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The new generation of multi-petawatt (PW) class laser systems will generally combine several
beamlines. We here investigate how to arrange their irradiation geometry in order to optimize their
coupling with solid targets, as well as the yields and beam quality of the produced particles. We
first report on a proof-of-principle experiment, performed at the Rutherford Appleton Laboratory
Vulcan laser facility, where two intense laser beams were overlapped in a mirror-like configuration
onto a solid target, preceded by a long preplasma. We show that when the laser beams were
close enough to each other, the generation of hot electrons at the target front was much improved
and so was the ion acceleration at the target backside, both in terms of their maximum energy
and collimation. The underlying mechanism is pinpointed with multidimensional particle-in-cell
simulations, which demonstrate that the magnetic fields self-induced by the electron currents driven
by the two laser beams at the target front can reconnect, thereby enhancing the production of hot
electrons, and favoring their subsequent magnetic guiding across the target. Our simulations also
reveal that the laser coupling with the target can be further improved when overlapping more than
two beamlines. This multi-beam scheme would obviously be highly beneficial to the multi-PW laser

projects proposed now and in the near future worldwide.
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Significance Statement

Nowadays present laser beamlines meet a technologi-
cal limitation at the level of 10 petawatt (PW) for single
beam, leading to the challenge on how to optimally com-
bine individual beamlines to deliver even more power to
a target. This manuscript is focusing, through experi-
ments and detailed numerical simulations, on optimizing
the coupling of multi-PW class lasers onto solid targets,
which we show can be achieved by optimally stacking the
beams in a mirror-like configuration. We believe that
the comprehensive understanding of overlapping-beam
effects detailed here paves the way to boosting the pro-
duction of particle/radiation sources in PW-class high-
intensity picosecond laser platforms worldwide by prop-
erly designing the beamlets irradiation scheme.
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I. INTRODUCTION

The advent of multi-petawatt (PW) laser systems [1]
opens novel perspectives in many research domains, in-
cluding compact particle and radiation sources [2-5], con-
densed matter physics [6, 7], probing of dense matter [3—

|, laboratory astrophysics [12, 13], chemistry [14], and
even cultural heritage [15]. Moreover, it offers promis-
ing prospects for high-impact societal applications such
as clean energy production through inertial confinement

fusion [16, 17], biological imaging [18, 19] and radiation
therapy [20-22]. Yet the feasibility of large surface area
gratings [23] and mirrors having simultaneously broad-

band reflectivity and high-fluence resistant coating [24]
currently limits the maximum power that can be deliv-
ered by a single laser beam to about 10 PW. Therefore,
the quest for ever-increasing laser power will necessarily
involve the combination of multiple beamlets, each being
at the limit of the technology. This approach is already
pursued in several projects, such as the Laser Méga-
Joule’s PETAL system in France [25], the National Igni-
tion Facility’s Advanced Radiographic Capability (NIF-
ARC) in the US [26], the Laser for Fast Ignition Ex-
periment (LFEX) in Japan [27, 28], the Superintense
Ultrafast Laser Facility (SULF) in China [29], and the
Exawatt Center for Extreme Light Studies (XCELS) in
Russia [30]. Such a strategy, however, raises the question
of how the individual beamlets should be arranged in or-
der to maximize their overall coupling with the target.
The present study will focus on opaque, solid targets,
since the interaction of intense lasers with transparent,
dilute plasmas, such as those suitable for wakefield accel-
eration of electrons, presents different challenges [31-34].
In addition, our investigations show that it is in fact in-
teresting to not just increase the energy of a single laser
beam, as the multi-beams scheme benefits the quality of
the produced particles.

The optimization of the coupling of a single, intense
laser beam with a dense plasma has been the subject
of many investigations [35-40]. It was shown experi-
mentally that temporally stacked laser pulses could be
advantageously used to enhance the guiding of hot elec-
trons within the target [11, 412], or the target normal
sheath acceleration (TNSA) of ions at the target rear

side [43, 44]. The improvement of the latter process was
achieved either by laser shaping the target [15—17] or by
lengthening the effective ion acceleration time [18]. Re-

cently, an alternative scheme employed two synchronized,
but this time spatially separated, intense laser pulses, so
that the anti-parallel magnetic fields produced around
the target surface by the laser-driven electron currents
[49, 50] could reconnect and thus boost the non-thermal
electron generation [51, 52]. Another study using a simi-
lar beam arrangement conjectured that magnetic recon-
nection (MR) could also arise at the target back side [53],
and hence impact ion acceleration. Relativistic MR could
also be triggered by laser pulses propagating side by side
in under-critical plasmas [54]. Furthermore, numerical

simulations showed that two laser pulses focused at oppo-
site incidence angles onto preplasma-free, thin solid foils
could favor the generation of energetic electrons via vac-
uum heating, and therefore the acceleration of protons
as well [55, 56].

In this work, we investigate in detail, both experi-
mentally and numerically, the case of transversely sep-
arated laser beams in order to find an optimum in the
multiplexing of laser irradiation of solids, improving the
particle yields and beam qualities. In contrast with the
aforementioned studies, here we consider configurations
involving an extended preplasma in front of the dense
target, a common situation in petawatt-level laser inter-
actions [57, 58]. We first provide experimental evidence
that the use of two overlapping laser beams in a mirror-
like geometry can substantially augment the hot-electron
generation at the front side, the subsequent ion acceler-
ation at the rear side, and the collimation of both out-
going electron and ion beams. To explain these findings,
we perform three-dimensional (3D) particle-in-cell (PIC)
simulations of the laser-plasma interaction at the target
front, which reveal the occurrence of MR in the overlap
region of the two laser beams, and its role in enhanc-
ing locally the electron energization. Further, by means
of two-dimensional (2D) PIC simulations including col-
lisions and ionization, we show that the increased hot-
electron current that is expected to be injected into the
target bulk as a consequence of MR in the preplasma can
drive stronger resistive fields, leading in turn to a more
collimated hot-electron transport [59]. In short, although
such a scheme has been little exploited up to now [60],
we here demonstrate through experiment and numerical
simulations that overlapping multiple laser beams can
prove highly beneficial to laser-to-plasma coupling, non-
thermal particle generation, and plasma heating. Our
aim is to make a test-bed for future 10 PW scale laser
facilities at the limit of technology, where the energy of
a single laser beam cannot be increased.

