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Three-dimensional particle-in-cell simulations of laser-driven multiradiation
sources based on double-layer targets
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Double-layer targets (DLTs), made of a low-density foam on top of a solid substrate, can efficiently convert
the energy of a high-intensity laser to provide sources of photons and protons. We investigate a 30-fs pulse
with a peak intensity of 1~8.7 x 10° W/cm? and a peak power of ~120 TW interacting with a DLT using
three-dimensional (3D) particle-in-cell simulations. We focus on providing quantitative results in full 3D
geometry on the foam thickness dependence; on the competition between two photon-generating processes in
DLTs, i.e., nonlinear inverse Compton scattering (NICS) and bremsstrahlung (BS); and on the acceleration of

protons via enhanced target-normal sheath acceleration. We discuss conversion efficiency, average energy, and
angular distributions of such multiradiation sources. We find that NICS can prevail over BS if the DLT’s substrate
is thin enough (~um) and that the optimal foam thickness that maximizes the conversion efficiency in NICS and
BS photons and the proton cutoff energy, among those considered, is the same (15 um). These results show that

DLTs constitute an excellent tool for developing relatively compact and optimized laser-driven multicomponent

radiation sources.
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I. INTRODUCTION

Laser-driven photon and ion sources are attractive due to
their characteristic features and potential compactness [1-3].
A wide array of applications would benefit from the high
energy, short duration, small source size, flexibility, and
high brightness of such radiation fields. Among these are
radiography [4,5], plasma diagnostics [6-9], materials char-
acterization [10], and radiobiology [11,12].

At relativistic laser intensities (I > 10'® W /cm?), the main
mechanisms by which laser-accelerated electrons generate
high-energy (1-100 MeV) photons are bremsstrahlung (BS)
and nonlinear inverse Compton scattering (NICS), also sim-
ply called nonlinear Compton scattering [13,14]. These two
processes can be tuned depending on the laser-target configu-
ration. Specifically, BS is fostered by the passage of energetic
electrons in high-Z, solid-density, thick (~mm) targets, while
NICS—a synchrotron-like emission process—profits from
extreme laser intensities (>10?! W /cm?) in head-on electron-
laser collisions.

Focusing on the target side, double-layer targets (DLTs)
can be used to improve the properties of laser-driven radiation
sources by increasing the conversion efficiency of laser energy
into energetic electrons [15,16]. DLTs consist of a low-density
(~ few mg/cm?) layer attached to a solid foil with thickness
in the range 100 nm to 10 mm. Typically, the front layer
is a nanostructured foam material [17] and, when strongly
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ionized, has an average electron density close to the critical
density n., which allows for efficient electron acceleration
[18]. The electrons, thereby accelerated, eventually interact
with the solid substrate that acts both as a plasma mirror
to reflect the laser, hence switching on NICS [19], and as
an electron-braking material, hence switching on BS [20].
Whichever of the two processes is mainly responsible for
the ultimate emission of photons depends primarily on the
solid-substrate thickness and the atomic number. Therefore,
DLTs can provide a tool to easily favor either one of the
two photon emission processes by changing the solid-layer
properties. If the solid substrate is thin enough (~um), this
configuration can also be exploited to accelerate the contami-
nant ions that are located on the back surface of the target in an
enhanced target-normal sheath acceleration (TNSA) scheme
[16]. Thus, DLTs can offer a versatile solution to develop si-
multaneous photon and proton sources with access to multiple
degrees of freedom (density profile, morphology, thickness,
and composition) that can be adapted as needed. The interest
in simultaneous proton and photon sources is testified by
different works on bimodal proton-photon radiography with
micrometric-scale resolution [21-23].

