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ABSTRACT

Context. Colliding collisionless shocks appear across a broad variety of astrophysical phenomena and are thought to be possible
sources of particle acceleration in the Universe.

Aims. The main goal of our experimental and computational work is to understand the effect of the interpenetration between two
subcritical collisionless shocks on particle energization.

Methods. To investigate the detailed dynamics of this phenomenon, we performed a dedicated laboratory experiment. We generated
two counter-streaming subcritical collisionless magnetized shocks by irradiating two Teflon (C,F,) targets with 100J, 1ns laser
beams on the LULI2000 laser facility. The interaction region between the plasma flows was pre-filled with a low-density background
hydrogen plasma and initialized with an externally applied homogeneous magnetic field perpendicular to the shocks. We also modeled
the macroscopic evolution of the system via hydrodynamic simulations and the microphysics at play during the interaction via particle-
in-cell (PIC) simulations.

Results. Here, we report our measurements of the plasma density and temperature during the formation of the supercritical shocks,
their transition to subcritical, and their final interpenetration. We find that in the presence of two shocks, the ambient ions reach
energies around 1.5 times of those obtained with single shocks. Both the presence of the downstream zone of the second shock and
of the downstream zone common for the two shocks play a role in the different energization: the characteristics of the perpendicular
electric fields in the two areas indeed allow for certain particles to continue being accelerated or, at least, to avoid being decelerated.

Conclusions. The findings of our laboratory investigation are relevant for our understanding of the energy distribution of high-energy
particles that populate the interplanetary space in our solar system and the very local interstellar medium around the heliopause, where

observations have indicated evidence of subcritical collisionless shocks that may eventually go on to collide with one another.

Key words. shock waves — acceleration of particles — interplanetary medium

1. Introduction

Subcritical collisionless shocks are a class of shocks that
are able to satisfy the Rankine-Hugoniot jump conditions
using only dispersive and resistive dissipation mechanisms
(Balogh & Treumann 2013). In subcritical shocks, the down-
stream flow velocity exceeds the sound speed behind the shock,
but it is lower than the magnetosonic speed (defined as ¢y, =

\Jei +vA, where, ¢; and va are the ion sound velocity and
Alfvénic velocity, respectively). The limiting pre-shock magne-

* Present address: Lawrence Livermore National Laboratory, Liver-
more, California 94550, USA.

tosonic Mach number M, = vs/cms for these conditions to be
satisfied depends on the 8 of the plasma and on the shock oblig-
uity (i.e., the angle between the shock velocity and the upstream
magnetic field). Subcritical shocks thus need to satisfy My, <
M, with M ranging between M. = 1 for quasi-parallel
shocks, up to My = 2.76 for perpendicular shocks, in the limit
B — 0 (Edmiston & Kennel 1984). In astrophysics, we can find
these so-called subcritical shocks in a variety of scenarios. When
a high-Mach number flow meets a dense medium, it becomes
heavily “mass-loaded” and slows down to a velocity that allows
for the formation of a subcritical shock. This is expected to hap-
pen when the solar wind interacts with the interstellar medium
and forms the termination shock (Treumann 2009). Moreover,
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some astrophysical supercritical shocks evolve into subcritical
ones in the course of their interaction with the upstream medium
and consequent loss of energy, as it happens for solar coronal
mass ejections (CMEs; Bemporad & Mancuso 2011). The col-
lision of subcritical shocks is expected to occur between for-
ward and reverse shocks in the solar wind, and also between
solar wind shocks and planetary bow shocks (Whang & Burlaga
1985).

As in the case of their supercritical counterpart, namely,
shocks with My, > M7, where ions can be accelerated through
a variety of mechanisms (Balogh & Treumann 2013; Marcowith
2016), subcritical shocks can also accelerate ions and induce
thermal heating, although particle acceleration does not play a
significant dissipative role in subcritical shocks. Both ion accel-
eration and heating have been observed in satellite crossings
(Mellott 1984). The underlying ion acceleration mechanism(s)
is still up for debate, but it has been suggested to include v X B
heating (Ohsawa & Sakai 1985), ion reflection to a small degree
from the shock front (Lee et al. 1987), and from other wave-
particle interactions (Balikhin & Wilkinson 1996). As for par-
ticle acceleration from the collision of two subcritical shocks, no
significant ion acceleration, with respect to the energies reached
by particles accelerated by supercritical shocks, was observed
in the simulations (Cargill et al. 1986). Accelerated ions with
energy in the tens of MeV have been measured from the col-
lision of two subcritical shocks at a small angle (Dudkin et al.
2000), however, their numbers are extremely small and there is
still an ongoing effort to determine the acceleration mechanism.

Recently, high-power lasers and externally controlled mag-
netic field generation have opened the door to investigations of
astrophysically relevant collisionless shock studies on particle
acceleration (Li et al. 2019; Fiuza et al. 2020; Yao et al. 2021,
2022).

In this work, we detail our laboratory study of subcritical per-
pendicular collisionless shocks, that is, shocks within an external
magnetic field perpendicular to the shock propagation direction.
We characterize in detail their global spatio-temporal dynamics
using multiple diagnostics. Moreover, we investigate the head-
on encounter of two such shocks, in order to determine if and
how this could modify the conditions under which ions can be
energized in such a configuration.

The shocks were characterized in the laboratory by
interferometry and Thomson scattering (TS) measurements,
performed at different times, which provided the electron den-
sity map and local electron density, as well as the local ion
and electron temperature. We then performed three-dimensional
(3D) hydrodynamic simulations with the magnetohydrodynamic
(MHD) FLASH code (Fryxell et al. 2000), which reproduced
the global dynamics of both the expanding plasmas driving
the shock and the shock itself. Next, we studied the event
using the 1D3V fully kinetic particle-in-cell (PIC) code SMILEI
(Derouillat et al. 2018), where we again used the experimentally
obtained parameters as the initialization values. In these kinetic
simulations, we observed particle acceleration of the ambient
particles. The acceleration is initially due to the electrostatic field
associated with the shock front E,, then to the inductive electric
field E, ~ v.B;, where v, is the flow velocity and B, the perpen-
dicular magnetic field. During the interaction between the two
subcritical shocks, we note that both the presence of the down-
stream zone of the second shock and the creation of a down-
stream zone common for the two shocks play a role in the higher
energization of the ambient ions: the characteristics of the per-
pendicular electric fields of these two areas allow, indeed, for
certain protons to be accelerated or to avoid being decelerated.
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Fig. 1. Setup of the experiment, conducted at LULI2000 by having two
high-power lasers (1 ns, 100 J at 1w, 1.6 X 10'> W cm™ on target) irra-
diate two solid (Teflon, C,F,) targets to investigate the interpenetration
of two magnetized shocks. An auxiliary beam of 15 J was used to per-
form Thomson scattering (TS) and an additional low-energy beam (not
shown) probed the plasma along a line titled 9° upwards with respect to
the z-axis in order to measure the integrated plasma electron density.