The paper is organized as follows. In Sec. II, we de-
scribe the experimental setup and the results of the mea-
surements. In Sec. ITI, the experimental observations are
interpreted through PIC simulations. Specifically, the
3D PC simulations presented in Sec. IIT A reveal that
MR can set in in the preplasma irradiated by two over-
lapping beams, and cause the hot-electron generation to
be enhanced. In Sec. III B, we report on 2D collisional
PIC simulations that indicate that the intensified hot-
electron source that follows from the laser beam overlap
and associated MR can propagate in a more collimated
manner through the target due to stronger self-induced
fields. Our findings are summarized in Sec. IV.

II. EXPERIMENTAL RESULTS

The dual-beam experiment was carried out at the Vul-
can Target Area West (TAW) laser facility at the Ruther-
ford Appleton Laboratory (RAL). Its setup is sketched
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FIG. 1. Schematic of the experiment using two intense
laser beams (denoted as a and ) irradiating a solid Au tar-
get (with a large-scale preplasma at the target front), with
opposite incidence angles and a variable separation distance
(dfront) between the laser spots on the target front surface.
In all cases, the focus of the laser beams coincides with the
target surface. The outgoing hot electrons are diagnosed by
image plate (IP) stacks, located along each laser beam axis,
as well as in the target normal direction. The accelerated ions
are characterized by a radiochromic film (RCF) stack located
in the target normal direction. Additionally, the preplasma
at the target front is visualized through shadowgraphy of a
frequency-doubled (compared to the main lasers) probe beam,
running along the z-axis (see Fig. 2).

in Fig. 1. One beam (), of ~ 1.2ps pulse duration
and ~ 100J pulse energy, was focused on target to a
8 pm FWHM spot at an incidence angle of 36°. This re-
sulted in an on-target intensity of ~ 3.5 x 101 W cm™2.
The other beam (3), of ~ 80J pulse energy and same
~ 1.2ps duration, irradiated symmetrically the target,
i.e., at the incidence angle of —36°. It was focused to a
~ 10 um FWHM spot, reaching an on-target intensity of
~ 1.8 x 10" W cm 2. Both laser beams had a 1.053 yum
central wavelength and impinged onto the targets at p-
polarization. Note that there’s no shot-to-shot jitter be-
cause the two beams are split from the same oscillator.
The targets consisted of 30 ym-thick gold foils. The out-
going proton distribution was recorded using a stack of
radiochromic films (RCFs) [(1], centered along the rear
target normal direction. The fast electrons escaping the
target [62] were detected by several stacks [63] of five
photostimulable, FUJIFILM TR type image plates (IPs),
each coated with a 1.5 mm Aluminum layer to filter out
low-energy electrons. The IP stacks were placed along
both the laser axis and the target normal directions. Fi-
nally, the preplasma expansion [(4] and the optical self-
emission at 526 + 5 nm from the plasma were monitored
along a line of sight parallel to the target surface, see
Fig. 2. Using the radiation-hydrodynamic code MULTTI,
the pre-plasma scale length L (fitting the density profile
as e */L' where z is the spatial coordinate), generated
by the measured pre-pulse of ~ 4.0 x 103 Wem™2 and
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FIG. 2. Shadowgraphs accumulated with optical self-
emission from the plasma. A filter at the 2w (526 £5 nm)
frequency of the probe beam is used to cut the light from
the main beams. The backlighting probe beam is sent into
the target 15 ps after the peak of the main beam(s). What
is observed in the images is the shadow of the targets accu-
mulated with the self-emission produced by the main laser
irradiation. (a) Case 0, only a single laser beam (here beam
«) irradiates the target; (b) Case 1, two non-overlapping laser
beams are used with 0gont = 120 um; (c) Case 2, two laser
beams are overlapped with dfont = 0 um. Each image is nor-
malized to its maximum value. The black arrows indicate the
laser beams, the black dashed line indicates the middle plane
between the laser beams, and the purple boxes delineate the
target boundaries. A strong, central emission is clearly ob-
served in Case 2 (c).

0.5 ns duration [65], is estimated to be around L ~ 100
pm. Such preplasma is consistent with the observation
of the edge of the refraction of the probe beam [60] being
around 200 um away from the target surface.

The distance between the centers of the two laser spots
(Otront ), as measured at the initial (before preplasma for-
mation) front side of the target, was consistently varied
from 0 pm to 120 pm, while keeping constant all the other
parameters. We will now address three distinctive cases,
as listed below:

Case 0: A single laser beam, either beam « or beam f3,
irradiated the target.

Case 1: Two non-overlapping laser beams were used
with dgont up to 120 pm.

Case 2: Two laser beams are overlapped at the front side
of the target with dgont = 0 pm.

