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Detailed characterization of laboratory magnetized super-critical
collisionless shock and of the associated proton energization
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Collisionless shocks are ubiquitous in the Universe and are held responsible for the production of non-thermal
particles and high-energy radiation. In the absence of particle collisions in the system, theoretical works show
that the interaction of an expanding plasma with a pre-existing electromagnetic structure (as in our case) is
able to induce energy dissipation and allow for shock formation. Shock formation can alternatively take place
when two plasmas interact, through microscopic instabilities inducing electromagnetic fields which are able in
turn to mediate energy dissipation and shock formation. Using our platform where we couple a fast expanding
plasma induced by high-power lasers (JLF/Titan at LLNL and LULI2000) with high-strength magnetic fields,
we have investigated the generation of magnetized collisionless shock and the associated particle energization.
We have characterized the shock to be collisionless and super-critical. We report here on measurements
of the plasma density, temperature, the electromagnetic field structures, and particle energization in the
experiments, under various conditions of ambient plasma and B-field. We have also modelled the formation
of the shocks using macroscopic hydrodynamic simulations and the associated particle acceleration using
kinetic particle-in-cell simulations. As a companion paper of Yao et al. ', here we show additional results
of the experiments and simulations, providing more information to reproduce them and demonstrating the
robustness of our interpreted proton energization mechanism to be shock surfing acceleration.

and, at larger distances, with the ISM". In that case,
the source of collisionless dissipation is the pre-existing

The acceleration of energetic charged particles by col-
lisionless magnetized shock is a ubiquitous phenomenon
in astrophysical environments, among which the most
energetic particles are the ultra-high-energy cosmic
rays (UHECRs) accelerated in the interstellar medium
(ISM)*°. In this case, the source of collisionless dissi-
pation is self-generated electromagnetic fields, resulting
from kinetic instabilities such as the Weibel one. Besides,
particles are also accelerated in our solar system due to
collisionless magnetized shocks developed by the interac-
tion of the solar wind with planetary magnetospheres™
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global electromagnetic structure. This will be the case for
the experiment detailed here, where we apply a global
strong magnetic field onto a laser-ablated fast plasma.
Since these shocks usually have their Magnetosonic Mach
number M5 = Vsp/Vms 2 2.7 (where vy, is the shock ve-

locity, vms = 1/C2 + v is the Magnetosonic velocity, C
and va are the ion sound velocity and Alfvénic velocity,
respectively), they belong to the so-called super-critical
regime”, which means the shock is not maintained by
classical dissipation means alone. In order to help main-
tain a shock, the additional channel to expel energy is
achieved by reflecting particles back upstream”.

A variety of acceleration mechanisms have been evoked
as a way to transfer the energy from the shock waves to
the particles, including shock surfing acceleration (SSA),
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shock drift acceleration (SDA), and diffusive shock accel-
eration (DSA). DSA requires high initial energy before
further acceleration ", thus raising the so-called “injec-
tion problem”''; while SSA and SDA are believed to be
responsible for generating the pre-accelerated seed parti-
cles, i.e. for the initial accelerating process from thermal
energies. Although it is still under debate whether SSA
or SDA dominates the pre-acceleration process in various
collisionless shock environments , we can distinguish
them by the following two aspects: On the one hand,
in SSA, charged particles first get reflected at the shock
front (due to the cross-shock potential electric field), then
they surf along the shock front against the convective
electric field (E = —v x B), and thus they gain energy.
While in SDA, charged particles drift (due to the mag-
netic field gradient at the shock front) along the convec-
tive electric field and then gain energy °. On the other
hand, SSA requires a thin shock width, compared to the
Larmor radius of the charged particles, while SDA needs
the opposite (so that the charged particles can gyrate
and drift within the shock layer)

However, because of the immense spatial scales in-
volved with collisionless phenomenon (e.g. the mean-
free-path is A, fp ~ 1 AU in the Solar system), only a
very small sampling of the shock formation and dissipa-
tion mechanisms can be realized. As a result, we still
do not have a full understanding of the formation and
evolution of collisionless shocks, and the question of the
effectiveness and relative importance of SDA and SSA is
still largely debated in the literature''. To further our
understanding, laboratory experiments (and their simu-
lations) have been proven to be an effective tool, provid-
ing highly-resolved, reproducible and controllable multi-
dimensional datasets that can complement astrophysical
observations *'’. Below, we will now briefly review the
investigation of collisionless shocks via laboratory exper-
iments.