As a result, ambient ions were energized to 1.5 times the energy
of the single shock case. This is consistent with space measure-
ments performed in-situ of ions accelerated ahead of outward
propagating interplanetary shocks (Gosling et al. 1984), or in the
interaction of an interplanetary shock with the bow shock of the
Earth (Hietala et al. 2011).

2. Experiment
2.1. Setup and diagnostics

The setup employed in our experiment is shown in Fig. 1.
We started by irradiating two Teflon (C,F,4) targets with two
high-power laser pulses (1053 nm wavelength, 1 ns, 1007, 1.6 X
10'* W cm=2 each). The targets were tilted in a way that allowed
the laser beams to reach them and such that the two plasma
flows would encounter each other (as detailed in Fig. 2). The
two targets were separated by a 9 mm distance. The region in
between the targets was pre-filled with hydrogen at low density
(no ~ 10" cm™3), injected by a gas nozzle and magnetized using
an externally applied magnetic field of 20 T provided by a pulsed
coil (Albertazzi et al. 2013), directed along the z-axis.

A focusing spectrometer with spatial resolution (FSSR;
Faenov et al. 1994) was utilized to register x-ray ion emission
of the plasma with and without the ambient medium. It allowed
us to characterize both the plasma initiated by the laser interac-
tion at the surface of each target and the heating of the ambient
medium induced by the expanding plasmas. The spectrometer
was equipped with a spherically bent mica crystal with a lattice
spacing 2d = 19.9149 A and curvature radius of R = 150 mm.
It was able to measure He-like (transitions 3p—1s, 4p—1s, 5p—1s
etc.) and H-like (transition 2p—1s and its satellites) lines of Flu-
orine in the range of wavelengths between 13 and 16 A with
a spatial resolution about 0.1 mm along the axis which joins
the centers of both targets. The presence of sulfur impurities
in the targets also allowed us to register a corresponding He-
like doublet (2p—1s transition) in the third order of reflection
with a Li-like satellite structure being sensitive in our range of
plasma parameters. The spectral resolution was achieved bet-
ter than A/dA = 1000. The spectra were recorded using Fuji-
film Imaging Plates of type TR, which were placed in a cassette
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Fig. 2. Side (left) and top (right) view of the targets.

holder protected from the visible optical radiation. The signal is
time-integrated. The analysis of x-ray spectra was done by com-
parison of the experimental line ratios with simulated ones using
the collisional-radiative code PrismSPECT (MacFarlane et al.
2003) and by comparison of emissivity profiles in different
conditions.

A high-energy auxiliary beam (527.5 nm wavelength, 1 ns,
157], focused over ~40um along the y-axis and propagated
throughout the plasma, see Fig. 1) was used to perform Thomson
scattering (TS) measurements off the electron and ion waves in
the plasma. It was used in a mode where the plasma was sam-
pled in a collective mode (Froula et al. 2011). The collection of
the scattered light was performed at 90° (along the z-axis) from
the incident direction of the laser probe (the y-axis). The light
scattered off the ion (TSi) and electron (T'Se) waves in the plasma
was analyzed by means of two different spectrometers, set to dif-
ferent dispersions (3.1 mmnm~' for TSi and 7.5x 10> mm nm™!
for TSe), which were coupled to two streak-cameras (Hama-
matsu for TSe, and TitanLabs for TSi, both equipped with S-20
photocathode to be sensitive in the visible part of the spectrum,
and both with typical 30 ps temporal resolution), allowing us to
analyze the evolution of the TS emission in time. The scatter-
ing volumes sampled by the instruments were: 120 um along the
x- and y-axes, 40 um along the z-axis for TSi; 100 pm along the
x- and y-axes, 40 um along the z-axis for TSe. The analysis of
the Thomson scattered light was performed by way of compar-
ison between the experimental images (recorded by the streak
cameras) and the theoretical curves of the scattered spectrum
for coherent TS in non-collisional plasmas, with the instrumen-
tal function width of 5.9 nm for the electron spectrometer and
0.12nm for the ion spectrometer taken into account. We point
out that the TS laser probe induces some heating in the hydro-
gen ambient gas (details can be found in Yao et al. 2021). With
TS, we can get a spatially and temporally resolved measure-
ment of the plasma density and temperature. In addition, another
optical probe beam (1 = 530nm) passed with a 9° angle with
respect to the B-field lines through the interaction zone, allow-
ing for a measurement of the integrated electron density through
interferometry.

2.2. Experimental results

The electron temperature on the target surface was measured via
FSSR by recording the emission of sulfur lines and by simu-
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Fig. 3. Experimental x-ray spectrum (black line) measured by the FSSR
spectrometer as emitted from a C,F, target. What is recorded is the
spectrum of sulfur impurities in the third order of reflection. Overlaid
are simulations performed using the PrismSPECT code (red, olive, and
blue curves) for the target surface region, using the group of satellites
sensitive to the plasma parameters. For all temperatures shown in the
figure, the electron density was N, = 7 x 10%° cm™. All curves are
normalized to the S He, line. The best fitting corresponds to the red
curve. The inset shown in the top left corner demonstrates the detailed
fitting of the satellites of the experimental spectrum. The arrows point
to the lines with the best fit.

lating this emission in a steady-state approach using the code
PrismSPECT (MacFarlane et al. 2003). This is shown in Fig. 3,
yielding for the surface plasma a temperature 7, = 550 eV at
almost critical density N, = 7x 10?° cm~3. We point out that this
measurement is relative to the laser-target interaction, that is, to
the collisional part of the system.