Figure 2 shows side-view images of the plasma. For
Case 0 with a single laser beam () coming from below
[panel (a)], the emission is stronger on the upper side
than on the lower side of the middle plane (indicated
by the black dashed line). We note the presence of a
strong emission zone far from the target surface and in
the specular direction. This could be linked with the jet-
like features in similar long scale length plasmas discussed
in Kodama et al. [67]. For Case 1, corresponding to two
non-overlapping laser beams [panel (b)], two bright spots
are observed on both sides of the middle plane in the
large preplasma extending ahead of the target. While
the same bright spots are visible in Case 2 when two
laser beams are overlapped on the target [panel (c)], a
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FIG. 3. Quantitative analysis of the electron signals as
recorded by the IP stacks (a) along the laser axis and (b)
along the target normal. Note that the normalized electron
number in each IP is retrieved from the variation in the IP
signal using Monte Carlo FLUKA simulations and the calibra-
tion conducted in Ref. [68]. The data points represent the sig-
nal averaged over three shots performed in similar conditions,
while the error bar corresponds to the minimum and maxi-
mum values over those shots. The horizontal black dashed
line represents the noise level at around 0.03. Simulation re-
sults are plotted as dotted lines and the associated numbers
indicate the temperatures (in MeV) of the hot-electron distri-
butions.

stronger signal can be seen in the middle plane, closer
to the initial target front surface. This is indicative of
an improved laser coupling with the target, as will be
detailed later.

For a quantitative analysis of the IP data, we have per-
formed Monte Carlo FLUKA simulations [69-71]. Fol-
lowing a standard procedure detailed in Rusby et al. [63],
we compare the experimental signal deposited by elec-
trons in the IP stack to simulations (with the injection of
electron beams with different temperatures) of the same
IP stack setup. This way, we can retrieve the tempera-
ture of the hot-electron distribution (73). Fig. 3 shows
the experimental data (points with error bars) overlaid
with the FLUKA simulation results (dashed lines as a
ruler). The retrieved hot electron temperature is given
in the numbers associated with the dotted lines. Specifi-
cally, in Fig. 3 (a), the IP data obtained along the laser
axis shows that the three cases have quite similar hot-
electron temperatures around 3.0 £ 1.0 MeV, which is in
accordance with the ponderomotive scaling [72]. Note
that the X-ray contribution from Bremsstrahlung pho-
tons generated in the laser target to the IP signals is
expected to be negligible [63]. However, in Fig. 3 (b),
the three cases have distinguishable hot-electron tem-
peratures along the target normal, which shows a two-
temperature distribution, separated by IP2.

In the case of well-separated laser beams (Case 1,
green) and the single laser (Case 0, blue), the retrieved
hot-electron temperatures along the target normal after
IP2 is similar, around 2 — 3 MeV. However, when using
two overlapped laser beams (Case 2, red), the tempera-
ture of the hot electron emitted along the target normal

is substantially increased to 3 — 4 MeV. Note that not
only is the temperature increased in Case 2 compared to
Case 0 and 1, but also importantly, the number of hot
electrons produced along the target normal is strongly in-
creased. Consistently, we notably observe a self-emission
hot spot in the middle plane between the 2 lasers, see
Fig. 2(c).
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FIG. 4. Enhancement of the proton cutoff energy and
collimation brought about by coupling two intense
laser beams. (a) Variation in the maximum proton energy
(as inferred from the RCF data) when varying the spatial
separation between beams a and S at the front target sur-
face. The points represent the signal averaged over two to
three shots performed in the same conditions, while the error
bar represents the minimum and maximum values over those
shots. The grey hashed area indicates the maximum pro-
ton energy obtained in the single-beam configuration (Case
0). (b) Variation in the recorded half-angle subtended by
the protons, as a function of their energy (normalized to
the corresponding cutoff energy). The dashed line plots the
energy-dependent angular distribution observed in many ex-
periments to be characteristic of TNSA protons [61]. Note
that the RCFs are positioned along the target normal, as
shown in Fig. 1. (¢) Raw RCF data (corresponding to pro-
tons of 7.3 MeV mean energy) in Case 1 with well separated
lasers (Ofront = 120 wm). Two distinct standard TNSA beams
(driven simultaneously but independently) can be identified,
as marked by the blue arrows. (d) Raw RCF data (corre-
sponding to protons of 6.5 MeV mean energy) in Case 2 with
overlapping laser beams. Two different beam signals can be
identified. One, characterized by a TNSA-like angular diver-
gence [red diamonds in panel (b)], is identified by the blue ar-
row. The other, having a markedly reduced divergence [green
boxes in panel (b)], is identified by the yellow arrow. The
latter low-divergence beam is the one reaching a 12 MeV cut-
off energy in panel (a). The surrounding, TNSA-like beam
has a ~ 9MeV cutoff energy, i.e., comparable with the value
measured in the single-beam case.

The characteristics of the accelerated protons, as diag-
nosed by the RCFs, are summarized in Fig. 4. The high-
est proton cutoff energy [Fig. 4(a)] is obtained for a laser
beam separation 0oy < 10 pm, while it quickly drops to
the value associated with a single beam (represented by



the grey hashed area) when dgont > 60 pm, i.e., when the
two beams no longer overlap. While it is not a surprise
that the proton energy increases when the laser beams
are combined, as this leads to a higher density of hot
electrons in the sheath, there is clearly an unexpected
beneficial aspect in terms of proton beam collimation.
The variation in the proton divergence as a function of
energy (normalized to the corresponding cutoff energy)
is depicted in Fig. 4(b) for the three cases considered. As
a reference, the dashed curve plots the energy-dependent
angular divergence obtained in Ref. [61]. As expected,
the use of a single laser beam (Case 0, blue dots) leads to
an angular distribution typical of TNSA. Different results
are obtained using the overlapped laser beams of Case 2.
As evidenced by Fig. 4(d), the raw RCF signal then re-
veals the generation of a relatively wide proton beam
(indicated by a blue arrow), characterized by a stan-
dard TNSA-type angular distribution [red diamonds in
Fig. 4(b)], inside which lies a narrower and denser beam
(indicated by a yellow arrow) with a markedly smaller di-
vergence [green squares in Fig. 4(b)]. The energy cutoff
of the wide beam is measured to be ~ 9MeV, which is
similar to that found in Case 0, but also smaller than the
~ 12MeV cutoff energy of the central, more collimated
beam. If the laser beams do not overlap, as in Case 1
[Fig. 4(c)], two standard TNSA-like proton beams are
obtained without any enhancement, i.e., neither in en-
ergy nor in collimation. The two distinct proton beam
envelops that we observe simply comes from the fact that
in this case the two laser beams are separated (by 120
pm). Thus, the locations of the centers of the sheaths
produced by each beam are similarly separated. Know-
ing that each sheath has a diameter of the same order
[73], and that the proton beam pattern merely reflects
the electron spatial distribution on the target rear [74],
it is not a surprise to observe two distinct proton beams
separated by an amount of the order of each sheath diam-
eter. Note that the darker area at the intersection of the
two proton beams observed in Fig. 4(c) simply originates
from the addition of their respective dose depositions in
the RCF; it is observed to disappear at higher proton en-
ergies, as the corresponding protons have their angular
opening reduced [61, 75].

