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Abstract

The interaction of a high-power laser with a solid target provides ways to produce beams of
~-photons. For normal incidence of the laser on the target the beams usually appear in a form of
two lobes, which are symmetric with respect to the laser propagation axis. In this work we
demonstrate via three-dimensional particle-in-cell simulations a regime where for oblique
incidence the emission of a collimated y-photon beam is in the direction parallel to the target
surface. The process is ascribed to the interference pattern in the electromagnetic field formed by
the incident and reflected laser pulse. The electromagnetic field accelerates electrons to the GeV
energy level, while temporarily directing their momentum along the target surface. Consequently,
they emit a collimated y-photon beam in the same direction. The dependencies of y-photon
emission on the incident angle, laser pulse polarization, power and duration and target thickness
and preplasma are also addressed in the paper. The beam directionality is important for designing
future experiments. In addition, this setup causes the generation of high-order harmonics
propagating along the target surface.

1. Introduction

An enormous progress in the development of extremely high-power laser technology resulting in the
construction of many multi-PW laser facilities has been made all over the world [1]. As a result, there is a fast
growth of interest towards building compact laser-based accelerators of charged particles [2-8] and radiation
sources [9, 10]. Recent experiments on laser electron acceleration demonstrated electrons accelerated up to
the energy of 10 gigaelectron volts (GeV) within a distance of tens of centimeters [11, 12]. In ion
acceleration, proton beams with energy reaching 150 MeV have been demonstrated in the interaction of a
laser with a thin foil target [13]. High-power lasers are used for studying high-brightness high-energy photon
sources [14] and high-order harmonic generation (HHG) in the laser interaction with gas [15] and solid
density targets [9, 16]. These lasers pave the way towards studying the previously unexplored domain of
parameters corresponding to superstrong field for the quantum regimes of electromagnetic wave interaction
with charged particles and the vacuum [17-20]. These processes have been demonstrated through the
electron—positron (e~ —e™) pair creation from vacuum in the seminal experiment [21]. A further experiment
has been recently proposed for proving the nonlinear property of vacuum [22]. It was also predicted
theoretically that through this interaction the y-flash can be generated via multiphoton Compton scattering
with high conversion efficiency [23-26] and the first experimental evidence for this has been recently
presented [27]. The multiphoton Compton scattering is characterized by the Lorentz invariant parameter

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Xe = Ve \/ (E+v x B)> — (v-E/c)’, where v, is the Lorentz factor of the electron with velocity v, c is the
speed of light in vacuum, and E and B are the laser electric and magnetic fields normalized to the Schwinger
field, Es ~ 1.3 x 10" Vm ™. The y-flash radiation has exciting applications in various fields, such as
materials science at extreme energy densities [28], y-ray inspection and imagining [29], photonuclear
reactions [30-32], neutron sources [33], photonuclear fission [34, 35], radiotherapy [36], shock-wave studies
[37], e"—e™ pair generation [38] (which can be further guided using orthogonal collision with a laser [39,
40]) and in quantum technologies [41], and it can be used to help understand the mechanisms of
high-energy astrophysical processes [42—45].

A typical approach towards realization of y-photon radiation uses the interaction of a laser pulse with a
solid density target [26, 46—48]. Here, the laser pulse accelerates electrons, which then interact with the same
pulse. Another setup to increase the «y-photon emission is to use two laser pulses [49-53] (or more of them
[54, 55]). The normal incidence of a linearly polarized laser on target results in a symmetric double-lobe
structure of the emitted y-photons, which is demonstrated in particle-in-cell (PIC) simulations for various
cases [24, 56—65]. However, in typical laser-solid interaction experiments, an oblique incidence angle is
required to mitigate laser back-reflection which could damage the laser. In contrast to the double-lobe of the
normal incidence, the structure and directionality of the emitted y-photon beam(s) for oblique incidence
varies strongly for different configurations. In addition to the incidence angle, the y-photon directionality
also depends on the target density, surface modulation [66] and target thickness, and various laser
parameters (e.g. duration and focal spot size) [67]. Thus, the prediction of v-photon beam direction
becomes crucial for the reliable measurement of future experiments. A possible solution is to use specific
laser-target parameters to align the dominant direction of the emitted y-photons to the target surface. This
was previously reported using grazing laser incidence in combination with a relativistically near-critical
target [68] (although limiting the y-photon yield) and in studies on lower-energy radiations like extreme
ultraviolet (XUV) for oblique incidence (with a flat target [16] and a grating target [69]) and hard x-ray for
parallel incidence [70]. The use of a grating on the target surface or a very grazing laser incidence angle are
connected with generation of surface plasma waves which can be used for electron acceleration [71] and
HHG [69, 70]. Moreover, for oblique incidence the interference between incident and reflected parts of the
laser pulse generates a pattern in the electromagnetic field, accelerating electrons to high energies, as
demonstrated via grazing incidence [72, 73]. This approach can be extended to a non-grazing incidence and
opaque target (where the generated -flash is separated from the reflected laser pulse) as demonstrated in
this work. The electron momentum is temporarily directed along the target surface by the field pattern,
which results in a collimated «y-photon beam being emitted in the same direction.