After the plasmas are generated at the surface of each tar-
get, they expand into the ambient medium. This expansion is
monitored by optical probing. This is displayed in Fig. 4, which
shows the measurements, at successive times, of the integrated
(along the line-of-sight of the probe beam) electron density of
the plasmas expanding from both targets. We point out that these
images were obtained on different shots. As seen in our previ-
ous experiment, where we created one single magnetized shock
(Yao et al. 2021), two structures develop out of each target: a
piston front and a shock front characterized by two separated
bumps of higher electron density (identified by arrows in Figs. 4b
and e). Each piston is the result of the expansion of the plasma
ablated from the solid target by each laser. The plasma flows
expand in the low-density ambient hydrogen, which is quickly
ionized by the x-rays produced by the irradiated targets, and
shocks are generated as a result of the combined action of the
supersonic piston expansion and of the externally applied B-
field. In fact, the strong external magnetic field of 20 T is critical
in providing additional pressure so that a magnetized shock can
form in the hydrogen plasma (Yao et al. 2021), as in its absence
we would get a shock only in the presence of a denser back-
ground plasma. As aresult, for early times, that is, before ~12 ns,
we observe two well-developed shocks propagating against each
other.

In our situation, the shocks are perpendicular, that is, the
angle between the magnetic field and the shock propagation
direction is 6g, =~ 90° and the shocks are characterized by a
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Fig. 4. Temporal sequence of integrated (along the z-axis, with a 9° tilt)
electron density measurements showing the evolution of the interpene-
tration of two magnetized shocks, at 6 ns (a), 11 ns (), 13 ns (¢), and
16 ns (d), after the main laser pulses hit the targets. The aperture of
the magnetic coil structure restrained the passage of the optical probe,
diminishing slightly the field of view (FoV) in a—d. (e) shows the line-
out of the integrated electron density at 11 ns (blue solid line) and at 16
ns (red dashed line), along the lines shown on the relative map — (b) and
(d), respectively; the location of the targets at 9 mm distance from each
other is also shown, while the gray dashed areas represents the zones
out of the FoV. Before the interpenetration of the two plasma flows, a
shock front and a piston develop out of each target, as indicated by the
two arrows in (b) and (e): the dotted blue arrow points at the left-drifting
piston and the solid green arrow at the left-drifting shock front. When
the two shocks collide, the density has a spike at the meeting point at
around 3.5 mm in (e).

B = Perm/Pmag = 0.1; hence, the critical Mach number has
a value of M ~ 2.6 (Edmiston & Kennel 1984). The shocks
obtained in our experiment are supercritical up to 3—4 ns after the
laser beams hit the targets and turn into subcritical for later times
(Yao et al. 2021). Indeed, they propagate with an initial velocity
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of vs ~ 1500kms~!, which corresponds to Mps = 3.3 > M{,,
and when they eventually interact, they have a velocity of a few
hundreds of km/s, which gives, for vs ~ 500 km s M~ 1.1 <
M; .. We point out that the measurements of shock velocity are
obtained from the interferograms by measuring the positions at
different times, which correspond also to different shots. As we
can observe, the structures developing from the two targets are of
different sizes: they start forming at the same time, but their dif-
ferent distance from the gas nozzle exhaust makes them propa-
gate in a medium of slightly different density which has a visible
impact on their propagation velocities. Moreover, the fact that
the two shocks do not propagate directly against each other, but
perpendicularly to the targets, has also been taken into account
while calculating the velocity. Indeed, the interferometry view
corresponds to the side view (apart for a ~9°) of Fig. 2, whichis a
projection of the displacements along the z-axis. Hence, the dis-
tances extracted from the interferometry figures are multiplied
by a factor of 1/ cos(60°) = 2.

As for the collisionality, we find that the mean-free-path of
the drifting ions with respect to the ambient ones is /l;};d”) ~
33 mm (calculated according to Braginskii 1965), which is much
larger than the characteristic length over which the interac-
tion takes place (~hundreds of um), thus making the shock
collisionless.

Moreover, we measured the plasma Thomson scattering of
the plasma thermal waves to assess the plasma characteristics.
Figure 5 shows two examples of TS spectra from electron plasma
waves (a, ¢) and from ion acoustic waves (b, d), corresponding
to 15 ns and the period from 13 ns to 16 ns, respectively. The
temporal evolution of the electron density, the electron temper-
ature, and ion temperature is shown in Fig. 6. We observe that
after around 13 ns the TSi signal suddenly broadens, which cor-
responds to the time of the collision between the two shocks.
This broadening is attributed to the heating of the ions in the
plasma due to the energy released when the two plasma bubbles
collide. As is shown in the time evolution in Fig. 6, after the col-
lision, the electron density slightly increases, while the electron
temperature remains initially unperturbed (around 80eV). The
interpenetration of the two plasma shocks heats the ions up to
temperatures ~135 eV, according to an adiabatic gas compres-
sion. Electrons are then heated at a slower rate by ion-electron
collisions. Further increase of ion and electron temperature as
well as electron density is observed when the pistons collide at
a later time (~14.5 ns). Here, we will only focus on the shock-
shock collision, before the encounter of the pistons.

Complementary to the TS measurements, Fig. 7 shows the
x-ray emissivity profiles of the plasma located in between the
two targets. We compare three cases: (1) when the applied mag-
netic field and the ambient medium are present and the plas-
mas expand from the two targets (thin red line); (2) still with
two plasmas, but in the absence of the ambient medium (dashed
black line); and (3), when only one plasma is flowing from either
the right or the left target, but in the same magnetic field and
ambient medium conditions as in case (1) — thin gray lines, with
areas filled by patterns. What we observe is that the collision
between the two plasma flows results in an emission enhance-
ment in the zone between the two targets (compare the red curve
to the filled areas). Here, the left target has a lower intensity
due to the positioning of the corresponding part of the spec-
trometer in the “shadow zone” of the right target. The elec-
tron temperature was measured in this region as 7. = 240 eV
(a lower-limit estimate) at an electron density n, = 10'® cm™3
using the ratio between the resonance lines Ly, and Heg by the
method described in Khiar et al. (2019), in reasonable agreement
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Fig. 5. Thomson scattering measurements of the plasma density and
temperatures in the region of shock collision. Spectra of Thomson scat-
tering off electron plasma waves (a, ¢) and ion acoustic waves (b, d).
Then, (a) and (b) show the spectra profiles, corresponding to 15 ns,
while (¢) and (d) show the temporal evolution of the scattering spectra
over a time period from 13 ns to 16 ns for the electron plasma and ion
acoustic waves, correspondingly. Black solid lines (in a and b) are for
experimental data profiles, while red solid lines are for theoretical spec-
tra, composed of a superposition of narrow (black dotted lines) com-
ponent relative to the ambient medium, having density 1.5 x 10'8 cm?,
electron temperature 100 eV, ion temperature 200 eV, and broad (black
dashed lines) component relative to the piston plasma, having density
6 x 10'8 cm?, electron temperature 300 eV, ion temperature 100 eV. The
ratio between the magnitudes of the narrow and broad components is
3.5. We note that the deep central dip in the experimental spectra (a,
b) and the white vertical region in the streak-camera images (c, d) is
related to a filter (a black aluminum stripe) which is positioned right
before the entrance of the two streak cameras (recording respectively
the light scattered off the electron and ion waves). This filter is used
to block the very intense and unshifted laser wavelength (the Rayleigh-
scattered light), which otherwise would saturate the cameras. Thus, no
signal is recorded in this zone, which is materialized by the gray dashed
box.

with the TS measurements, knowing that the X-ray diagnostics
is time-integrated. In addition, one can note that the emissivity
drops significantly faster between the target and the middle zone
in the case when the ambient medium is applied, which is most
probably related to a faster recombination rate as well as to a
higher confinement of particles close to the target (Filippov et al.
2021).