It is known that in TNSA, the cutoff proton energy
increases with the hot-electron temperature and density
[2, 44, 76]. The observed enhancement of the proton cut-
off energy therefore points to a more efficient conversion
of the laser energy into hot electrons. It is also known
that, as mentioned above, due to their extremely low
emittance, the protons beams detected on RCFs are a
magnified projection of the surface of the accelerating
sheath they stem from [74]. Hence, the reduced area of
the fastest protons that we report here would be con-
sistent with an accelerating sheath narrower than that
created in standard conditions, which results from the
typical 30 — 40° divergence of the hot electrons driven
by a single laser pulse [36, 77]. Our RCF data thus sug-
gest that the protons have been accelerated by a beam of

higher-energy, lower-divergence electrons, which is con-
sistent with the IP measurements of the hot-electron
source [see Fig. 3 (b)]. This is what our analysis of the
hot electron transport within the target detailed below
in Sec. IITB also shows. We will now turn to numerical
simulations in order to interpret these results.

III. PARTICLE-IN-CELL SIMULATIONS

To pinpoint the mechanism for the enhancement of the
hot electron beam (HEB) generation and collimation, we
have carried out a series of Particle-in-Cell (PIC) simu-
lations with the fully kinetic code SMILEI [78]. Due to
the difficulties in simulating a solid Au target on a ps-
scale with dynamic ionization and collisions in three di-
mensions (3D), the PIC simulations were separated into
two stages. These simulations are performed in down-
scaled conditions i.e., with a similar reduction factor for
both the laser separation distance and the laser spot size.
This allows us to simulate the large separation (seen in
Fig. 2) with available computational resources. At the
same time, the down-scaled model allows us to reproduce
the essence of the physical mechanisms (in enhancing the
HEB temperature and collimation) in each stage quali-
tatively.

Stage 1: is focused on the HEB enhanced temperature
(or particle yields), when the laser beams propagate
in the pre-plasma. Since the potential mechanism
is the MR induced in the low-density fully-ionized
pre-plasma, 3D geometry is used, without ioniza-
tion or collision.

Stage 2: is focused on the HEB improved beam quality,
i.e., the collimation. Since the potential mechanism
is the resistive magnetic field generated when the
HEB propagates inside the Au solid target through
the resistive return current, dynamic ionization and
collisions are considered in 2D geometry.

A. Stage 1, MR-enhanced HEB generation in
pre-plasma

For stage 1, our proof-of-principle simulation has a 3D
box size of L, x L, x L, = 20 x 30 x 30 um3. For the
target, we use stationary ions with a 3 pm thickness of
Ni,maz for 12 <z < 15 pm. While for the pre-plasma, we
used a fully ionized He plasma with a maximum density
of Nemaz = 7.5n. and an exponential profile along the
x-direction from the left boundary of the simulation box
(located at = 0) to x = 12 pym:

n; x — Iy
N = N maz €XP log(%)T , (1)
i,min

where 1n; pmin = 0.10, 1% maz = 3.751, and lyp = 12 pm.
It corresponds to a pre-plasma scale length of L ~ 4



pm due to the limitation of our computational resources.
Note that we have managed to double L, and [y, and the
essential physical processes are the same. The critical
density of the plasma for a laser with wavelength of A = 1
pm is defined by n. = egm.(2mc)?/(geN)? = 1.1 x 102!
ecm ™3, with the ion mass m; = 1836.0 x 4.0m, (eg, M.,
c and ¢, are the permittivity of free space, the electron
mass, the speed of light, and the elementary charge, re-
spectively). The location of the electron critical density
is at * = 6.5 um [see Fig. 5 (a)]. For simplicity, the
transverse density profiles (along the y- and z-directions)
are uniform.

The laser beams obliquely irradiate the target from
the left boundary (at x = 0) and focus on the tar-
get front surface (at = 12 um. The spatial en-
velopes of the p-polarized lasers are Gaussian with a
waist of o7, = 2 um. Both focus to I = 3.5 x 10%°
W /em? when in vacuum (i.e. the normalized amplitude is
ap = [IN*uoq?/(21?m?2c3)]M/? ~ 5.0), with £15° angle of
incidence with respect to the target normal. Note that
since we have a large pre-plasma, there cannot be any
coherent beating wave pattern between the laser beams
[55, 56]. Note also that the angular separation between
the two beams is smaller than in the experiment. This
results from a constrain of the simulation box size and
related computing resources, but it also corresponds to
what would be a compact beam stacking geometry, i.e.,
one where two = f/2 laser beams would be irradiat-
ing the target side-by-side. To simplify the MR process
during the interaction between the laser and the pre-
plasma, the laser intensity temporal profile is chosen to
be trapezoidal with a ramp of t; = 3.3 fs and a plateau of
71, = 300ty = 1.0 ps. We have performed a test case with
a gaussian temporal profile with around 500 fs FWHM,
and we find that the essential physical processes are not
sensitive to the laser temporal profile. The distance be-
tween these two beams (when there are two) is changed
via their focus position at the target front.