In this paper, we report the emission of a collimated ~y-photon beam in the direction parallel to the target
surface via fully three-dimensional (3D) PIC simulations for multiple laser and target parameters using
non-grazing laser incidence angles and metallic (relativistically over-critical) target.

The paper is structured as follows. The theory of electron dynamics in the interference pattern of the
electromagnetic field is described in section 2. The simulation method and parameters are described in
section 3. The results are presented in section 4, which is divided into two subsections. In subsection 4.1 we
compare the normal incidence with 45° oblique incidence and describe the mechanism behind the collimated
~-photon emission in the direction parallel to the target surface. This section also includes a Fourier
transform analysis to observe the HHG. The dependence of the y-photon emission on the laser incidence
angle is shown in subsection 4.2. Section 5 contains the discussion of the results and the conclusion. The
appendix describes the dependency of v-photon emission on laser polarization, pulse duration, laser power,
target thickness and preplasma and the use of Virtual Reality (VR) to visualize our data.

2. Electron dynamics in the interference pattern of the electromagnetic field

When a p-polarized (the electric field oscillates in the plane of incidence) laser pulse interacts with an
overdense target, an interference pattern is created in front of the target surface by the combination of the
incident and the reflected parts of the laser pulse. The interference of the electromagnetic fields can be
described by the superposition of an incident and a reflected planar wave [73]:

E|| = 2Ey cos 0, sin (kr cosf,,)sin (er sinf,, — wt + qbo) , (1)
E| =2Eysinf, cos (kry cosf,)cos (er sinf,, — wt + gbo) , (2)
B = 2Eycos (kr cosf,) cos (er sinf, — wt+ gbo) . (3)
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Here, || and L denote the directions parallel and perpendicular to the target surface inside the plane of
incidence and © is the direction normal to this plane, 7| and r | are the spatial coordinates in these directions
respectively, k = 27 ¢/ is the laser wavenumber, ) is the laser wavelength, E, is the field amplitude, ¢y is the
initial phase and 6, is the incidence angle (the angle between the target normal and the laser axis).

The interference pattern corresponds to a wave with superluminal phase velocity, vy, = ¢/sin(6,) > ¢,
propagating along the target surface and with wavelength A} = \/sin(6,,). In the perpendicular direction
the field pattern repeats with a spatial period A; = A/ cos(6,). Thus, a position r| = A /4 exists in front of
the target where the terms sin(kr, cosf,) = 1, cos(kr cosf,) = 0 and equations (1)—(3) simplify to:

E| = 2Eycosf, sin (er sinf,, — wt + ¢0) , E, =0, Bs =0. (4)

Therefore, around this position a bunch of electrons is accelerated along the target surface by the electric
field E|. As the wave in the interference pattern is superluminal, an electron is accelerated only during the
time that it is in phase with the wave, i.e. when it is moving in the negative half of its sinusoidal profile. Thus,
the maximal phase difference is 7. By using the time averaged field (from 0 to 7) from equation (4):

ET‘ = 4-Eycosf,/m, reference [73] gives the maximal electron Lorentz factor as

4aqcosb,

(5)

Jmax = 1—sinf,’
where 4y is the normalized dimensionless electromagnetic wave amplitude. Note that in the theory used in
reference [73] the incidence angle is defined as the angle between the laser propagation axis and the target
surface. Thus, cos6, and sinf, are swapped in reference [73] compared to this work.