The main plasma parameters extracted from the experimen-
tal measurements are summarized in Table 1. These values are
used to initialize our simulations detailed below, which we use
to further investigate the particle acceleration during the shock
collision.

3. Numerical simulations

Our simulation effort is two-fold: the first step was to under-
take MHD simulations of the laser-driven plasma expansion and
interaction with the ambient gas and magnetic field, leading to
the experimentally observed piston. In the second step, we used
the results of the experimental diagnostics as a starting point
for kinetic simulations that allow us to investigate in detail the
microphysics of the shocks colliding and the underlying particle
acceleration mechanisms.
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Fig. 6. TS measurements of the temporal evolution of electron density
(a), electron temperature (b), and ion temperature (c). The narrow and
broad configurations are respectively related to the ambient and piston
plasmas (for more details, see Fig. 5 caption).

3.1. MHD simulations

The experiment was first modeled with the 3D MHD code
FLASH (Fryxell et al. 2000). We model the formation and the
propagation of pistons and shocks generated by the laser inter-
action with two Teflon targets having the same arrangement as
shown in Fig. 2. However, to reduce the computational cost, the
separation between the targets is here limited to 6.5 mm, instead
of 9mm as in the experiment. As in the experiment, the tar-
gets are embedded inside an ambient hydrogen gas-jet within an
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Fig. 7. X-ray emissivity profiles measured by the FSSR spectrometer
in different cases. The curves obtained when both plasmas expand out
of the targets are represented by the dashed black line and the full red
line, respectively for the cases of absence or presence of the ambient
medium. The gray curves with a pattern correspond to a single target
case as a reference. In all cases, the magnetic field is present. All curves
are normalized to the right target emissivity. The emissivity for the left
target is the inverted right one with a multiplier taking into account the
signal reduction due to the location of a part of the spectrometer in the
shadow zone.

Table 1. Parameters extracted from our measurements at ~11 ns, i.e.,
right before the interpenetration of the two shock structures.

Characterized ambient plasma conditions

Upstream elec. number density 1, [cm™] 1.0 x 10'8
Upstream elec. temperature T, [eV] 80
Upstream ion temperature 7; [eV] 20
Downstream elec. temperature 7 [eV] 130
Downstream ion temperature 7; [eV] 200
Shock velocity at meeting point vs [kms™'] ~500

Upstream magnetic field strength B, [T] 20
Calculated parameters

Ion collisional mean-free-path /l;;};d_”) [mm] 33

Flow ion Larmor radius 7z ; ;; [mm] 0.26
Upstream plasma thermal beta B, 0.10
Mach Number M 442
Alfvénic mach number My 1.15
Magnetosonic mach number Mg 1.12

Notes. ﬂf;};d_“) is the collisional mean free path between drifting and

ambient ions.

external magnetic field. The laser intensity, the hydrogen gas-jet
density, and the external magnetic field strength are the same as
in the experiment.

Figure 8 shows the electron density time evolution in the case
with the external magnetic field (20 Tesla), that is, before the
shocks collision at ¢t = 5.8 ns, at collision time ¢ = 7.2ns and
after the collision at ¢ = 7.8 ns, respectively. Due to the reduced
distance between the targets used in the simulation, to scale it
with the experiment, the collision time should be scaled by a
factor 1.4, resulting in a scaled collision time of 10 ns, which is
quite close to the experimentally observed one (~12ns). When
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Fig. 8. Simulation, using the 3D MHD code FLASH, of the volu-
metric electron density plotted at t = 5.8ns (a), t = 7.2ns (b), and
t =7.8ns (c¢), along the laser beam direction, with external magnetic
field B=20T.

the two shocks collide, the electron density increases only of
20%. The pistons expand more slowly due to the increase of the
magnetic pressure behind the shock.

These hydrodynamic simulations performed with FLASH
are capable of describing the overall dynamic of the system, but
they were not able to quantitatively reproduce the temperatures
measured in the experiment (Yao et al. 2021), likely due to the
fact that the kinetic effects associated to our collisionless system
cannot be taken into account. That is why we also performed PIC
simulations, so that we may take them into account.

3.2. Particle-in-cell simulations

The interaction between the two subcritical shocks has been
modeled via the fully kinetic particle-in-cell (PIC) code, SMILEI
(Derouillat et al. 2018), for which we used profiles of the plasma
density, temperature, and magnetic field extracted from the
experimental data as initial conditions (see Table 1).

We simulated such a system in a 1D3V geometry, as the scale
of the shock front interaction with the ambient medium is much
smaller across the shock (a few hundreds of microns) than along
the shock (a few mm). We point out that our PIC simulations are
dedicated to capture only the kinetic effects of the shock collid-
ing process. The laser-target ablation and piston formation are
well-reproduced by the FLASH simulations and the shock for-
mation and transition from supercritical to subcritical is detailed
in our previous papers (Yao et al. 2021, 2022).