The spatial resolution of the simulation is d;, = d, =
d, = de, with de = ¢/wpe = ¢\/Me€0/Ne,maze? being the
electron inertial length, corresponding to 16 cells per mi-
cron; the temporal resolution is d; = 0.5d,/c. We use
8 particles of each species per cell, and a fourth-order
particle shape-function. Boundary conditions for both
particles and fields are absorbing along the x-direction
and periodic on the other directions. Note that in stage
1, collisions are not included, because with the electron
temperature above hundreds of keV, the cross-section of
electron-ion collision at critical density is significantly re-
duced.

From Fig. 5, it is clear that when the laser pulses pen-
etrate the pre-plasma in front of the target in (a), HEB
are generated stochastically [79] and directed along the
laser paths. The reason is due to the magnetic field gen-
erated via hot electron currents [30], as illustrated by
the 2D projection in the xy-plane. With a strength of
the order of mewpe/ge ~ 1.0 x 10* T (which is of the
order of experimental observations on the same laser sys-
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FIG. 5. Formation of the HEB, generation of the mag-
netic fields, and the reconnection between them dur-
ing the propagation of the lasers in the pre-plasma,
corresponding to Case 2. (a) 3D rendering of the laser
pulses (yellow, coming from the left and focus on the target
front surface at x = 12 pm) and the 2D projection of the self-
generated magnetic field B, (with the colormap on the right,
normalized by mewpe/¢e) in the xy-plane. The enhanced HEB
(grey) around the MR region (in between the two laser pulses)
is indicated by the grey arrow (around x = 6.5 pum), and
the MR-induced E, (red) is indicated by the red arrow. (b)
Schematic diagram of the MR in the yz-plane ahead of the
target surface, indicated by the black dashed box in (a). Jz
is the HEB current in the —z-direction; B, and B, are the
magnetic fields carried by the HEB current; the MR region is
the one marked by black dashed lines; and E, is the electric
field generated by MR in the +z-direction.

tem [49]), the magnetic field is strong enough to confine
MeV-level electrons on its path. This coincides with the
experimental diagnostic in Fig. 3, and is consistent with
related simulations [31].

A schematic diagram of the magnetic reconnection in
the yz-plane is shown in Fig. 5 (b). When the two laser
spots are close enough to each other ahead of the target
surface, the HEB generated in the pre-plasma along the
laser pulse will also be close to each other. Thus, from the
currents carried by the HEB, their self-generated anti-
parallel B, in the middle plane (around y = L, /2) will
break and reconnect, thus supporting an electric field in
the target-normal direction (i.e., the x-direction) and cre-
ating a current sheet. Note that the MR-induced electric
field direction is opposite to the case when the MR is in-
duced from the electron current expanding radially at the
surface of the solid target [51], in which the MR~induced
electric field is directed in the —z-direction. Locally, the
magnetic field energy will be transferred into the kinetic
energy of the plasma, with electrons accelerated (by the
reconnecting electric field) and then thermalized (by the
magnetic fields).

Features of the MR occurrence, as well as the evidence
for the HEB enhancement, are summarized in Fig. 6.
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FIG. 6. Features of MR formation and enhancement of HEB generation induced by MR at ¢t = 440 fs in the yz-plane
(averaged along the x-direction between 6 < z < 10 um in front of the solid target). The top column is for Case 0 using one
laser beam; the middle column is for Case 1 using two laser beams without overlapping; and the bottom column is for Case
2 using two laser beams with overlapping. (al)-(cl) out-of-plane electric field E,, normalized by mecwpe/qe; (a2)-(c2) Jo - Eq
(i.e., work done by E.), normalized by m.c’wpene; (a3)-(c3) out-of-plane magnetic field B, normalized by mewpe /qe; (ad)-(c4)
electron number density n. in logarithm scale, in the unit of em™3; (ab)-(cb) electron energy density neEg:n above 1 MeV in

logarithm scale, in the unit of MeV-cm™3,

Three cases are demonstrated, i.e., single beam (Case
0) in the top row, two laser beams without overlapping
(Case 1) in the middle row, and two laser beams with
overlapping (Case 2) in the bottom row.

Here we first analyze the MR features of Case 2 (i.e.
for the two laser beams in proximity), in comparison with
the features of Case 0. The first column of Fig. 6 is the E,
(i.e. the out-of-plane electric field) distribution in the yz-
plane. For Case 2 (cl), it reaches 0.3mccwpe/ge around
the middle point (indicated by the black arrow), whereas
for Case 0 (al), it is less than 0.1mecwpe/qe. With E,
in Case 2 more than twice that in Case 0, it indicates
an additional source of E,, other than the sheath field at
the target front. The second column is the time-averaged
Jo By = qeneVey - By, 1.e. the work done by the F, field
on the electrons, in which v, is the electron velocity
along the x-direction. For Case 2 in (c¢2), there exists a
clear positive signal around the middle point (indicated
by the black arrow), meaning the energy has been trans-
ferred from the electromagnetic fields to the electrons,
thus enhancing the generation of HEB. On the contrary,
for Case 0 in (a2), no such signal can be seen. In ad-
dition, with the quadruple structure of the out-of-plane
magnetic field B, formed in Case 2, we confirm that it
is the MR that provides the additional E, around the
middle point region.

Besides the MR, occurrence, enhancement of the HEB
can be seen clearly at the same time. Comparing Case
0 and Case 2, as shown in panels (a4) and (c4), we ob-

serve that around the laser spots positions the pre-plasma
electrons have been pushed away by the laser beam(s),
inducing the formation of electron density holes (with
number density lower than 0.1n, in the fourth column).
However, the density at the center of the yz-plane, i.e.
at y = z = 15 pm stays in both cases around n.. Now,
with regards to the energy density (in the fifth column),
at the same middle point of the yz-plane (here, indicated
by the black arrow), the energy density of the HEB in
Case 2 (c5) shows a substantial enhancement, comparing
to that of Case 0 (ab). This coincides with our experi-
mental diagnostic in Fig. 2.