The route that has been up to now most explored in
the laboratory is to produce a shock (mediated by the
Weibel filamentation instability) by colliding two abla-
tive, unmagnetized flows driven by high-energy nanosec-
ond lasers. This setup has yielded promising results at
the Omega Laser Facility and the National Ignition
Facility (NIF)*"~", as well as at many other laser facilities
all over the world Recently, experiments on colli-
sionless shocks in plasma flows in which there was signif-
icant self-generated magnetic field showed, for the first
time, the formation of magnetized collisionless shock,
with the generation of Weibel instability and observa-
tion of electron acceleration in the turbulent structure
Most recently, the dynamics of the ion Weibel instability
has been characterized by local, quantitative measure-
ments of ion current filamentation and magnetic field am-
plification in interpenetrating plasmas via optical Thom-
son scattering (TS)”’. What’s more, the generation of
sub-relativistic shocks, together with relativistic electron
acceleration, has been demonstrated to be within the
reach of larger-scale, NIF-class laser systems

Another setup relies on a plasma expanding into a pre-
formed ambient magnetized secondary plasma. Thanks
to the magnetisation, the target ions create a collisionless
magnetic piston that accelerates the ambient plasma to
super-Alfvénic velocity, thus creating a high-Mach num-
ber shock with velocity of the order of 1000 km/s
Recently, Schaeffer et al. have been able to make signifi-
cant progress in characterizing the formation of collision-
less shocks in terms of ion and electron density and tem-
perature, as well as electric and magnetic field strengths
as a function of time at OMEGA

Besides, at the LULI laser facility at Ecole Polytech-
nique (France), collisionless shock waves and ion-acoustic
solitons have been investigated by proton radiography
Moreover, significant electron pre-heating via lower-
hybrid waves was also achieved in laboratory laser-
produced shock experiments with strong magnetic field,
providing a potential mechanism for the famous “injec-
tion” problem”’. Additionally, at the VULCAN laser fa-
cility at the Rutherford Appleton Laboratory, the tem-
porally and spatially resolved detection of the forming of
a collisionless shock was achieved

In contrast to the above schemes, novel setups have
been used with ultra-high-intensity lasers. For example,
at the XingGuang III laser facility at the Laser Fusion
Research Center in China, using a short (2 ps) intense
(107 W/cm?) laser pulse, an electrostatic (ES) colli-
sionless shock, together with the filaments induced by
ion-ion acoustic instability, could be observed via proton
radiography

In our experimental campaigns at JLF/Titan and
LULI2000", we investigated shock formation combining
laser-produced plasmas, a background medium and a
strong ambient magnetic field (as detailed below). We
chose to have an expanding plasma to drive a shock into
an ambient gas in the presence of a strong external mag-
netic field. Contrary to Schaeffer et al.°”, in our setup,
the expanding plasma and the magnetic field were decou-
pled as the higher Z piston evacuates the magnetic field
and was thus unmagnetized. This also allowed us to si-
multaneously have a highly magnetized ambient plasma
(with homogeneous and steady magnetic field) and a
high-$ piston (as can be seen in Table I, the plasma ther-
mal (3 of the piston is f = Pinermai/Pmag ~ 14.0). More-
over, since our magnetic field strength was more than
two times higher””’, reaching 20 T comparing to the 8
T in Schaeffer et al.””, we were able to decouple more
strongly the electrons from the ions™, and the shock was
able to fully separate from the piston, which is crucial for
its characterization™”. As a result, we have been able to
characterize the plasma density, temperature, as well as
the E-field developed at the shock front, and more im-
portantly, observe strong non-thermal accelerated proton
populations for the first time.

In this paper, we will first show that laboratory ex-
periments can be performed to generate and characterize
globally mildly super-critical, quasi-perpendicular mag-
netized collisionless shocks in Section II, and detail their



characteristics. Then, we will detail in Section III three-
dimensional (3D) magneto-hydrodynamic (MHD) sim-
ulations reproducing the laser-driven piston generation
and the following shock formation process. In Section IV,
with the parameters characterized in the experiment, we
will report the results of kinetic particle-in-cell (PIC) sim-
ulations, which pinpoint that shock surfing acceleration
(SSA) can be effective in energizing protons from the
background plasma to hundred keV-level energies.

1. EXPERIMENTAL SETUP AND RESULTS
A. Experimental setup

The experiments were performed at the JLF/Titan
(LLNL, USA) and LULI2000 (France) laser facilities with
similar laser conditions but using complementary diag-
nostics, which was mostly linked with the availability of
different auxiliary laser beams at each facility.