In order to understand the effects of the collision of two
shocks, we simulated both a single drifting shock configura-
tion and a double counter-streaming shocks scenario. The ini-
tial configurations are shown in Fig. 9. The box has a length
of L, = 2048d. ~ 11 mm and the spatial resolution is d, =
0.2d. ~ 1.1uym, where d. = c¢/w,. = 5.3um is the electron

inertial length, and wp, = /nog?/(meey) ~ 5.6 x 107 rads™!
is the electron plasma angular frequency. Here, c is the veloc-
ity of light, ny = 1.0 x 10'® cm™3 is the electron (and proton)
number density of the ambient plasma, and m., g, and € are
the electron mass, the elementary charge, and the permittivity
of free space, respectively. We point out that the x-axis we are
talking about here in the case of PIC simulation does not cor-
respond to the one relative to the experimental setup (used in
Fig. 1, 2, 4) and to the FLASH simulations (Fig. 8). In our PIC
simulation, the x-axis is the axis along which the two shocks
propagate. Each cell has 1024 particles plus 1 tracked particle
for each species. Moreover, an external uniform magnetic field
B,y = 20T is set in the z-direction perpendicular to the plasma
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Fig. 9. 1D PIC simulations initialization setups. (a) Single-shock case:
a hydrogen plasma (n; = 21y = 2 x 10" cm™, T,; = 130 eV and
T = 200 eV) drifts through a background hydrogen plasma (n; = ny =
1 x10"® cm™, T,, = 80 eV, and Tj» = 20 eV) with a drifting velocity
of v; = 350kms~! (see Table 2). (b) Double-shock case: a background
plasma (n, = nop = 1 x 10" ecm™, T, = 80 eV, and T, = 20 eV) is
set at rest between two counter-streaming denser plasmas (n; = n3 =
2ny = 2 X 1018 cm’3, Ty =T, = 130eV and Ty = Tz = 200
eV). The drifting velocity v; = 350km s~ imposed to the protons in
both configurations leads to a shock velocity of v, ~ 640kms™'. The
simulation is initialized ~11 ns after the lasers start ablating the targets,
with a distance of 1.8 mm in between the two shock fronts, while the
box has a total length L, = 11 mm.

velocity (we./wpe = 0.06, where we, = q.Bo;/m,). The simu-
lation lasts for 1.5 x 105w;; ~ 2.5ns, with an initial time that
corresponds to ~11ns in the experiment, i.e., ~1 ns before the
shocks collide. In short, the simulation covers time between 11
and 13.5ns of the experiment. These times will be used below
for better comparison with the experiment.

We initialized the system with different portions of plasma, all
composed of protons and electrons with m, /m. = 1836. For a sin-
gle subcritical shock, we set, from O to L,/2 (Region 1 in Fig. 9a),
a hydrogen plasma drifting towards positive x at a velocity of
vy = vy = 350kms™! and density 7, = 2np = 2 x 108 cm™3,
while between L,/2 and L, (Region 2) we put abackground hydro-
gen plasma with density n, = ng at rest. In the case of double
shock, we set two counter-streaming hydrogen plasmas with den-
sities n = 2np moving in the x-direction at velocities vy and —v,
between 0 and 5 L,/12 (Region 1 in Fig. 9) and between 7 L,/12
and L, (Region 3), respectively. Moreover, a background hydro-
gen plasma with density n, was set at rest in between (Region 2).
As for the temperature, we used the results of the TS diagnostic in
the experiment for both simulations, namely, T,; = T.3 = 130eV
and T;; = T3 = 200 eV for the drifting plasmas, and 7,, = 80 eV
and Tj;; = 20 eV for the background plasma. The list of parame-
ters used to initialize our simulations is summarized in Table 2.

Figure 10 shows the spatial profiles of ion density, magnetic
field B;, and electric fields E and E|, for both single shock and
double shock simulations. We point out that the profiles relative
to the single shock are shifted by Ax = —L,/12 in order to sim-
plify the comparison.

In Fig. 10a at 1 ns (=12 ns for the experiment), we clearly see
that the shock formation and propagation happens in the same
way for both the single shock case and the double shock case, as
the profiles relative to the single shock overlap the ones of the
right-drifting shock in the double shock case. In other words, the
presence of the left-drifting shock has no effect on the evolution
of the right-drifting one yet and vice versa. In the downstream
regions, we note the spontaneous formation of fast magnetosonic
waves propagating away from the shock fronts (Moreno et al.
2019). We point out that in the double-shock case, the electric
field components E, and E, of the right-drifting shock and the
left-drifting one are going in opposite directions: the shock com-

Table 2. List of parameters we used to initialize our PIC simulations.

PIC initialization parameters Regions

1 and 3 2
vy [kms™!] 350 0
vy [kms™!] 640 0
B [T] 20 20
T. [eV] 130 80
T; [eV] 200 20
n; [10'8 cm™3] 2 1
va [kms™!] 308 436
¢s [kms™!] 144 102
Cms [kms™!] 340 448
rLi [mm] 026  0.39
A4 [mm] 33
M 1.43

Notes. Regions 1 and 3 correspond to the drifting hydrogen plasmas,
while region 2 is relative to the background hydrogen plasma at rest.
/l;/i.;d’“) is the mean free path relative to the collisions between drift-
ing and ambient ions, while M, is the magnetosonic Mach number of
the shock wave moving at speed v, = 640km s~ in the ambient plasma
characterized by a magnetosonic speed ¢, = 448kms~'. We point out
that the values relative to regions 1 and 3 refer only to the initial situa-
tion, before the shocks completely form, hence, they are not to be con-
fused with the parameters of the downstream region at a certain time.

ing from the left is characterized by oscillations starting with
a positive peak of E, at the shock front and by a downstream
region with E, > 0, while the shock coming from the right has
oscillations starting with a peak E, < 0 at the shock front and a
field E, < 0 in the downstream region.

In Fig. 10b, we can see that at 1.5 ns (=12.5ns for the
experiment), the interaction of the two shocks has begun: the
ion density and magnetic field start overlapping, and, at longer
times not shown here, they keep piling up, reaching values of
ni ~5x108cm™ =5npand B, ~ 50 T = 2.5B, at ~2.2 ns
(=13.2ns in the experiment). The x-component of the electric
field E, fluctuates around O and has peaks of ~100 MV m™!
associated with the shocks. After the interpenetration of the two
shocks, E, reaches values of ~ 250MV m~!. The only contri-
butions to the y-component E, is the inductive electric field
E, = —(v x B), = v,B; (Ilieetal. 2017) and it, too, has a
fluctuating profile, centered on O in the upstream regions and
on ~ +8 MV m™! in the downstream ones. Between these two
zones, Ey passes gradually from 8MV m™' (or -8 MV m™) to 0,
as the plasma velocity distribution decreases (increases) and the
magnetic field increases (decreases), even after the two shocks
have met.