To demonstrate the effects of df,ont, now we compare
the MR features and the HEB enhancement in Case 2
and Case 1. Both of them use the two laser beams con-
figuration, the former has dfront = 0 pm (i.e. the two
laser beams overlap at the target front), whereas the lat-
ter has dfront = 20 pm (i.e. the two laser beams do
not overlap at all on the target surface). Note that due
to our limited simulation size, we use dfront = 20 pm
for Case 1 in the simulation, instead of {frone = 120
pm in the experiment. As the two focal spots are rela-
tively far away in Case 1, both E, (and the work done
by it) and the quadruple structure of B, are weak and
can hardly be seen in (b1)-(b3) at the same time in the
same region. Also, an almost homogeneous electron num-
ber density distribution between 10 < y,z < 20 pm can
be seen in (b4) and no HEB generation is observed in
(b5). We have checked that at a later time (around 900



fs), when the self-generated magnetic field B, extends
close enough to each other in Case 1, no MR features
and therefore no HEB enhancement can be seen. This
is because the strength of the magnetic fields generated
from the laser-preplasma interaction drops as 1/r (where
r is the expansion radius). Therefore, and B, becomes
much less at the middle point at later times. At this late
time, the magnetic energy transferred to the kinetic en-
ergy of electrons via MR might be very limited, and the
enhancement of HEB will not be clear.
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FIG. 7. Energy spectrum of electrons passing through
a diagnostic screen located at x = 18 ym. Case 0 is for
one laser beam (along the laser direction), Case 1 is for two
laser beams without overlapping (but along the target normal
direction), and Case 2 is for two laser beams with overlapping
(also along the target normal direction). Note that each curve
is normalized to its maximum value for better comparison.
Two temperature fittings for the energy spectra are indicated
by the thin dashed lines with the corresponding colors and
energy range.

More importantly, the energy spectra in Fig. 7 demon-
strate the same trend as the experiment (see Fig. 3).
Specifically, for case 1 (i.e., two beams w/o overlapping)
along the target normal, we observe a reduction of the hot
electron temperature (i.e., 2.6 MeV) compared to case
0 (i.e., single beam) along the laser direction (i.e., 3.0
MeV), at the energy range of 2.5 to 5 MeV, as expected,
since the hot electron is generated along the laser direc-
tion. Conversely, for case 2 (i.e., two overlapped beams)
along the target normal, we observe an increase in the hot
electron temperature (i.e., 6.0 MeV) compared to case 0
(i-e., 3.0 MeV), especially at the range of 7.5 to 10 MeV.
Note that the simulated temperatures here can only be
qualitatively compared to the experimental data, since (i)
we use down-scaled models because of the computational
limits and (ii) the laser incidence angle in the simulation
is 15° (due to the spatial limitation of the down-scaled
model), while in the experiment it is 36°. Thus, the sim-
ulated temperatures are in general higher than those in
the experiments, as expected.

In addition to the above analysis, another feature of
MR lies in the time evolution of the simulated energy
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FIG. 8. Energy partition of (a) B. and B, and (b) E,
comparing Case 0 (single laser beam, blue) and Case
2 (overlapping double laser beams, red) in the whole
simulation box. The dark vertical band, from around 330
fs to 500 fs marks the period over which MR is effective in
Case 2, i.e., when we observe that a portion of energy in B,
(solid line) is transferred to By (dashed line) in (a) and E,
(solid line, red) in (b). The E, in Case 1 (double laser beams
without overlapping, dashed line, green) is also plotted in (b)
in order to eliminate the energy increase due to the use of
the additional laser beam. The energy of the magnetic fields
in (a) is normalized to the maximum value of B, (seen in
Case 2); while the energy of E, in (b) is normalized to the
maximum value of E, (also seen in Case 2).

partition. As is shown in Fig. 8 (a), for Case 2, in which
MR occurs, we can see that the energy of B, (red solid
line) decreases from 330 fs to 500 fs (identified by the dark
vertical band), whereas the energy of B, (red dashed line)
increases. This is in accordance with the MR process
illustrated in Fig. 5 (b), i.e. annihilation of the magnetic
field along the z-direction and “reconnection” of those
along the y-direction. However, no such behavior can be
seen in Case 0 with single laser beams. Both the energy
of B, and B, are increasing due to the laser input into
the simulation box. Note that here B, also contains the
laser energy, which explains why its energy is much larger
than that of B,. The decrease of B, in the end is due to
the boundary condition of the limited simulation box.

In the meantime, the energy of F, quickly increases
in Case 2 (red solid line) during the time frame of MR.
This is to compare to the steady increase seen in Case
0 (blue dash-dotted line), and which is due to the in-
creasing laser input. This is shown in Fig. 8 (b). The
E, energy evolution in Case 1 (green dashed line) is also
shown to confirm that the E, energy enhancement in
Case 2 is not only because of the additional laser beam.
The fact that the F, energy in Case 2 is also higher than
that in Case 1 indicates that there exists an additional
energy source for F, (i.e., MR) when overlapping the two
laser beams. Note that the laser absorption rate, above
70% for both cases, is in accordance with experimental
observations [82].