Our laser field has a Gaussian spatiotemporal profile (in contrary to the plane wave used above) and thus
the locations where E; = 0 and B, = 0 do not form straight lines. Therefore, the acceleration time is shorter
[73]. Also in PIC simulations the laser reflection on the target is imperfect and the target bends under the
radiation pressure. Nevertheless, Ymayx in our simulations is of the same order of magnitude as in equation (5)
and its dependency on the incidence angle is the same as in the theoretical model.

The electrons obtain higher maximum energy for larger incidence angles [73], as ymax in equation (5)
tends to infinity with 6, approaching 7 /2. On the other hand, E becomes stronger with decreasing
incidence angle and is proportional to 2 cos6,,. Therefore, the use of smaller angles is beneficial for v-photon
directionality, as shown in this paper. The strong localized field provides rapid electron acceleration over a
short distance (for grazing angles the transverse drift is significant over larger distances, L >> X [73]). This
causes y-flash emission predominantly in the direction parallel to the target surface, since the direction of the
emitted photons coincides with that of the emitting electrons (as v. >> 1).

3. Simulation setup and parameters

The 3D simulations were done with the PIC code EPOCH [74], including the Higuera—Cary pusher and
QED module for non-linear Compton scattering. The Bremsstrahlung process [75, 76] is omitted in this
work, as Compton scattering dominates over it at ultra-high laser intensities for times comparable to the
laser pulse duration. The simulation box size is 14.336 um x 20.48 ym x 10.24 pm, the cell size is 4 nm X
4nm x 32nm and 4 macro-electrons and 4 macro-ions are assigned to each cell containing plasma. A
convergence test using double number of particles has been made with minimal changes observed. In all
simulations the laser propagates from the boundaries at positions x = y = —10.24 um at an angle of 45° (the
plane of incidence is the x—y plane), as shown in figure 1. The incidence angle is determined by the target
orientation, as shown in figure 1(a) for the normal incidence and 1(b) for the 45° incidence.

The reference laser is linearly p-polarized. The laser wavelength is 0.8 um and the peak intensity is
Inax = 2 X 10® Wem ™2, thus ag =2 0.85+/T[10"8 W em~2] A2 [um] a2 304. The critical plasma density is
ne = mew?/4me* ~ 1.742 x 10?! cm ™3, where w is the laser angular frequency, 7, is the electron mass and e
is the electron charge. The laser pulse has Gaussian spatial and temporal profiles with beam width equal to 3
A (2.4 um) at the full width at half maximum (FWHM) and duration of 20 fs at FWHM (in intensity). The
total laser energy for the reference case is 283 J in the 3D simulation, thus the laser power is approximately 14
PW. The target is made of fully ionized iron with an electron number density of 2.22 x 10**cm™? (about
1274 n.). The target thickness is 1.5 ym.

The QED module in EPOCH code includes the recoil effect on electrons where they lose momentum
equal to the momentum of the emitted photons. Moreover, it provides options to include photons dynamics
after they are generated and the production of e~—e™ pairs. Aside of the possible pair production, the
photons currently do not further interact with the plasma or electromagnetic fields and propagate
ballistically after being generated. However, the effect of pair production is not significant for our simulation
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Figure 1. Simulation setup at 67.5 fs. (a) normal incidence, (b) 45° incidence. The inset shows the highlighted area without the
laser. The target is visualized as transparent to show the y-photons, while the edges of the target are highlighted. The color scales
are saturated at the displayed values. The electric field in the y-direction is presented in the units ag, = eE, /mewc.

parameters as only one positron macroparticle (corresponding to 284 160 positrons) is generated for the 45°
case (in comparison 2.5 x 10° electron macroparticles of the same numerical weight is initialized in the
simulation) and 15 positron macroparticles (corresponding to 4 x 10° positrons) for the 0° case of
simulations shown in figure 1. Therefore, we disable photons dynamics and the pair production afterward to
reduce the computational time. Furthermore, only y-photons and electrons with energy above 1 MeV are
stored for evaluation (photons with lower energy are still generated and contribute to the electron recoil).
The visualization of the y-photon emission temporal evolution of the 45° case can be accessed online [77]
via our Virtual Beamline —VBL application [78-80], described at the end of the appendix.