In the experiment at JLF/Titan, as is shown in Fig. 1
(a—c), the collisionless shock was generated by sending a
plasma, generated by having a high-power laser (1 um
wavelength, 1 ns duration, 70 J energy, and 1.6 x 10'3
W /em? on-target intensity) irradiating a solid target
(Teflon, CF3), into a low-density (10'® cm™3) Hy am-
bient gas pulsed from a nozzle prior to the shot, and in
the presence of a 20 T magnetic field that is homogeneous
and steady-state at the time scale of the experiment. As
shown in Fig. 1 (b) and (c), the magnetic field created
by a Helmholtz coil system™”*? was oriented along the y-
or z-axis.

In the following experimental campaign at LULI2000,
we set up a similar system, shown in Fig. 1 (d). The laser
parameters, the ambient Hy pressure, and the magnetic
field strength were the same as in our previous exper-
iment on Titan and detailed above. In this case, due
to geometrical constraints, the CFy target was tilted by
60° around the z-axis and by 45° around the y-axis, in
order to allow the main laser to reach it, as well as to
leave access to the Thomson scattering probe beam and
collection path.

B. Density characterization through optical interferometry

Using an interferometry setup*, the plasma electron
density is recorded by optically probing the plasma (with
amlJ, 1 ps auxiliary laser pulse). In Fig. 2, we present the
overall electron density recorded in three different cases.

For the case with both ambient gas and B-field shown
in Fig. 2 (a) and (b), the laser irradiation induced the
expansion of a hot plasma (the piston) that propagates
along the x-axis and the collisionless shock is formed as
a consequence of the plasma piston propagating in the
magnetized ambient gas’’. We can clearly see both the
piston front and the shock front (indicated by the orange
and green arrows, respectively), and indeed they are well
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FIG. 1. Experimental setup and diagnostics used to
characterize a magnetized shock. Proton radiography
and interferometry diagnostics have been used alternatively
along the axis perpendicular to the laser and to the plasma
flow (i.e. the z-axis). (a) Proton radiography setup. (b-c) In
the case of interferometry, we could rotate the coil in order to
have two different magnetic field orientations with respect to
the field of view of the probe beam. (d) Setup of the Thomson
scattering (TS) diagnostic fielded at LULI2000.

detached from each other, enabling us to characterize
them separately.

A lineout of the plasma density is shown in Fig. 2 (f),
where the piston and shock fronts are also well identi-
fied by the abrupt density changes. The piston front is
steepened by the compression of the magnetic field (see
also below). Besides, we can clearly see a “foot” structure
ahead of the shock front in the upstream (US) region for
the cases with both ambient gas and B-field, indicating
the formation of the magnetized shock"’.

In contrast, for the case with only B-field but without
ambient gas'” shown in Fig. 2 (c) and (d), due to the lack
of ambient gas, no collisionless shock is formed ahead
of the piston. For the case with only ambient gas but
without B-field in Fig. 2 (e), no shock is formed as well
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FIG. 2. Integrated plasma electron density, as mea-
sured by optical probing at 4 ns after the laser irra-
diation of the target, in three different cases. (a) and
(b) Cases with both ambient gas and B-field in the xy- and
xz-plane, respectively. (c) and (d) Cases with only B-field
but without ambient gas*”*® in the xy- and xz-plane, respec-
tively. (e) Cases with only ambient gas but without B-field in
the xy-plane (the xz-plane will be the same). Each image cor-
responds to a different laser shot, while the color scale shown
at the top applies to all images. The sharp edges on the top
and bottom of (b) and (d) are regions blocked by the coil
assembly. (f) The lineouts along the thin dark lines shown
in each image. The laser comes from the right side and the
piston source target is located at the left (at z = 0). Yellow
arrows indicate the piston front, while green arrows indicate
the shock front.

in the ambient gas. From the corresponding lineout in
(f), it is clear that only a smooth plasma expansion into
the ambient (the green dashed line) can then be seen.

C. Piston compression characterization through X-ray
spectroscopy

To further characterize the piston, the x-ray ion emis-
sion of Fluorine compressed within the expanding piston
was measured by a Focusing Spectrometer with high Spa-
tial Resolution (FSSR)*" at both laser facilities. It was
based on a spherically-bent mica (2d = 19.9376 A) crys-
tal with a curvature radius of R = 150 mm. Spatial