Three-dimensional (3D) particle-in-cell (PIC) simulations
are necessary to fully capture the complexity of the laser in-
teraction with micrometric plasmas at femtosecond timescales
and to provide quantitative results. These simulations are
mainly limited by the required computational resources. For
this reason, some codes are under active development to im-
prove running performances. In addition, research is ongoing
on the integration of additional physical processes, like NICS
and BS, not part of the standard core PIC algorithm. In partic-
ular, BS is available for simulation in a few open-source codes
and its inclusion must be critically evaluated [24].
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In this paper, we investigate a multiradiation source based
on double-layer targets with parametric 3D PIC simulations
apt to assess the features of the emitted particles with po-
tentially quantitative numerical results. In general, a number
of studies have dealt with the characterization of photons
and ions driven by lasers through the mentioned mechanisms
with DLTs, either experimentally [16,25-27] or numerically
[28-32]. Here we emphasize the new concept that DLTs can
be used to select the photon-generating mechanism (either
BS or NICS) and to design multiradiation sources (electrons,
photons, and ions). Moreover, DLTs can be engineered to
optimize the desired radiation component, hence developing
a tunable source. Specifically, we investigate the competition
between the two photon-emitting processes and the properties
of the resulting photons and protons when varying foam thick-
ness. Since we consider a nonextreme laser intensity (ay ~ 20,
I ~ 8.7 x 10 W/cm?), our results may be relevant for com-
pact table-top laser drivers in near-future experiments. We
also expect that these investigations provide further motiva-
tions to increase, through code development, PIC simulation
capabilities in terms of both resource management and physi-
cal accuracy.

This work represents the continuation and completion of
our two previous works, where we have analyzed the model-
ing and properties of DLT-based BS and NICS photons with
larger PIC scans mainly in 2D geometry in the same laser
intensity range [24,33].

II. METHODS

We have performed two 3D PIC simulation campaigns
with separately activated BS and NICS. We have successfully
tested and used the EPOCH [34] and WARPX codes [35] for
the former and the latter, respectively. The input files we
have utilized are provided in the Supplemental Material [36].
We used two different open-source codes under very similar
conditions because of the need to simulate the two relevant
processes, BS (available in EPOCH) and NICS (tested with
success in WARPX), while at the same time reducing the com-
putational costs (WARPX can run efficiently on GPUs). In all
the simulations, the grid has a size of 70 um x 60 ym x 60 um
and a resolution of 25 points per um. The simulation time
is 300 fs. The laser is a Gaussian pulse with an 800-nm
wavelength, 30-fs duration (full width at half maximum in
the intensity), 3-um waist, ap = 20, and linear polarization
along y (the propagation coordinate is x). The DLTs are fully
ionized and have an aluminum substrate of thickness 1 um
and electron number density 80n.. The choice of a thin mid-Z
substrate is not optimal for BS, but it was dictated by the need
to keep low the number of macroparticles and the resolution
in the simulations, and, consequently, the computational costs.
For the same reason, we decided to use a reduced value of
the electron and ion number densities n, and n; (the actual
values for fully ionized aluminum are 450n, and 34.6n.).
We have tested that the interaction is not relevantly affected
by this change of density also because the foam mitigates
the impact of substrate properties. Note, however, that the
probability of a BS event, predominantly high in the substrate,
is proportional to n; [which appears as a multiplying factor
in the bremsstrahlung analytic spectrum, see formula (1)].

Therefore, the BS photon yield and spectra obtained in the
PIC, approximately, should be rescaled accordingly (i.e., by a
factor of 34.6/6.2 ~ 5.6). Contrarily, NICS is not affected by
the changing density because this process mainly occurs in the
low-density foam layer [33] modeled at realistic density. To
perform fair quantitative comparisons between BS and NICS,
we rescaled the BS quantities according to the actual substrate
density and evaluated analytically the impact of using thicker
substrates. The foam layer is made of homogeneous fully
ionized carbon with n, = 1n. and varying thickness among
0, 2, 5, 10, 15, 20, and 25um. The choice of the foam
properties is guided by the experimental feasibility and by
the optimal results obtained under these conditions in the 2D
simulation campaigns [24,33]. A contaminant layer made of
hydrogen is placed on the rear side with thickness 80 nm and
n, = 5n.. The electron species is sampled with 1, 32, and 32
macroparticles per cell, respectively, in the foam, substrate,
and contaminant layers, while for the ions the corresponding
values are 1, 3, and 64. All the plasma species are initially cold
in EPOCH, while electrons have a small temperature of 10 eV in
WARPX. In EPOCH, BS is simulated with a mean-field approach
that uses the Seltzer-Berger cross-section data. For statistical
purposes, the cross section is artificially incremented by a
factor of 1000 and, to compensate, the macro-photon weight
is reduced by the same amount. In WARPX the tables to sample
the NICS photon properties are generated with the provided
integrated tool using the following parameters: ¢ min = 107°,
Xe,max = 10, and (X, / Xe)min = 10712 with 512 points along
every axis. The minimum photon energy considered in both
codes is 10 keV. In all figures and discussions, we consider
all the emitted photons frozen at the position where they have
been generated. The high laser intensity and eventual prepulse
can rapidly ionize and homogenize the foam before the inter-
action with the main laser peak [37]. From a simple estimate,
we conclude that just 6% of the laser energy is required
to fully ionize the target. Moreover, preliminary tests in 2D
simulations [24] have shown that the aluminum substrate gets
almost fully ionized by the laser field at ay = 20. Therefore,
we neglect the effects of ionization and nanostructured mor-
phology in the simulations, also to avoid further complexity
and the rise of the computational costs.