4, Results

4.1. Generation of collimated v-photon beam along the target surface

When the laser polarization lies in the laser incidence plane then the angle between the target and the
incident laser influences the directionality of the emitted ~y-photons, as already shown in figure 1. For the
normal incidence case (figure 1(a)) the v-photons propagate mainly in the approximate forward direction,
forming a double-lobe structure. Moreover, they are emitted periodically, with the period matching that of
the laser. The situation changes for the oblique incidence (45° in figure 1(b)) where the «y-photons move
predominantly in the direction parallel to the target surface and partially in the incident and reflected laser
directions, as seen in the inset of figure 1(b). In the rest of the paper, only simulations with immobile
photons are presented.

The ~y-photon directionality is shown in figure 2 via the angular distribution of the emitted y-photon
energy in the 3D space. Due to the setup geometry with the x—y polarization plane (whose 2D slices at z=0
are further examined later), it is convenient to represent the angular distribution using the angles
6 = arctan(p,/p,) and ¢ = arctan(p,/p,) in figure 2, where p, , . are the momenta in the respective

directions of the Cartesian system of the simulation and p, =  /p; + p;. Note that as targets are tilted by a

different angle for different laser incidence angles, the angular data are shifted in the #-direction by an angle
equal to the angle between the target and the y-axis of the simulation. The normal incidence case

(figure 2(a)) creates a typical double-lobe structure. For our simulation parameters the maximum energy
density is observed around +-50°. The situation differs for the 45° case (figure 2(b)) where a single spot
around 90° (direction parallel to the target surface) is observed. The lineouts of the blue lines (right part of
figure 2) show the energy distribution in the transverse direction at angles 50° and 90° for the normal and
45° incidence cases respectively. In both cases the «y-photon beam is well collimated in the transverse

4
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Figure 2. 3D angular energy distribution of the emitted y-photons at the end of the simulation for (a) 0° and (b) 45° incidence.
The lineouts show the energy distribution in the transverse direction taken at angles 90° (45° case) and 50° (0° case). (c)
Brilliance for these cases at the same angles.

direction (angular spread at FWHM is around 10° for both cases) but the maximal energy density is more
than double in the case of oblique incidence. The brilliance in figure 2(c) is calculated at the direction of the
peak «v-photon yvield (at the same angles as the lineouts) using an opening full-angle of 10°. Our simulations
reveal a high brilliance for the 45° case, similar to that of reference [63], approaching 10> s~! mm ™2 mrad 2
per 0.1% bandwidth in the tens of MeV ~y-photons energy range. In comparison, the brilliance for the
normal incidence case is approximately three times lower, which is reflected to the ratio of the conversion
efficiency, as discussed in section 4.2.

The y-photon directionality depends on the structure of the electromagnetic field where the electrons are
accelerated. In the case of oblique incidence, the incident and reflected laser pulses generate an interference
pattern as seen in figure 1(b), drastically different than the field in the normal incident case.

For further analysis 2D slices of the 3D fields and 2D angular distributions of photon energy around the
polarization plane are used. Only particles with

lpl

[p2+p2 I

are considered in the 2D (x—y plane) analysis of the simulation data, which corresponds to the y-photon
beam width at the FWHM in the transverse direction (see figure 2). The E,, slices on the x—y plane (z=0) are
shown in figures 3(a) and (b), where the arrows depict the direction of the average electron momentum (for
electrons with energy above 200 MeV, inside squares of 60 nm x 60 nm) and the green lines depict the
instantaneous target front surface (where the density equals the initial electron density).

For normal incidence (figures 3(a) and (c)), electrons are accelerated towards one side of the target
during the first half laser period and towards the other in the second one (figure 3(a)). Therefore, y-photon
emission (shown in figure 3(c)) occurs mostly on the target surface, as the electrons rotate to the opposite
direction (when the field switches sign).

For the 45° laser incidence case (shown in figures 3(b) and (d)) v-photons are emitted by three distinct
mechanisms, occurring at different locations and with different electron trajectory patterns.