Besides, in Fig. 9, two electron trajectories in the x — F
diagram and the yz-plane are shown in order to further
illustrate the role played by MR in the HEB energy en-
hancement. For about 1 million particles that we tracked
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FIG. 9. Trajectories of two electrons in (a) the z — E
diagram and (b) the yz-plane, showing their energy enhance-
ment within the MR region and duration. Their trajectories
are colored in cyan and magenta, respectively; the red stars
denote their initial states at the start of the simulation; the
green circles denote the time when MR begins and the blue
squares denote the time when MR ends, roughly.

within the MR region (within 6 < z < 10 pm along
the x-direction and 10 < y&z < 20 pum along the y&z-
directions), these two electrons represent about 10000
particles (1%) that show energy enhancement within the
MR duration (around 330 < ¢t < 500 fs), as can be seen
in Fig. 8 (a). From these trajectories, we can see that
before the MR starts (from the red stars to the green
circles), these electrons stay at quite low energy (less
than MeV). However, during the MR (from the green
circles to the blue squares), their energy experiences a
large increase to above 10 MeV within the MR region,
ie., 6 <z <10 pm along the x-direction and also within
10 < y&z < 20 pm along the y&z-directions. Note that
during this energy increase, their movement is towards
the -x-direction, which is in accordance with the positive
MR electric field E,, (i.e., towards the +x-direction). Af-
ter MR, they end up moving toward the +x-direction in
the pre-plasma, possibly by a combination of the laser
field and self-generated magnetic field. Thus, they will
be received by the diagnostic screen on the right side
of the simulation box. Also note that in the case with
doubled pre-plasma scale length, as well as the case with
four beams below, we can find the same MR processes
and there are more particles with energy enhanced by
the MR process.

The scheme analyzed here in details is restricted to
using two beams. To evaluate whether using more beams
would induce an even stronger HEB enhancement, we
have tested a case with four beams. This is shown in
Fig. 10. Comparing the out-of-plane electric field F, in
the case using four laser beams in Fig. 10 (a) to Case 2 in
Fig. 6 (cl), it is clear that the region with positive value
becomes much larger and so does the work done by it, i.e.,
Jz » B, in Fig. 10 (b), comparing to that in Fig. 6 (c2).
As a result, more of the HEB is further enhanced (both
in energy and number density) within the corresponding
larger region, as is shown in Fig. 10 (d).

Last but not least, the angular-energy distributions of
the electrons are shown in Fig. 11. Note that here the re-
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FIG. 10. Case with four laser beams at ¢ = 440 fs in
the yz-plane (a) out-of-plane electric field E,, normalized by
Mecwpe/qe; (b) Jz - Ex (i.e., work done by E), normalized
by mec wpene; (c¢) electron number density n. in logarithm
scale, in the unit of cm™3; (d) electron energy density neExin
above 1 MeV in logarithm scale, in the unit of MeV-cm™3.
The colormap is shared for both (c¢) and (d). Note that all
above quantities are averaged along the x-direction between

6 < x < 10 pm in front of the solid target.

sults are for electrons passing through a diagnostic screen
located at x = 18 pm in the forward direction, similar to
the IP diagnostic in the experiment. For the single laser
beam case in (a), the angular distribution is slightly di-
rected toward the upper half plane, owing to the small
incidence angle that we use in the simulation (i.e., +15°);
and the electron energy is below 9 MeV in every direc-
tion. As for the overlapped double laser beam case in (b),
the angular distribution becomes axisymmetric and the
electron energy increases to around 12 MeV. Yet, the di-
vergence is still quite large and no collimation is achieved.
It confirms the HEB enhancement observed in Fig. 6 but
also implies that the collimation we see in the experiment
results does not originate from MR. We will see in the
simulation of the hot electron beam collimation can be
achieved through transport within the target, as detailed
below in the following Sec. I11 B.

In short, the 3D PIC simulations detailed above sup-
port the experimental results of boosted HEB genera-
tion using the mirror-like configuration of two overlapped
laser beams. Note that we have checked the robustness
of our simulations with other cases using a larger simu-
lation box size (i.e., L, = 30 um), a doubled pre-plasma
scale length (i.e., L ~ 8 um), and a gaussian temporal
profile, all leads to similar results.

However, as shown above, in Fig. 11, these simulations
do not exhibit any improvement in the collimation of the
HEB, i.e. no clear HEB collimation can be seen during
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FIG. 11. Angular-energy distributions at ¢ = 1000 fs for
electrons passing through a diagnostic screen located
at = 18 pum in the forward direction. Case 0 is for one
laser beam (a) and Case 2 is for two laser beams with over-
lapping (b). Note that the particle numbers are normalized
each by their maximum value. Note also that this shows the
hot electron beam generated in Stage 1 is NOT collimated.
Collimation observed in the experiment can result from the
transport within the target, as will be detailed in the simula-
tion of Stage 2, see Sec. III B.

the first stage of the 3D simulations when the laser is
propagating inside the pre-plasma. As discussed above,
such collimation is expected in order to explain the re-
duced angular imprint of the central, high-energy proton
beam seen in Fig. 4 (d). Thus, we will now address this
collimation feature in the second simulation stage below,
i.e., when the HEB transport inside the solid target and
induces the growth of resistive magnetic fields. This is
done using 2D PIC simulations with collisions and ion-
ization.

B. Stage 2, resistive-collimated HEB transport in
solid target

In order to simulate the collisional transport of the
HEB in the high-Z target in Stage 2, a 2D box of 10 x 40
pm? in size is used. The number density profile follows
Eq. 1, with Ly = 4 pm, starting from n; ., = 0.01n,
at ¢ = 1 pm to Ny maxr = 501, at © = 5 pm. For the
ion species of the pre-plasma, we use Aluminum (m; =
1836.0 x 27.0m,) with an initial ionization state Zo = 5
and an initial temperature of T;y = 160 eV. For the dense
target, we use Aluminum with Zy = 3 and T;9 = 30 €eV.
It has a 4 ym plateau of density 1,0 = 7 mae = 50 1 lo-
cated at 5 <z <9 pm. The electron number density for
both the pre-plasma and the dense target is n. = Z;n;,
considering dynamic field ionization [33] using the tunnel
model [84], with Z,,,, = 13. The spatial resolution of the
simulation is also d; = d, = d.. Note that here the elec-
tron inertial length is de = c/wpe = c\/Me€0/Nemaze?,
and Nemaz = ZmazMimaz, Which corresponds to 160
cells per micron. The temporal resolution is chosen as
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dy = 0.5d,, /¢, in order to safely use the Friedman electric
field time-filter [35]. Note that a multi-pass binomial fil-
ter on the current densities [30] is also used. Similar laser
parameters are adopted here, with the enlarged FWHM
o, = 6 um and elongated temporal up ramp of 10ty = 33
fs. Their focus position is at the target front, like the
Case 2 with dfpont = 0. 32 particles of each species per
cell are used, with fourth-order particle shape function.
Boundary conditions for fields in both directions are ab-
sorbing; while for particles we use the following condi-
tions: absorbing along the x-direction and thermalizing
along the y-direction. The collisions between the elec-
trons and ions in the target are now considered [37, 88].
It is known that collisional effects, from which the resis-
tive return current and thus the resistive magnetic fields
can grow, can lead to further collimation of the other-
wise divergent HEB when it propagates in the solid tar-