III. RESULTS

The interaction between high-intensity ultrashort laser
pulses and double-layer targets is characterized by laser prop-
agation through the foam layer followed by reflection at the
substrate. In the first stage, the main features are the gen-
eration of a magnetized channel where the laser undergoes
reshaping and self-focusing while electrons are accelerated
and experience betatron oscillations. In the second stage, the
reflected laser superimposes to the incident one, electrons are
heated at the foam-solid interface, and—if the substrate is thin
enough—a sheath field arises at the rear target surface. This
scenario is favorable for the emission of high-energy photons
(>0.1 MeV) and acceleration of protons to MeV energies.
Photons can be generated via BS and NICS, while ions are
accelerated mainly via an enhanced TNSA mechanism.

This kind of interaction is exemplified in Fig. 1, which
shows two snapshots taken at the end of the two simulations
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FIG. 1. Snapshots from the 3D PIC simulations of photon emission with the 15-um-thick foam DLT: (a) bremsstrahlung with EPOCH and
(b) nonlinear inverse Compton scattering with WARPX. The variables depicted are electron number density (gray scale), contours of |B,| = 10
kT (red-blue), macro-electrons (red dots), macro-protons (blue dots), and photons (green lines with length proportional to the photon energy).

of the campaign performed with 15-um-thick foam where (a)
BS and (b) NICS have been switched on, respectively. Differ-
ent components of the radiation field are depicted: Magnetic
field contours at £10 kT (red-blue surfaces), electrons above
10 MeV (red dots), TNSA protons above 2 MeV (blue dots),
and emitted photons (green lines). Qualitatively, it can be
seen how NICS leads to a much more copious emission of
photons than BS for this choice of parameters. On the other
hand, the reflected field and the accelerated protons show very
similar features in the two cases [protons are partially hidden
by photons in Fig. 1(b)].

We analyze the competition between BS and NICS in
the various DLTs with different foam thicknesses (0, 2, 5,
10, 15, 20, and 25 wm) and the same initial electron number
density n, = 1n.. Figure 2 shows the spectra of photons emit-
ted through the two different mechanisms (top row). Despite
the nonextreme laser intensity (ap = 20), NICS dominates
with respect to BS except in the single-layer target and in
the highest energy region of the spectra. This is because the
substrate is a nonoptimal thin (1 wm) and mid-Z (Al) material.
In the single-target case, NICS is hindered by the lack of
efficient electron acceleration in the foam layer. The tail of
the spectrum is dominated by BS, which can generate up to
~100-MeV photons, while the maximum NICS energy does
not exceed ~50 MeV. The average energy of all photons lies
in the range ~0.02 — 0.12 MeV for NICS and in the range of
0.04-0.08 MeV for BS, with NICS dominating in thick targets
(>10 um), while BS dominates in the thin ones. In general, if
higher photon energies are desired, thicker foams are better,
at least in the density range considered here where 15um
gives the highest maximum energies. The thicker targets also
provide a NICS photon source with high brightness of the
order of ~10% s~! mm~2 mrad~2 for 0.1% bandwidth at
energies between 1 and 5 MeV.

The angular distributions of photons with energy
>0.1 MeV obtained with BS and NICS are shown in Fig. 2,

respectively, in the central and bottom rows. BS leads to
isotropic emission, broader than NICS, with a brighter spot
in the forward direction that is maximized in the 2-um-thick
foam. On the other hand, NICS emission is localized on two
lobes symmetrically positioned around the forward direction
(x) and along the polarization direction (y). These lobes cor-
respond to a maximum of both photon number and photon
energy, as visible also in Fig. 1(b). Such lobes, which peak
at ¢ ~ 15° — 25°, are a signature of the betatron oscillations
that electrons undergo when they emit via NICS in the foam
layer. Instead, BS does not clearly show the bilobal structure
because photons are produced mainly in the solid substrate by
high-energy electrons deviating from these oscillations and by
low-energy ones chaotically moving.