Firstly, as described in section 2, the reflected laser pulse interferes with the incident one and creates an
interference pattern, which propagates with superluminal phase velocity along the target surface (as seen in
figure 3(b)). Inside this pattern, electrons are accelerated to energies several times higher than that given by
the quiver velocity [73]. As the field pattern moves faster than electrons, they experience a strong acceleration
(and subsequent deceleration when the pattern changes sign) while temporarily aligning their momentum
with the target surface. The direction of motion of the emitted y-photons is approximately the same as that

< tan(5°) (6)

5
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Figure 3. (a) and (b) Structures of E, at 60 fs. Ey is the initial laser peak electric field. The black arrows show the average electron
momentum vectors. The green contours depict the instantaneous target surface. (c) and (d) Energy density of y-photons emitted
during the time interval of 59.66—60 fs. (a) and (c) normal incidence, (b) and (d) 45° incidence.

of the emitting electrons. Therefore, directional y-photon emission occurs at the field extremes, as in

figures 3(b) and (d). The field extremes and the regions of high y-photon energy density appear at
y=1[-1.7,—0.6,0.55,1.7] um, with their spacing as predicted by the equation A} = \/sinf, = 0.8 um/
sin(45°) & 1.13 um. These spots appears around x = 0, which at time 60 fs is a low-density plasma region in
front of the target (as the target surface shifts inwards under the radiation pressure). The instantaneous target
surface is shown by the green contour in figure 3.

Secondly, a weaker y-photon emission occurs at the locations between the highest y-photon energy
density spots, appearing as prolonged structures centered at y = [—1.25,—0.25,0.75] um and close to the
instantaneous target surface, as seen in figure 3(d). In these areas, a fraction of electrons (see figure 3(b))
propagate towards the target, in a similar way as in the normal laser incidence case (shown in figure 3(a)).
Thus fewer y-photons are emitted between approximately 0° and 45°, as shown in figure 2(b).

Thirdly, with an even smaller contribution, a y-photon population is emitted from the instantaneous
target surface (y = [—1,0.25] um at 60 fs). There, electrons propagate along the target surface with wiggling
movement, as seen in figure 3(b). Note that in our case the electron population propagating along the target
surface (as in the surface plasma wave [69-71]), moving outside of the interference pattern region

6
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highlighted by the green rectangle in figure (a). The green line in (b) depicts the evolving (with respect to the y-position) front
target surface. (c) 2D fast Fourier transform (FFT) of B; at t = 90 fs. The inset shows the disappearance of the straight lines when
B, at the target position and beyond is set to zero.

(y =~ £3 um) does not significantly contribute to the «y-photon emission as the . factor for those electrons is
small.

Since the -photon emission from the first mechanism dominates, the electron trajectories from one of
the bright spots is further investigated. Figure 4(a) is produced from the electron data by calculating the total
radiated intensity (Ir) of nonlinear Compton scattering for every electron (with energy above 1 MeV and
fulfilling the momenta condition in equation (6)) using the integral (equation (4.50) in reference [81]):

© y(4u? +5u+4 2u
IR = C/ (—4)K2/3 () du. (7)
0 (14+u) 3Xe

Here, C = ¢ mg / 3v/3wh?, where f is normalized Planck constant, K, /318 the Modified Bessel function of the
second kind and u is the integration variable. Note that figure 4(a) is similar to figure 3(d) (although
figure 4(a) is more clear since the electron data are instantaneous).

Next, we tracked electrons with x. > 0.3 (34 macroparticles), located in the bright spot area shown in
figure 4(a). The electron trajectories are shown in figure 4(b), where their energy is represented by the color
scale (time evolution of the location of selected particles in B,, E, E, is shown in the supplementary video).
The evolving (with respect to the y-position) front target surface is depicted by the green line, the x-position
represents the first position with electron number density equal or higher than the initial target density at the
corresponding y-position and z = 0, where the y-positions are linked to one of the tracked electrons. The
tracked electrons begin with a wiggling movement close to the front target surface as they reflect from the
strong quasi-static magnetic field (generated by the space charge inhomogeneity). Afterwards, they are
injected into the field interference pattern, align parallel to the initial target surface, and are accelerated to
energies up to 700 MeV. Consequently, they radiate during the acceleration and deceleration processes
around the spot position (approximately y = —0.5 um) with «-photons emitted in the direction parallel to
the target surface. Afterwards, the electrons mostly return towards the target surface. Periodically, another
group of electrons are injected into the superluminal interference pattern and the process is repeated.