By tracking a set of representative protons, we were able to
understand the energization mechanism undergone by the most
energetic ones, namely, the ones reaching a kinetic energy of
Er > 10keV. In Figs. 11a and b, we show the motion in the
v, —Vy space of protons from the drifting and the ambient plasma,
respectively. For clarity, we plotted, for each plasma, only one
particle for each case, but we checked that these trajectories are
well representative of all other tracked particles coming from
the same populations. We observe that the protons of the drifting
plasma, having initially a bulk velocity v, = 350kms~!, rotate in
the v, —v, space, without showing any special difference between
the single and double shock cases.
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Fig. 10. Profiles of ion density, magnetic field B,, and electric fields
E, and E, at times 1 ns (a) and 1.5 ns (D) after the beginning of the
simulation. At 1 ns (=12 ns for the experiment), the two fast shocks
propagate without perturbing each other, as their profiles correspond to
the one of the single shock case. At 1.5 ns (=12.5 ns for the experi-
ment), the interaction between the two shocks makes the ion density
and the magnetic field B, increase and pile up in the middle; the electric
field E, presents several spikes also due to the interaction between the
downstream fast magnetosonic waves; the inductive E, does not dras-
tically change structure or magnitude, but it presents opposite signs in
the downstream regions depending on the propagation direction of the
shock. We point out that the profiles relative to the single shock are
shifted of Ax = —L, /12 in order to simplify the comparison.

The situation is definitely different for the protons of the
ambient plasma: after starting at rest, the protons are accelerated
by the shocks up to kinetic energies which, in the double shock
case, are around 1.5 times higher than the single shock case. This
difference is well presented by the proton spectra at the final sim-
ulation time shown in Fig. 11c and, zoomed, in Fig. 11d, where
to higher energies are associated higher distribution values in the
double-shock case.

By comparing the cases with one and two subcritical shocks,
we could understand the reason of the higher energization in
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Fig. 11. Comparison of the trajectories in the v, — vy space of two typi-
cal energetic tracked drifting (a) and ambient (b) protons, for the double
shock case in red and for the single shock case in blue. (We note that
their initial velocities might be different from the species bulk speed
(v, = 350 kms™!), since the protons are initiated with an initial temper-
ature.) (c¢) Final energy spectra of the ions for the two configurations
and (d) zoom on the range from 10 to 30 keV.

the double shock case by analyzing the dynamics of such ener-
getic tracked particles. Let us start considering the protons of the
ambient plasma whose dynamics is reported in Fig. 11b. For the
proton from the single shock case, we analyzed its motion in the
in x — t space over a map of E, and a map of E, (Figs. 12al
and b1, respectively), and in the v, — v, space (Fig. 12c1), where
the color of the proton trajectory follows a scale based on its
kinetic energy K. Moreover, we compared the temporal evolu-
tion of the proton kinetic energy and the work done by E, and
E, on it as shown in Fig. 12d1. On these four graphs (al-d1), we
distinguish the presence of three phases corresponding to differ-
ent regimes experienced by the proton.

In phase I, the proton is accelerated by the electrostatic field
E, associated with the shock front, it gains a velocity v, > 0
and starts rotating in the upstream plasma. While gyrating clock-
wise due to the applied magnetic field B,, its velocity in the
x-direction v, decreases and the proton meets again the shock
front. After crossing it, in phase II, the proton is in the down-
stream region characterized by E, > 0. Since it has a v, < 0,
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Fig. 12. Comparison of the trajectories of two typical energetic pro-
tons of the ambient plasma in the single- and double-shock cases
in the left column (1) and right column (2), respectively. In their
evolution between 0 and 2.5 ns we can distinguish different phases
(I, II, II*a, II*b, III), that are detailed in the main text. In (al—
a2) and (b1-b2), the maps of the E, and of the E, fields in the
x — t space, together with the trajectories of the chosen protons, are
shown, respectively. Note the different scales for the electric fields E,
and E, color maps. In (c1-c2), the proton trajectories in the v, — v,
space and the temporal points delimiting the different phases, are plot-
ted. The color of the proton trajectories in (al-a2), (b1-b2), and
(c1-c2) follows the evolution of their kinetic energy K on a color scale
from 0 to 20keV. In (d1-d2), are shown the temporal evolution of the
kinetic energies of the two tracked protons (full green line), the work
done by E, (dashed red line) and by E, (dashed blue line).

the positive E, does a negative work on the proton and lowers
its kinetic energy, as can be seen in Fig. 12d1. In phase III, the
particle has again a velocity v, > 0, hence the positive E, > 0
does a positive work on the proton and keeps energizing it.

We conducted a parallel analysis on the proton from the
ambient plasma in the double shock case and plotted the results
on the right column of Fig. 12: (a2) and (b2) show its motion in
the x —t space over amap of E, and E, respectively; (c2) shows
its trajectory in the v, — v, space; (d2) shows the temporal evo-
lution of the particle kinetic energy and the work made on it by
E, and E,. The color of the proton trajectory in Figs. 12a2—c2

follows the same kinetic energy scale used for the single shock
case.

We can now distinguish four different regimes for the tracked
proton. In phase I, similarly to what happens in the single shock
case, the proton is accelerated by the right shock front and rotates
in the upstream region. Phase II*a and II*b are due to the pres-
ence of the second shock (coming from the right side) and hence
are different to phase II in the single shock scenario. Specifically,
in phase IT*a, the proton interacts with the shock front coming
from the left, whose E, oscillates but does a net positive work
on the proton, increasing its energy. In phase II*b, the proton
encounters the shock coming from the right and finds itself in
the region downstream of both shocks, which is characterized
by a low E, (due to the colliding of the two shocks) and by an
oscillating E, (due to the interaction of the two magnetosonic
waves), that do not change its energy in a net way. Phase III in
the double shock case is similar to the one for the single shock:
the proton is in the downstream zone of the shock coming from
the right and has a velocity v, < 0, hence the negative E, < 0
makes a positive work and keeps energizing it.

Other energetic protons show a similar behavior: in general,
the higher energization in the double shock case is mostly due to
the fact that while it is gyrating because of the magnetic field, the
proton can find areas with E, directed accordingly to its velocity
vy, or zones downstream (of both shocks) with low E, that does
not decelerate it either. These two contributions have the effect
of accelerating some of the ambient ions to higher energies in
the case of two counter-propagating shocks than in the presence
of only one.

Among the tracked background ambient protons, we can
compare how many reach, for instance, at least 10keV in the
cases of single and double shock. In the presence of a single
shock only 1 proton out of 5120 (0.02%) reaches 10keV or
higher energies, while with the second shock we have 20 out
of 1706 (=1.17%); hence, a much higher percentage becomes
accelerated to higher energies. We note that the inequality of
number of tracked protons in the two cases comes from the dif-
ference of ambient plasma size.