The time evolution of the conversion efficiency of laser
energy in photon energy (considering photons with energy
>10 keV) is reported in Fig. 3(a). In NICS, this quantity lin-
early increases while the laser propagates in the foam and then
is abruptly boosted when the laser hits the substrate at about
200 fs. These are the signatures of the ramp and burst phases,
as defined in Ref. [33]. After that, the conversion saturates
to its final value when the reflected light back-propagates
and the interaction is completed. On the other hand, in BS,
the evolution of the conversion efficiency monotonically in-
creases in time. It starts when the laser hits the substrate,
which is where the majority of emission is localized, and
continuously increases due to the recirculation of low-energy
electrons within the substrate [24].

Figure 3(b) shows a comparison between the final con-
version efficiencies due to NICS and BS. NICS is 3 orders
of magnitude larger than BS for thick-enough foams and is
maximized to ~2 x 1073 in the 15-um-foam DLT, which
is the case approximately matching the self-focusing length,
confirming a trend already seen in 2D simulations [33,38]. On
the other end, BS efficiency is maximized around 2 — 10 ym,
being dominated by the low-energy emission. Even with the

035206-3



FORMENTI, GALBIATI, AND PASSONI PHYSICAL REVIEW E 109, 035206 (2024)

2 pm 5 pm 10 pm 15 pm 20 pm 25 pm

dN/dE [1/MeV]
5 S

£

9]

1%

=
Q
=

E [MeV]

=50

50 =50 50 =50 50 =50 50 =50 50 =50 50 =50 50

0 0 0 0 0 0 0
¢ [deg] ¢ [deg] ¢ [deg] ¢ [deg] ¢ [deg] ¢ [deg] ¢ [deg]

FIG. 2. Photon spectra for all the simulations (top row) and angular distributions of photons with energy >0.1 MeV for BS (central row)

and NICS (bottom row). ¢ = arctan(p,/p,) and 6 = arctan(p,/~/ p> + pg) are the azimuthal and polar angles, respectively.

correction factor of ~5.6 mentioned in Sec. II, the chosen
laser and DLT parameters make NICS dominant over BS by
more than 2 orders of magnitude. However, were the substrate
of the DLTs thickened, then BS could become dominant.
Since the BS photon yield scales linearly with the converter
thickness, we can estimate that a substrate of 1 mm would
be required for the BS spectrum to become comparable with
the NICS spectrum obtained with the 1-um substrate, at least
for thick-enough foams. This is confirmed in Fig. 3(c), where
we consider the 15-ym foam and compare the BS (blue)
and NICS (red) photon spectra obtained with the 1-um sub-
strate with the BS spectrum obtained with the 1-mm substrate
(black). The latter is estimated using the PIC spectrum of
all the electrons that cross the foam-substrate interface at a
given time step, dN,/dE,, and summing the instantaneous
estimation of the photon spectrum, dN,, gs/dE,, over all time
steps:

dNe dO’Bs
dE, dE,

dN Ep
2B it / dE, , (1)
E

dEp p.min
where (n;t)syp 1S the substrate areal density and dogs/dE, =
aZ?/E,(1 — bE,/E,) is an approximation of the BS cross
section with Z = 13, a = 11 mb, and b = 0.83 [24].

The interaction between an ultrahigh intensity laser and
micrometer-thick DLTs also leads to the acceleration of ions
through an enhanced TNSA mechanism. Here we consider
a layer of protons that are located as contaminants on the
back surface of the substrate. Figure 4 shows the proton
spectra (top row) and angular distributions in the energy
ranges 2—10 MeV (central row) and 10-50 MeV (bottom
row). The protons are accelerated with the typical broad
spectrum up to a maximum energy of ~15 —50MeV, de-
pending on the foam thickness. The proton properties are
not influenced by the photon-generating process. Indeed, the
spectra and angular distributions are very similar when ei-
ther NICS or BS is switched on. This is reasonable since
the photons account for maximum 0.2% of the laser en-
ergy, but it could be different for higher laser intensities.
The angular distributions of protons show that the 10-um-
foam and 15-um-foam DLTs produce a cleaner and more
collimated proton beam in the 2-10 MeV energy range.
The maximum proton energy and the average proton en-
ergy above a certain value, say 5 MeV, are maximized with
thicker foams (10 — 25um) to ~45 — 50 and 10-13 MeV,
respectively. Thus, under the considered scenario, the thicker
foams are optimal for both photon generation and proton
acceleration. The key qualitative features of bremsstrahlung
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FIG. 3. (a) Time evolution of the conversion efficiency of laser energy into photon energy. (b) Final value of the conversion efficiency as a
function of the foam thickness. (c) Photon spectra for the 15-um-foam DLT comparing NICS and BS with 1-um substrate vs 1-mm substrate.
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and NICS emission and proton acceleration obtained in
these simulations agree with the 2D results obtained in
Refs. [24,33]. The quantitative data that can be compared
without problems of missing dimensions, like conversion effi-
ciencies, average photon energy, and maximum proton energy,
are lower in 3D with respect to the corresponding 2D cases.
This is due to known dimensionality effects that tend to reduce
the density of high-energy electrons caused by the divergence
in the third dimension [39—42]. Despite this fact, 2D simu-
lations remain effective in parametric scans and successfully
identify the optimal cases for photon emission and proton
acceleration as reported in these results.