Figure 4(c) shows the 2D Fourier transform of B, slice (at z=0) at a time of 90 fs. The figure shows the
HHG along the specular direction due to the mechanism of relativistic oscillating mirror [82] (see also
review article [9] and references cited therein). Furthermore, the figure shows the recently discovered XUV
relativistic instability-modulated emission (RIME) propagating along the surface-parallel direction [16]. The
RIME process is driven by a strong quasi-static magnetic field at the target surface which is generated by the
oblique incidence [83]. This field confines part of the electrons near the plasma surface and prevents them
from passing through it. In turn, oscillating relativistic nanobunches are generated via the two-stream
instability, which are responsible for the surface-parallel XUV emission seen in figure 4(c), and which also
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Figure 5. (a) v-photon energy spectra comparing normal (blue) and 45° (red) incident angles at 60 fs (dashed lines) and at 100 fs
(solid lines). (b) Electron energy spectra of the 45° case at different times, shown in the figure legend. (c) 2D angular distribution
of the y-photon energy at 100 fs. (d) 2D angular distribution of electron energy using electrons with . > 0.1.

help with injection of electrons from the target surface into the interference pattern in front of it. The
presence of the quasi-static field is shown by the straight lines in figure 4(c) in the area k, < 0. The straight
lines disappear from the Fourier transform result when B, at the target position and beyond is artificially
removed from the data, as is shown in the inset of figure 4(c).

The ~y-photon energy spectra at time of 60 fs (the time used in figures 3 and 4(a)) and at 100 fs (end of
the simulation) for normal and 45° incidence are compared in figure 5(a). The 45° incidence case produces
approximately one order of magnitude more y-photons compared to the normal incidence case. The
~-photon cut-off energy for the 45° incidence case is above 350 MeV, compared to less than 300 MeV for the
normal incident case (the bin size is 5 MeV and the minimal value of the dN/dE = 284 160 MeV !
corresponds to five macroparticles in the 45° case). Figure 5(c) shows the angular distribution of v-photon
energy in the p,/p, plane, using y-photons fulfilling equation (6) as discussed above. The 45° incidence
simulation predominantly emits y-photons in the direction parallel to the target surface (at 90°, depicted by
the black line), while the normal incidence case is characterized by the typical double-lobe pattern.
Moreover, the 45° incidence case emits approximately 3 times more y-photons at the 90° emission angle
compared to the maximum of the normal incidence case. The time evolution of electron energy spectra is
shown in figure 5(b). The cut-off electron energy is almost double compared to the v-photon energy,
approaching 700 MeV. The number of high-energy electrons with energy above 300 MeV drops significantly
between 65 fs and 70 fs when a high number of y-photons is emitted. The angular distribution of electron
energy is shown in figure 5(d). Here, only electrons with . > 0.1 are considered in the distribution. At the
time of 60 fs the high x. electrons have their momentum oriented at 90° (target surface). At later times, the
momentum orientation of these electrons gradually drift away as the target is bended by the radiation
pressure. Therefore, a broadening of the y-photon angular energy distribution gradually occurs, as seen in
figure 5(d). At a time of 70 fs, the electron angular distribution separates into several directions. However, by
this time their effect on the «y-photon distribution is becoming less important, as the total number of
electrons with high . is decreasing.

4.2. Dependence on the laser incidence angle

In this section we compare simulations with incidence angles ranging from 30° to 60°. As predicted in
reference [73], the maximum energy of electrons accelerated in the interference pattern increases with the
angle, as can be seen in Figures 6(a) and (b). The solid lines in figure 6(a) show the maximum electron
energy at different simulation times. The dashed lines show the electron energy predicted by equation (5)
(divided by a factor of two), which is in good agreement with our simulations. The model correctly predicts
the increase of the maximum electron energy with incident angle. Figure 6(b) shows the energy spectra at
time of 65 fs, i.e. when the electron acceleration in the interference pattern is still ongoing. At a later time, the
electrons are directly accelerated by the reflected laser pulse in the specular direction (see reference [84] and
the references cited therein). However, the directionality of the electron beams gradually shifts away from the
target surface when larger angles are used, as shown in figure 6(c), where we consider electrons of

Xe > 0.1.
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Figure 7. 3D angular energy distribution of the emitted y-photons at the end of the simulation for different incidence angles: (a)
30°, (b) 37.5°, (c) 52.5° and (d) 60°.