We point out that we are not able to compare the experi-
mental proton spectrum with the simulated one: during the first
3—4 ns of evolution, the shocks are supercritical and the indi-
vidual interaction of both of them with the background plasma
already leads to some high particle energization, as shown in our
previous work (Yao et al. 2021, 2022). As the shocks propagate,
their velocity drops, leading to an interaction between two sub-
critical shocks. This interpenetration is indeed the only part that
we are simulating here, hence, the resulting spectrum cannot take
into account the protons previously accelerated by the super-
critical shocks. The protons accelerated by supercritical shocks
reach much higher energies, hence in the final spectrum obtained
experimentally they “cover” the portion of protons accelerated
to lower energies by the interaction between the two subcritical
shocks. We also considered, as detailed in the appendix, the limit
of validity of the 1D framework used here.

4. Astrophysical relevance

Although the vast majority of collisionless shocks in astro-
physics are supercritical, the results of our experiment can be
relevant for some phenomena observed in both interplanetary
and astrophysical plasmas and involving subcritical shocks. In
fact, observations of subcritical shocks are sparse and most of
them are restricted to the interplanetary space, where collid-
ing shocks can also be observed (e.g., Colburn & Sonett 1966).
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Table 3. Dimensionless quantities relative to our laser-driven shock and
the interstellar medium shock characterized by Voyager in Burlaga et al.
(2013), as a weak subcritical resistive laminar shock.

Parameters Our shocks Shocks as in (1)
Bps/Bus 1.5 1.4
Bther,US 0.1 0.23

(va/ cs)%JS 4.6 5

eBn 90 85

My 1.12P) 1 43(im) ~1.9

Notes. DS and US refer to the downstream and upstream zones,
respectively.
References. (1) Burlaga et al. (2013).

Examples are the interplanetary forward shocks convected with
the solar wind that are expected to propagate with the wind
mostly outward into the outer heliosphere, so that they can have a
sufficiently low Mach number to be subcritical. Furthermore,
subcritical shocks are expected in cometary environments, where
the collision between the solar wind and the atmosphere of the
comet can reduce the upstream flow velocity, resulting in low
Mach number cometary bow shocks. CMEs can also produce
subcritical shocks. The observations show that CMEs resulting
from x-ray flares of the solar corona associated with type-II radio
bursts (so-called radio-loud CMESs) are, in general, very fast and
extended and, initially, they produce supercritical shocks that
become subcritical at later times (e.g., Bemporad & Mancuso
2011, 2013); CMEs resulting from flares not producing a type-II
burst (radio-quiet CMEs) produce subcritical shocks at all times
(e.g., Bemporad & Mancuso 2011, 2013). All these subcritical
shocks are present in the interplanetary space and can interact
with each other or with planetary bow shocks, thus contribut-
ing to the acceleration of particles (electrons, protons, ions) up
to near-relativistic energies. These shock-shock interactions are
reproduced by our experiment, showing that ambient ions can
be energized around 1.5 times more than in single shocks and
that the particles are accelerated in different ways, depending on
the areas of the shock-shock interaction region where the parti-
cles are located. The implication is that the population of high-
energy particles in the interplanetary space may depend on the
rate of occurrence of shock-shock interactions.

Thanks to the Voyager 1 and 2 missions, as of 2012 it has
been possible to probe the density of the very local interstellar
medium with accurate in situ measurements. This has allowed
for the presence of several shock waves in the interstellar plasma
to be revealed, which are most likely interplanetary shocks orig-
inating from energetic solar events (e.g., CMEs) that traveled
outward through the supersonic solar wind and, after collid-
ing with the heliospheric termination shock, crossed through
the heliopause into the interstellar medium (Burlaga et al.
2013; Gurnett et al. 2013; Liu et al. 2014). Burlaga et al. (2013)
reported the first in situ measurement of a shock in interstel-
lar plasma, whose characteristics are summarized and compared
to the ones relative to our shocks in Table 3. Then, evidence
of multiple shocks was reported in 2015 data collected with
Voyager 1 (Ocker et al. 2021). According to the Voyager mea-
surements these shocks are, in general, weak low beta and sub-
critical shocks (Mellott & Greenstadt 1984; Burlaga et al. 2013;
Mostafavi & Zank 2018). Thus, we can argue that the results of
our experiment may be applicable to the interactions between
these subcritical shocks which populate the very local interstel-
lar medium. Interestingly, these shocks of solar origin are char-
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acterized by a precursor consisting of various disturbances in the
intensity and anisotropy of galactic cosmic rays (Gurnett et al.
2015). Voyager missions revealed that these disturbances are
typically preceded by bursts of high-energy (=5-100 MeV)
electrons, most likely due to the reflection and acceleration of
cosmic-ray electrons by magnetic field jumps at the shock or due
to interactions (or both) with upstream plasma waves or shocks
(Gurnett et al. 2021). Our experiment shows that the interaction
between these subcritical shocks has a direct effect on the way
particles are accelerated by the shocks and on the maximum
energization of particles.

Possible shock-shock interactions as those discussed above
can also be present (and play a significant role in the accel-
eration of particles) in the environments around exoplanets.
In addition to cases analogous to those we observe in our
solar system, the cases of hot-Jupiters (gas giant exoplanets
that should be similar to Jupiter but are in close proximity to
their stars) are of particular interest, given the strong interac-
tion with their host stars via the stellar wind, the magnetic field
and the irradiation. Depending on the parameters of the star-
planet system (distance between the two objects, masses of the
star and the planet, wind velocity, stellar irradiation, etc.) com-
plex flow structures can form from the colliding planetary and
stellar winds, as bow shocks, cometary-type tails, and inspi-
raling accretion streams (e.g., Matsakos et al. 2015). In par-
ticular, the speed of the planetary wind is, in general, only
marginally supersonic, so that the Mach number is low (e.g.,
Tremblin & Chiang 2013). Also the cometary-type tails around
the exoplanets are advected by the stellar winds (so that possible
shocks can have low Mach numbers to be subcritical) and can be
highly perturbed (producing a highly variable complex pattern of
shocks), depending on the parameters of the star-planet system.
Under these conditions, interactions between subcritical shocks
may develop and can be analogous to those produced in our
experiment.