We do not expect relevant changes to the physics of the
interaction in an intensity range close to the explored one.
However, the optimal foam thickness and the photon yield
are expected to increase with the laser intensity, especially
for NICS due to its direct dependence on the intense fields
mediating photon production. The other laser parameters are
relevant in the optimization as far as they can contribute to
the increment of laser intensity, e.g., by reducing the laser
waist and the pulse duration. In any case, to explore different
laser intensities PIC simulations remain necessary to retrieve
possible quantitative results.

Lastly, let us compare our simulations with a recent ex-
periment reporting on the BS yield with DLTs [16]. We have
carried out dedicated 2D PIC simulations analogous to the 3D
ones but with foam and laser parameters like those used in
the experiment. We have found that the conversion efficiency
of laser energy into BS photons decreases when the foam
thickness increases (0, 4, and 12 um). On the other hand,
when considering the contribution of both BS and NICS, an
optimum is obtained for the 4-um foam, in agreement with
the experiments (see Fig. 4 in Ref. [16]). This might suggest
that a contribution due to NICS was actually measured in that
experiment.

IV. CONCLUSIONS

We have discussed the main properties of photon and pro-
ton sources based on laser-DLT interaction using 3D PIC
simulations. We have fixed the laser driver to be a 30-fs system
reaching an intensity of 7 ~ 8.7 x 10%° W/cm? with a 3-um
waist. All the DLTs have a foam layer with 17, initial electron
number density and a 1-um-thick Al substrate. This 3D in-
vestigation expands upon our previous 2D parametric scans
[24,33], complementing those results with the quantitative
features of the considered radiation sources. Specifically, here
we focus on the foam thickness dependence, the competing
photon-generating processes, and the multicomponent aspect
of the sources, all in full 3D geometry.

We have found that the chosen laser system coupled to the
considered DLTs provides a source of mixed NICS and BS
photons, where the dominating process depends on the foam
and substrate thickness and the energy range of the photons.
The considered laser-target pairs also provide a source of
accelerated protons up to tens of MeVs whose features are not
affected by photon generation. Even if the laser intensity is
not extremely high, the foam presence makes NICS prevail
over BS in terms of conversion efficiency. When the foam
is removed, NICS is inhibited but still comparable to BS at
the lower energies. Besides, BS is responsible for the photons
at the highest energies and its dominance can be achieved
by thickening the substrate of the DLT. Thicker foams (10,
15, 20, and 25um) tend to make NICS strongly dominant
over the whole spectral range and to produce protons up to
40 MeV. On the other hand, thinner foams (2 and 5 um)
tend to show a significant discrepancy between NICS and BS
depending on the energy range (at lower energy, NICS pre-
vails; at higher energy, BS does) and produce protons below
40 MeV. If one desires to maximize the conversion efficiency
in NICS (to values of ~2 x 1073%), the average photon
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energy (to ~0.1 MeV) and the maximum proton energy
(to ~50 MeV) at the same time, then the optimal foam—
among those considered here—is the 15-um-thick foam. In
this case, NICS provides a high-brightness photon source
(~10?* s~! mm~2 mrad~? for 0.1% bandwidth at energies of
a few MeVs).

We conclude that DLTs are an ideal tool to select the
photon-generating process and its properties and, for thin sub-
strates, to develop an optimized multiradiation source made of
photons and protons. Our results may be considered quantita-
tively relevant and useful when designing future experimental
campaigns based on DLTs.
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