The ~y-photon energy spectra at 100 fs are shown in figure 6(d). Both the number of emitted vy-photons
and their cut-off energy increase with the angle, although this increase is less apparent than that of the
electrons. Exceptionally, for the 52.5° incidence angle case more y-photons are emitted than in the 60° case.
As seen in figure 6(c) the 52.5° case develops an additional central lobe at 90° and the spectrum contains
higher energy density of electrons with y. > 0.1 than the 60° case. Consequently, the y-photon energy
angular distribution (figure 6(e)) of the 52.5° case contains more energy than the 60° case. Therefore, the
interference pattern effect, described in section 4.1, is utilized more efficiently in the 52.5° incident angle case
than in the 60° case.

Overall, the angular dependency of the «-photon density distribution (figure 6(e)) shows a gradual
shifting from the double-lobe structure, for the normal incidence case, to a single lobe along the target surface
for the 45° case. The 30° and 37.5° cases reveal a smooth transition between the 0° and 45° cases. When
increasing the incident angle above 45°, a third lobe is emitted near the laser specular direction. In addition,
all our simulations exhibit a local minimum approximately in the direction of the incident laser pulse.

The 3D angular energy distribution of the emitted ~y-photons for these cases is shown in figure 7(the 0°
and 45° cases are shown in figure 2). A spot at 90° occurs for the cases of 37.5°, 45°, 52.5° and 60°.

The laser energy (283 ]) to y-photon energy conversion efficiency for various incidence angles is shown
in table 1. The simulations with oblique incidence converted up to 3.5 times more energy into y-photons
than the simulation with normal incidence. The conversion efficiency rises with the angle till 52.5°, where it
reaches 10.7%, and decreases afterwards. The rest of table 1 shows the maximum ~y-photon energy reached in
the simulations (second line) and cut-off y-photon energies at AN/dE = 284 160 MeV ! (third line), which
is the lower limit in figure 6(d).
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Table 1. The conversion efficiency of the laser energy into y-photon energy, the maximum reached ~-photon energy and the cut-off
~-photon energy at dN/dE = 284 160 MeV ~! (the lower limit in figure 6(d)).

Incidence angle 0.0° 30.0° 37.5° 45.0° 52.5° 60.0°
Energy conversion efficiency [%] 3.0 5.2 6.6 8.6 10.7 8.5
Photon maximum energy [MeV] 370 420 470 450 560 640
Photon cut-off energy [MeV] 290 320 340 360 370 370

5. Conclusion

In conclusion, we have demonstrated via 3D PIC simulations of the interaction of high-power lasers with
solid targets the emission of a collimated «y-photon beam in the direction parallel to the target surface, for a
range of oblique incidence angles. The prior knowledge of the emitted y-photons direction is crucial for their
detection in future experiments. Moreover, this work will find interest among various applications which
typically require a directional y-photon beam. The process is ascribed to the formation of interference
patterns in the electromagnetic fields by the incident and reflected laser pulse. In this field pattern, the
electrons are accelerated to very high energies, while they are temporarily directed parallel to the target
surface. In addition to the y-photon beam, we observed HHG in the direction parallel to the target surface by
the RIME mechanism [16] in our 3D simulation.

The collimated patterns prevails in the incidence angle range of 37.5° and 52.5°. The laser energy to
~-photon energy conversion efficiency reaches up to 10.7%. Although the use of a larger incident angle
results in a higher electron energy, the laser energy conversion efficiency into y-photons and y-photon beam
collimation significantly decrease as the angle approaches 60°. The best «y-photon beam collimation is
obtained for 45° incident angle with brilliance approaching 10%* s~! mm ™2 mrad 2 per 0.1% bandwidth,
which is similar to that of reference [63].
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Appendix. Dependence on laser polarization, pulse duration, target thickness,
preplasma, laser power, and VR visualization

