has a
Gaussian intensity profile a = ag exp[—(y/v0)* — (t/T1)?]
with a focal spot of yp = 3 pm and duration of T, = 30
fs. In simulations with two laser pulses, the center-to-
center separation between two laser pulses is 6 um, which
matches the electron beam diameter. In this way, we can
control the electrons between the two laser pulses. If the
separation width were made shorter or longer than the
electron-beam diameter, electrons would flow away from
the upper and lower edge of the beam or between the two
laser pulses. Centered on the y-axis at £ = 10\ on the
left side of the simulation box is an electron cloud with
a FWHM wo = 3 um, which is represented by 1 x 107
total macroscopic particles. The electron-beam has a
Gaussian density profile and the duration is 30 fs. The
longitudinal and transverse initial temperatures of the
electrons are 1 MeV and 0.01 MeV. In a moving reference
frame, the electron cloud can be considered as a bunch of
electrons moving left to right in the simulation box. The
electron-beam energy is set at either 500 MeV or 1 GeV.
In a table-top environment, electron beams with ener-
gies of 500 MeV to 4 GeV can be obtained by laser wake-
field acceleration [37-39], which could then be collided
with laser pulses to create photons and electron-positron
pairs [40]. The size of simulation box is 50 um (x) x
30 pm (y), gridded at 2000 x 900 cells. The boundary
conditions are periodic in the transverse direction and
simple-outflow longitudinally.

3 Simulation results and discussion

We begin with a simulation of a single laser pulse in-
teracting with a 500 MeV electron beam. As electron
motion is critical to generating high energy photons and
positrons, significant differences result from CP versus
LP laser pulses. Figure 2 shows the density distribu-
tions of electrons, photons, and positrons for both po-
larizations at ¢ = 96 fs. The results reveal that dynami-
cally, the electrons decelerate first, reverse direction, and
then accelerate parallel to the laser propagation direc-
tion. The laser field ponderomotive force develops the
cone shaped electron density distributions for both laser
polarizations, as shown in Figs. 2(a) and (b). A greater
electron concentration develops with the CP pulse. Fig-
ures 2(c) and (d) show the density distributions of the
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Fig. 2 Electron, photon and positron density distributions
at t = 96 fs. The left column (a), (c), and (e) are for CP
laser pulses, and the right column (b), (d), and (f) are for LP
laser pulses. The electron beam initial energy is 500 MeV, and
other parameters of the laser and electron beam are as defined
in text. x is the electron beam propagation and laser counter-
propagation direction, and y is the transverse direction.

high-energy photons. For a CP laser pulse, the photons
are mostly distributed in the front and inside of the cone
structure. However, for LP, the photons are mostly dis-
tributed inside the cone with sharp spatial modulation.
Figures 2(e) and (f) show the positron density distribu-
tions. For a CP pulse, the positrons show a zigzag pro-
file, where the peak density for any given longitudinal
position x oscillates slightly above and below y = 0. In
contrast, for an LP pulse, the positrons show a strip-
like profile. Notably, all three CP distributions in Fig. 2
show zigzag profiles, while all three LP profiles feature
strip-like modulation. This results from rotation of the
laser electric field around the z axis in CP versus oscil-
lation along the y axis in LP. Consequently, electrons
exposed to CP undergo helical motion, while with LP
they undergo linear oscillations. Since photon emission
from relativistic electrons is narrowly confined along the
electron motion direction, the photon and positron den-
sities follow the electron distribution profile.

Figure 3 shows the energy spectra of electrons, pho-
tons, and positrons for both CP and LP laser pulses at
t = 96 fs. From Fig. 3(a), no larger differences were ob-
served in the electron cutoff energy between the two po-
larizations, while the energy spectrum was wider for LP
pulses. Figure 3(b) shows the photon spectra for both
polarizations. CP pulses result in a higher energy tail,
with a cutoff at 5 GeV versus only 3 GeV for LP pulses.
From the positron energy spectra in Fig. 3(c), both laser
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Fig. 3 Energy spectra for both the CP laser (red) and LP
laser (blue) pulses at ¢t = 96 fs. (a) is the electron energy spec-
trum, (b) the photon energy spectrum, and (c) the positron
energy spectrum. The electron beam initial energy is 500
MeV. Other parameters are as defined in Fig. 2.

polarizations show a cutoff energy around 8 GeV. How-
ever, the positron peak energy of 4 GeV for CP is shifted
well above the 2 GeV peak for LP, and the number of
positrons is also higher for CP.