——Bz+H2
—— By+H2

resolution of 100 pum per pixel was achieved along the
plasma expansion. Image Plates (Fujifilm TR BAS) were
used as fluorescent detectors. The implemented scheme
resulted in 13-16 A spectral range with a high resolu-
tion (A/dA is higher than 1000). It covers spectral lines
of Fluorine: resonance H-like (2p—1s transition) and He-
like (3p—1s, 4p—1s, 5p—1s etc.) transitions as well as di-
electronic satellites to Ly,. The diagnostic allowed us
to measure electron density and temperature profiles of
the piston expansion using a quasi-stationary approach*’.
The method is based on analysing the relative intensities
of spectral lines of the same charge state and also takes
into account the recombining plasma with a “frozen” ion
charge.
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FIG. 3. FSSR evaluation of (a) electron density and
(b) electron temperature of the laser-produced piston
in three different configurations (see legend) along
the expansion axis. The measurements are based on the
analysis’’ of the relative intensities of the x-ray emission lines
of He-like and H-like (see text) Fluorine ions in the expand-
ing plasma in the range of 13-16 A. The quasi-stationary’’
approach was applied for He-like series of spectral lines as-
suming a "frozen" ion charge state. The 0 point corresponds
to the target surface. A spatial resolution of about 100 pm
was achieved. The signal is time-integrated.

Figure 3 (a) shows that obviously the piston encoun-
ters stronger hindrance in the case with both ambient gas
(Hs) and B-field (B.) (see the green diamonds), compar-
ing with other cases (i.e. the case with only B, in red
dots and the case with only Hy in blue triangles). Be-



ing time-integrated, the FSSR deduces an average on-
axis volumetric density over the few tens of ns when the
plasma density and temperature are high, rather than
the time-resolved and line-integrated density measured
by optical interferometry. These two diagnostics provide
complementary views of the piston. We also see in Fig. 3
(b) that the electron temperature in the case of B, + Hs
becomes the highest at the piston front (between 4 and
7 mm), comparing with other cases. In addition, at the
position of 4.5 mm, the evaluated electron density for
the case of B, + Hy is around 2 — 3 x 10'® ¢cm~3 and
the electron temperature is about 65 eV, which are well-
reproduced by our FLASH simulations, see Fig. 8 (a) and

(b).

D. Electric field characterization through proton radiography

The single shock front was also probed with protons by
measuring the local electric field. The probing protons
(accelerated by the Target Normal Sheath Acceleration
process’' from an auxiliary target and using the short-
pulse arm of Titan) were sent parallel to the B-field, i.e.
along the z-axis, as is shown in Fig. 1 (a).

As shown in Fig. 4 (a), we could clearly observe
the same structures of the piston front and the shock
front, consistent with those observed via optical probe,
as shown in Fig. 2.

The synthetic proton radiography shown in Fig. 4 (c)
is calculated from a particle tracing code, ILZ"*. ILZ is a
test-particle code using a 3D given distribution of electric
and magnetic fields, in order to simulate the trajectories
of the protons as they pass through and ballistically prop-
agate afterwards, up to the detector.

As an input for the tracing code we used an electric
field F, with a bipolar spatial profile along the x-axis
with a hemispheric geometry in the xz-plane (where z is
the axis along which the proton beam propagates) in or-
der to mock up the experimentally observed curvature of
the shock front. The same dependence on the coordinates
x and z is reproduced along y over a small thickness. The
electric field has only a component along x given by:

2
Ey(z,2) = \/%onTg(z)e—i(m o (1)
where Ej is the maximum field amplitude and L repre-
sents the width of the region affected by the electric field.
g(z) = —R/2++/ R? — 22 represents the shift of E, along
x in order to take into account the hemispherical geom-
etry in the xz-plane and derives directly from the equa-
tion of a circumference of radius R centered in (—R/2,0):
(r+ R/2)?+ 22 = R%. The hemispherical structure has a
radius of R = 5.1 mm, which is estimated from the exper-
imental proton radiography relative at that time (¢ = 5.0
ns after the laser impact), as is shown in Fig. 4 (a).

We adjust Fy and L of the ILZ input in order to match
the simulated proton dose with the experimental one.
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FIG. 4. Proton radiography obtained with the setup shown
in Fig. 1, 5 ns after the laser pulse. (a) Raw dose collected on
the RCF film corresponding to 19 MeV protons. (b) Hemi-
spherical electric field F, in the xz-plane, with a radius of
R = 5.1 mm, estimated from (a). (c) Lineout of the pro-
ton dose modulation along the yellow line indicated in (a).
The green full curve is the modulation from the experimental
results, and the dashed blue curve is that from the ILZ sim-
ulation, which is obtained by imposing a bipolar electric field
with hemispherical shape shown in (b). The red dash-dotted
curve represents the lineout of the field E, in z = 0.

The comparison between these two is shown in Fig. 4 (c),
where the ILZ simulated modulation was obtained with
the field in Eq. 1 with Ey = 4.33 MV/m and L = 0.12
mm and shown in Fig. 4 (b).