The results of our experiment may also be relevant to shed
light on the origin of the so-called suprathermal halo which char-
acterizes the velocity distribution of electrons in the solar wind
(e.g., Pierrard et al. 2011). In fact, observational evidence sug-
gests that this electron velocity distribution consists of two com-
ponents: a dominant low-energy core of thermal (Maxwellian)
origin and a high-energy non-thermal tail. The latter com-
ponent corresponds to a suprathermal halo which is nearly
isotropic in the velocity space and can be described by power-
law kappa-like distribution functions (Pierrard et al. 2001, 2016;
Stverék et al. 2009; Maksimovic et al. 2005; Kajdi¢ et al. 2016;
Berci¢ et al. 2019) and a strahl component which appears as
a magnetic-field-aligned beam streaming away from the Sun
and which is more prominent during solar energetic events
(e.g., in the fast component of the solar wind or during CMEs;
Pilipp et al. 1987; Anderson et al. 2012). The origin of the high-
energy non-thermal tails is widely debated in the literature (e.g.,
Seough et al. 2015; Boldyrev & Horaites 2019; Horaites et al.
2019). In particular, as it concerns the halo, some authors have
suggested that it may originate from the solar corona in the form
of high-energy electrons that escape from the Sun with veloc-
ities much higher than those of the electrons that populate the
core. The nearly isotropic distribution in the velocity space may
be due to a combination of Coulomb collisions and magnetic de-
focusing (e.g., Boldyrev & Horaites 2019). An alternative mech-
anism that was suggested considers the halo generated from the
strahl electrons through strong angular scattering due to local
interaction with ambient plasma turbulence (e.g., Stverak et al.
2009; Boldyrev & Horaites 2019). Our work shows that a
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single event of shock-shock collision can lead to enhanced heat-
ing and particle acceleration. An implication could be that such
an event — and even more so a multiplicity of such events (the
interplanetary space is expected to be populated by a multitude
of shocklets) — could contribute to a turbulent high-energy spec-
trum of electrons, as observed in the solar wind, thus putting
forth a possible explanation for the origin of the halo electrons.
More in general, similar effects can be expected in turbulent stel-
lar winds, in supernova remnants in the radiative phase, or in
environments in which turbulence is a prominent component. In
order to challenge this scenario, however, it is necessary to study
the electron energy distribution resulting from a multiplicity of
events similar to that investigated here. This would be feasi-
ble using advanced laser facilities, such as NIF (Moses & Meier
2008) or LMJ (Casner et al. 2015), which offer many individ-
ual laser beams. We consider this a promising scenario to inves-
tigate in a future work. Complementarily, we will also better
characterize turbulence in shock-shock encounters using large-
scale 2D PIC simulations, where both longitudinal and trans-
verse kinetic instability (e.g., Bunemann instability and Weibel
instability) can be induced, which may lead to the generation of
turbulence (Yao et al. 2018).

5. Conclusions

In our experimental campaign presented in this paper, we inves-
tigated the interpenetration of two laser-driven collisionless sub-
critical shocks, relevant for astrophysical phenomena such as the
interplanetary medium and the local interstellar medium. The
data obtained from their characterization has been used to feed
MHD and PIC simulations, respectively, run with the FLASH
and the SMILEI codes. While the MHD simulations were used
to describe the collisional part of the problem, that is, the piston,
and the overall evolution of the system; PIC simulations have
provided insights into the microphysics at play in such a sce-
nario. We compared the cases of single and double shocks and
observed an acceleration of the background ions which was up to
1.5 times higher in the case of double shocks. Such acceleration
is initially due to the electrostatic field E, associated with the
shock front (injection), followed by a contribution mostly due to
the “surfing” effect on the inductive electric field (£, ~ v,B;).
The presence of a second shock benefits this second mechanism
as it allows for the existence of zones with E, directed as the
proton vy, and thus enhance their acceleration. Unfortunately,
we could not measure such a spectrum during our experimen-
tal campaign, as the previously formed supercritical shocks pro-
duced higher energy protons whose spectrum covered the one of
the particles accelerated by the further stage of double subcritical
shock interaction.

In spite of the fact that most astrophysical collisionless
shocks are supercritical, these results can shed light on the less
frequently investigated subcritical shocks which are still relevant
in various space phenomena. In particular, we have shown that
the interaction of two subcritical shocks could lead to a higher
energization of the background protons. This is relevant informa-
tion when determining the distribution of high-energy particles
that populate the interplanetary space and the very local inter-
stellar medium surrounding the heliopause where colliding sub-
critical shocks are present. Moreover, high-power laser-plasma
experiments have been demonstrated to be an essential tool that
facilitates a laboratory recreation of scaled astrophysical phe-
nomena, whose characterization is crucial for initializing the rel-
ative numerical simulations.
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Appendix A: Limits of validity of the 1D simulations

] / 3
JAy = R5R+Z(5R2

OR:6R

Fig. A.1. Estimation of the maximum distance that a particle can travel
in the y-direction before escaping the shock, considering the hemispher-
ical geometry of the shock front. If we consider a radius R ~ 2.5 mm
and a shock thickness 6R ~ 0.2 mm, we have Ay ~ 0.73 mm.

In our 1D particle-in-cell (PIC) simulations we have not
taken the multidimensional effects into consideration, for
instance, the shock front non-stationarity (Burgess & Scholer
2007), which might affect the proton dynamics due to the

rippling along the shock front (Yang et al. 2012). However, we
verified in our previous work that the proton acceleration mech-
anism in the single shock case is not affected by the non-
stationarity in the early few ns (Yao et al. 2022).

Moreover, the 1D geometry approximation has the limit of
not considering the hemispherical profile of the shock. This can
become a problem if the particles have gone too far in the y-
direction and exit the shock. To quantify the maximum length
that the protons can travel, we consider the radius and the thick-
ness of the shock right before the collision: from the exper-
imental characterization obtained via interferometry, we esti-
mate a shock front radius R ~ 2.5 mm and a shock thickness
OR ~ 0.2 mm.

As shown in Fig. A.1, we approximate the maximum length
Ay for which the particle can still be considered inside the shock
as the distance that a particle moving only along the y-axis would
travel between the middle of the shock and the external edge of

it. This length would result in Ay = \/ROR + 26R? ~ 0.73 mm.

This leads to an imposition of such a limit on the back-
ground protons that have been accelerated by the double shock.
Among the 20 protons with energies of 10 keV and higher, only 8
(= 40%) manage to remain confined in the shock all the time.
This means that out of the total 1706 tracked ambient protons,
only 8 (= 0.47%) reach at least 10 keV while remaining con-
fined in the shock. Hence, even considering this limitation, the
percentage of protons that are energized to 10 keV and more is
considerably higher in the presence of a double shock structure
than with a single one (1 out of 5120, i.e., = 0.02%).
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