The results shown in Figs. 2 and 3 indicate that more
high energy photons and positrons can be generated us-
ing a CP laser pulse compared to using an LP laser pulse.
Choosing the proper laser pulse polarization is crucial in
the laser electron beam collision QED process, with CP
pulses being particularly advantageous. Next, we inves-
tigate the physical processes of double laser pulses in-
teracting with a 500 MeV electron beam. Following our
single beam outcome, we used CP laser pulses, and sin-
gle CP results will be compared with double CP pulses.
Figures 4(a) and (b) display the electron density distribu-
tion at ¢ = 96 fs. The ponderomotive forces between the
pulse centers in the double pulse configuration tightly
focus electrons to a cone pattern from a single pulse.
High-energy photon and positron density distributions
are shown in Figs. 4(d) and (f). Most of the photons are
generated in the compact region where the electrons are
focused. Comparing Figs. 4(e) and (f) one sees similar
zigzag positron profiles. However, in the double pulse cal-
culation, the positron areal footprint is larger than that
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for the single pulse, meaning more positrons are created
in the double pulse interaction, which can also be seen
in Fig. 5.

Figure 6 displays the electron, photon, and positron
energy spectra for both single and double pulses at ¢t = 96
fs. The electron energy spectra in Fig. 6(a) shows a nar-
rower double pulse FWHM, consistent with the pondero-
motive focusing shown in Fig. 4(b). The photon energy
spectrum in Fig. 6(b) shows a broader energy tail than
for a single pulse. The positron spectra are shown in
Fig. 6(c). As surmised from the spatial extent result in
Figs. 4(e) and (f), positron production from a double
pulse is higher than from a single pulse. The peak energy
is slightly larger, while the cut-off energies are nearly
identical.

Finally, we investigate how the initial energy of the
electron beam affects positron production. We carried
out PIC simulations for both single and double CP pulses
incident on a 1 GeV electron beam. Figure 7 shows a
comparison between the electron, photon, and positron
spectra from single and double pulses, at ¢ = 96 fs. The
width of the double pulse electron spectrum is narrower
than for the single pulse, just as was observed for the 500
MeV electron beam. Similarly, the double pulse photon
spectrum shows a broad high-energy tail that exceeds
the single pulse result. Likewise, more positrons are pro-
duced at 1 GeV with the double pulse, which is consistent
with the result from the 500 MeV electron beam. The
trends observed for all three metrics in the single versus
double CP pulse comparison at 1 GeV are very similar
to the trends observed at 500 MeV.

(a) One laser case (b) Two laser case  x1(7
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Fig. 4 Electron, photon and positron density distributions
at t = 96 fs for single (left column) and double (right column)
CP laser pulses. The electron beam initial energy is 500 MeV.
Other parameters are as defined in Fig. 2.
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Fig. 5 Phase space distribution of positrons (z — p,) at t = 96 fs. (a) for single laser pulses and (b) for double laser
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pulses. The electron beam initial energy is 500 MeV. Other parameters are as defined in Fig. 2.
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Fig. 6 Energy spectra for single (blue) and double (red)
CP laser pulses at t = 96 fs. (a) is the electron energy spec-
trum, (b) the photon energy spectrum, and (c) the positron
energy spectrum. The electron beam initial energy is 500
MeV. Other parameters are as defined in Fig. 2.

In Fig. 8, CP double pulse results at 1 GeV electron
beam energy are compared directly to those at 500 MeV.
The electron and photon spectra, as shown in Figs. 8(a)
and (b), show no substantial differences. However, the
number of positrons significantly increased at 1 GeV. The
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Fig. 7 Energy spectra with a 1 GeV electron beam for both
double CP (red) and single CP (blue) pulses at ¢t = 96 fs. (a)
is the electron energy spectrum, (b) is the photon energy
spectrum, and (c) is the positron energy spectrum. Other
parameters are as defined in Fig. 2.

positron cutoff energy is largely unchanged.