get [89, 90]. The resistive magnetic field generation is
driven by the Ohmic fields Er = nJ as follows [59]:

0B

a—tR:—(anJ—i—anJ) (2)

where J is the resistive current from the cold electrons of
the solid target, and 7 is the resistivity, which dynami-
cally changes during the target heating.
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FIG. 12. Resistive magnetic field generation when tak-
ing collisions and ionization into account in the solid
target. (a) for Case 2 using two laser beams with df,0n¢ = 0,
and (b) for Case 0 using one laser beam. Both snapshots are
taken at 1 ps after the start of the simulation.

Note that due to the limitation of computational re-
sources, the simulation box size (10 pm) is small, and so
is the thickness of the solid target (4 pm) compared to
that in the experiment (30 pm). This indicates a much
limited transport process in our simulations, compared
to that in the experiment. Also as already mentioned,
rather than using gold as the target material like in the
experiment, in the simulation we use Aluminum. There-
fore, the heating of the target from the laser will be over-
estimated in the simulation, leading to a higher ion tem-
perature and lower resistivity in the solid target. As a



result, the resistive magnetic field in our simulation will
be underestimated.

However, as is shown in Fig. 12, we can still qualita-
tively see a clear difference between Case 2 (using two
laser beams with ¢ ¢y0,,+ = 0) and Case 0 (using only one
laser beam). In Case 2 (a), with the overlapped two laser
beams, a stronger J is induced inside the solid target, and
we can see that the resistive magnetic field there reaches
+3000 T at the end of the simulation (1 ps). On the
contrary, in Case 0 (b), with one laser beam irradiating
the solid target at an incidence angle of 15°, the resistive
magnetic field inside the solid target is only about £1000
T at the same time. We can expect that with the MR
enhancement of the HEB (which we do not have here in
our 2D simulations), the resistive magnetic field will be
even larger in Case 2, and the collimation effect will be
stronger.
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FIG. 13. The evolution of the angular divergence of
the HEB for Case 2 using two laser beams with dfron: =
0 (red lines) and Case 0 using one laser beam (blue lines),
both at 240 fs (thin dashed lines) and 1 ps (thick solid lines).
The particle numbers are normalized by the maximum value
of Case 2 at 1 ps. The incident angle (15°) and the target
normal (0°) are denoted with grey dashed lines. Note that
the particles are summed along the x-direction between 5 <
z < 9 pm inside the solid target, along the y-direction between
15 < y < 25 pm (eliminating the numerical boundary effects),
and for electron energies higher than 1.5 MeV.

With the limited transport time and distance simu-
lated here, the collimation effect of the resistive magnetic
field on the HEB is also expected to be underestimated.
However, we can still observe the collimation of the HEB
during its transport in the solid target, as is shown in
Fig. 13. On one hand, for Case 2 (red lines), at 240
fs, the angular divergence of the HEB (thin dashed red
line) is quite wide, with half of the electrons having di-
vergence less than 60°; while after transport through the
solid target at 1 ps, the HEB angular divergence becomes
narrower with one single peak at 0° (thick solid red line),
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with half of the electrons have divergence less than 30°. It
demonstrates clearly the collimation effects of the resis-
tive magnetic field on the HEB transport. On the other
hand, for Case 0 (blue lines), at 240 fs, a wide angular
divergence distribution peaks at around 15° (thin dashed
blue line), i.e. the laser incidence angle; while at 1 ps, its
distribution becomes even wider and the peak becomes
larger than 15°. Moreover, it is clear that in Case 2, the
particle numbers are more than twice as high as that in
Case 0. All the above simulation results (the enhance-
ment and collimation of the HEB) are qualitatively con-
sistent with our experimental results. Also, the fact that
in Case 0 the angular divergence peaks at the laser inci-
dence angle confirms our experimental observation about
the guiding of the HEB along the laser forward direction.
Note that the magnetic field at the rear side of the target
is not our focus here, because, as our former study shows,
its impact on the proton beam only appears at a much
higher intensity [91].

IV. CONCLUSION

To conclude, we have investigated the effects of spa-
tially overlapped and temporally synchronized multiple
laser beams in laser-matter interaction. Our experimen-
tal results indicate that a mirror-like configuration with
multiple laser beams offers significant enhancement and
optimization in the generation of the HEB and the sub-
sequent ion acceleration. This is of particular interest for
the next generation of multi-PW-class laser platforms,
which will be composed of multiple laser beamlets. When
using properly distributed beams on target, our 3D PIC
simulations pinpoint that MR in the pre-plasma can sig-
nificantly enhance the HEB generation, inducing as well
an enhancement in the subsequent ion acceleration. Be-
sides, 2D PIC simulations with ionization and collisions
show a further benefit of having an enhanced HEB: a
stronger growth of the resistive magnetic field during the
HEB transport in the solid, which in turn helps optimize
the collimation of the HEB. The comprehensive under-
standing of overlapping-beam effects detailed here paves
the way to boosting the production of particle/radiation
sources in PW-class high-intensity ps laser platforms by
properly designing the beamlets irradiation scheme.
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