Firstly, we show the advantage of using p-polarization (p-pol) over s-polarization (s-pol) and circular
polarization (c-pol) in our scheme. Note that for oblique incidence the circularly polarized laser does not
interact with the plasma so symmetrically as in the normal incidence case. Figure Al(a) shows the angular
energy distribution around the incidence plane (equation (6)) and reveals that the maximum values for
p-pol are more than an order of magnitude larger than for s-pol (12.6 times) and c-pol (42.5 times). The
beam profiles are normalized in the inset of figure Al(a). For further investigation we show the 3D angular
energy distribution in figures A1(b), (d) and (e)). For the s-pol (figure A1(b)) the energy distribution
spreads over 90° in the ¢ direction, as it is the laser polarization plane. In the 6 direction the distribution is
around the incident angle of 45°. However, due to the significant spread in the ¢ direction the maximum
energy density is about an order of magnitude lower than in the p-pol case (see figure 2(b)). For the c-pol,
the electric field interference structure in the x—y plane (similar to the p-pol shown in figure 3(b) but about
1/3 weaker) is shown in figure A1(c). Therefore, part of the y-photons are generated along the target surface
(0 =90°) in a way similar to that described in section 4.1 for the p-pol, although more spread in both
directions as seen in figure A1(d). As the mechanism along the target surface is weaker for c-pol, the
secondary beam (between 0° and 45°) reaches similar values as the main one (around 90°). Figure Al(e))
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x—y plane.

shows the «-photon energy distribution generated between 75 fs and 100 fs, when the laser pulse is reflected.
During this interaction a third beam is generated around the specular angle of 135°.

Secondly, we compare simulations of different laser pulse durations (figure A2(a)), but keeping the same
intensity. As expected, longer pulses (larger energy) emit more y-photons. The dominant central lobe along
the target surface occurs for all tested pulse durations. For a 15 fs laser pulse, the angular spread is lower than
the reference case of 20 fs. On the contrary, for longer pulses, an additional lobe develops close to the
specular angle. This behavior resembles that of increasing the incident angle over 45° (figure 6(e)) and is
ascribed to target bending (by the rising part of the laser pulse), which changes the actual incidence angle.
The target bending is mitigated for lasers with lower intensity.

Thirdly, the effect of the target thickness is presented in figure A2(b). The figure exhibits minimal
changes for target thicknesses ranging between 0.5 and 2.5 um. For those thicknesses the iron target is sturdy
enough to prevent the 14 PW laser from burning through the target, before the main y-photon emission
occurs. Decreasing the target thickness to 0.252 pm results in the pulse to penetrate the target, thus limiting
the ~-photon emission.

Fourthly, the effect of the preplasma is presented in figure A2(c), since it was shown that an appropriate
preplasma can reduce the divergence angle of the electron beam [85] and thus influence the y-photon
generation. We reduced the target thickness to 1 ym and introduced a 1.75 um preplasma in front of it
(positions x < 0) with density ranging from 0.0013 7. to the target density. The preplasma profile is
ne exp(—|x|/L) with the preplasma scale length L = 0.127 ym. The value of L is chosen to follow the
condition L = ¢/w. This condition is beneficial for generation of high-order harmonics [86]. The angular
spectra shows a rise in the direction along the target surface by about 23%.

Lastly in figure A2(d), we compare simulations with different laser power (intensity), while keeping the
pulse duration and focal spot the same. The laser power ranges from 1.4 PW to 70 PW (peak intensity from
2 x 102 Wcem™2 to 10 Wem™2). The values of the figure are normalized. The beam profile of 7 PW case is
similar to the 14 PW one, although the maximum energy density is 4.7 times lower. In the 1.4 PW case the
beam is even more collimated. However, the maximum energy density is reduced by 300 times. The 70 PW
case provides the most collimated beam and the maximum energy density is 23.3 times larger compared to
the 14 PW case. At the end of the simulation the laser pulse penetrates the target, as is shown in figure A2(e).
Therefore, the y-photon yield can be increased with the use of thicker targets.

Additionally, the visualization of the y-photon emission temporal evolution of the 45° case can be
accessed online [77] via our Virtual Beamline — VBL application [78-80]. VBL uses a custom-made WebGL
[87] app to render the visualization inside a regular web browser, as shown in figure A2(f). The application
also enables support for VR viewing, which was tested with Oculus Rift S and HP Reverb G2 headsets.
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