From the results shown in Figs. 4-8, the CP double
pulse configuration is recommended to maximize photon
and positron production by laser electron beam interac-
tion. The high-energy photons and positrons produced
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Fig. 8 Energy spectra comparing the 500 MeV (blue) and
1 GeV (red) electron beam energies at ¢t = 96 fs. (a) is the
electron energy spectrum, (b) is the photon energy spectrum,
and (c) is the positron energy spectrum. Other parameters
are as defined in Fig. 2.

may have diverse applications.

The laser intensity used in simulations above is too
large and too far away from the present laser technol-
ogy. Therefore, we consider more reasonable laser inten-
sity done some simulations. We carried out a set of 2D
QED-PIC simulations for the PC laser pulses with peak
intensity I = 1.3 x 10** W/cm?, which corresponds to
a normalized laser amplitude of ag = 316. The remain-
ing parameters were left unchanged. Figure 9 shows the
energy spectra of electrons, photons, and positrons at
t = 96 fs. Figure 9(a) shows that the peak energies and
corresponding number of electrons are slightly higher for
the double pulse, while the cut-off energies are nearly
identical. Figure 9(b) shows the photon spectra for both
single and double laser pulses. There were no major dif-
ferences in the photon energy spectra between the two
cases. From the positron energy spectra in Fig. 9(c),
both laser cases show almost same peak and cutoff en-
ergy around 0.9 GeV. However, the number of positrons
is slightly higher for the double laser. The results shown
in Figs. 6 and 9 that more high energy photons and
positrons can be generated using a high intensity laser
pulse, which means that the laser intensity is crucial
in the laser electron beam collision QED process, with
higher intensity pulses being particularly advantageous.
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Fig. 9 Energy spectra for single (blue) and double (red)
CP laser pulses with peak intensity = 1.3 x 10% VV/cm2 at
t =96 fs. (a) is the electron energy spectrum, (b) the photon
energy spectrum, and (c) the positron energy spectrum. The
electron beam initial energy is 500 MeV. Other parameters
are as defined in Fig. 2.

It should be noted that the maximum positron energy
is higher than the initial seed photons in all cases, as
shown in Figs. 3, 6, 7, 8, and 9. This can generally be
attributed to the fact that the positrons, which are pro-
duced by the initial gamma-ray photons, will experience
direct laser ponderomotive acceleration for some time,
and they gain some additional energy from the laser.
Therefore, the maximum energy of the positrons is higher
than the initial energy of the seed photons.

4 Summary

In this paper, we studied the interactions between a rel-
ativistic electron beam and ultrahigh intensity femtosec-
ond laser pulses in order to provide a reference for future
QED experiments. The simulations are conducted with
the help of the 2D QED-PIC code EPOCH. The effects
of single and double laser pulses were investigated, and
electron beams with different initial energies were used
to generate high-energy photons and positrons.

First, we investigated the effect of laser polarization
on photon emission and electron-positron pair produc-
tion efficiencies. The simulation results show that a CP
laser pulse produces photon and positron with higher
probability than an equivalent intensity LP laser pulse.

Muhammad Ali Bake, et al., Front. Phys. 13(4), 135202 (2018)
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Second, by comparatively evaluating the particle den-
sity distributions and energy spectra of the photons and
positrons, we found that double pulses create a larger
number of particles that extend to higher energies than
the single pulses. When the electron beam energy in an
optimized double CP laser pulse configuration was dou-
bled, we found a significant increase in positron produc-
tion with no change in the cutoff energy. Finally, we
considered a more reasonable laser intensity available in
practical applications, and we found that the laser plays
a key role in the electron beam collision QED process.

We believe that our results help deepen the under-
standing of QED processes under extreme conditions,
while also enabling useful applications. We hope to initi-
ate a possible means of obtaining a high quality photon
and positron source, which is important in many appli-
cations which is important in many applications such as
pair plasma physics, fundamental nuclear and particle
physics research, and laboratory astrophysics.
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