Note that since the protons are sent along the exter-
nal magnetic field (i.e. in the z-direction) and since the
strength of the magnetic field components in other direc-
tions are orders-of-magnitude lower than the externally
applied one, the Lorentz force associated with these mag-
netic field components are much smaller than that in-
duced by the E, electric field associated with the shock
front. As a result, we interpret the proton dose modula-
tion to be caused by electric field only. This assumption
is supported by the fact that it yields a simulated proton
deflection that is very consistent with the one recorded
in the experiment, as can be seen in Fig. 4 (c). Also note
that the integration time in a given film is too short to
see motion blurring of the moving shock front. Addition-
ally, the amplitude of the electric field at the shock front
inferred from the synthetic proton radiography is of the
order of MV /m. We will compare it with the particle-
in-cell simulation results and discuss them in detail in
Sec. V.
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FIG. 5. (a) Piston and shock front position over time
from the electron density (via interferometry) and
from the electric field (via proton radiography). The
full green (resp. orange) line materializes the evolution of the
shock (resp. piston) location as a function of time as seen on
the interferometry diagnostics. It is prolonged toward time 0
by a dashed line passing through the proton radiograph data
points at t~1 ns. (b—e) Images of proton radiography doses at
different times, with dashed lines for piston front (in orange)
and shock front (in green).

Moreover, we compared the position of the shock struc-
tures seen in the electron density (via interferometry)
with that in the electric field (via proton radiography)
for the case with both external B-field and ambient gas.
For the former, we have considered the point where the
electron density had a sharp jump, as shown in Fig. 2
(f); as for the latter, we have taken into account the
external edges of the proton dose accumulation. As is
shown in Fig. 5 (a), the evolution of the piston front and
the shock front through both diagnostics are illustrated
together (see legends for details), and they clearly show
the slowing down of the piston and shock fronts over the
first few ns after the laser pulse. Note that when the
target was not clearly visible in the radiography, i.e. for
the series of points around 5 ns, we made use of the in-
terferometry results to shift all the points of the right

amount, while the distances between the piston and the
shock fronts were kept constant. The original RCFs for
the data points at various times are also shown in Fig. 5
(b-e).

E. Temperature characterization through Thomson
scattering
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FIG. 6. Thomson scattering measurements, of the
plasma density and temperatures, in the region down-
stream of the shock front, and for different cases. (a)
measurement on the electron waves for B = 0 case (i.e. with
only ambient gas), allowing to retrieve the local electron num-
ber density and electron temperature, as stated; (b) the same
measurement for B = 20 T case (i.e. with external B-field
and ambient gas). (c) measurement on the ion waves in the
plasma for B = 0 case, allowing to retrieve the local electron
and ion temperatures, as stated; (d) the same measurement
for B =20 T case. Solid lines are for experimental data pro-
files, while dashed lines are for theoretical spectra. The stated
uncertainties in the retrieved plasma parameters represent the
possible variation of the parameters of the theoretical fit (ma-
terialized by the thin dashed grey lines). Note that the deep
central dip in the experimental spectra 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 satu-
rate the cameras. Thus, no signal is recorded in this zone,
which is materialized by the grey dashed box. The strong
narrow peak at around 562.4 nm in panel (d) is caused by
leakage of that strong light just at the edge of the filter. The
position of the filter can change in the wavelength domain
because the diagnostic can be realigned between shots.

With a second high-energy auxiliary laser (526.5 nm
wavelength, 1 ns, 15 J) available at LULI2000, we are
able to perform Thomson scattering (TS) off the electron
and ion waves in the plasma (used in a collective mode™”
and analyzed by different spectrometers). As shown in
Fig. 1(d), the collection of the scattered light is performed
at 90° (along the z-axis) with respect to the incident di-



rection of the laser probe (the x-axis). The light scat-
tered off the ion (TSi) and electron (TSe) waves in the
plasma was analyzed by means of two different spectrom-
eters, set to different dispersions (3.1 mm/nm for T'Si and
7.5 x 1072 mm/nm for TSe), which were coupled to two
streak-cameras (Hamamatsu for TSe, and TitanLabs for
TSi, both equipped with S-20 photocathode to be sensi-
tive 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 pm
along the x- and y-axes, 40 pm 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 comparison of the experimental images
(recorded by the streak cameras) with the theoretical
curves of the scattered spectrum for coherent TS in non-
collisional plasmas, with the instrumental function width
of 5.9 nm for the electron spectrometer and 0.12 nm for
the ion spectrometer taken into account. Note that the
TS laser probe induces some heating in the hydrogen am-
bient gas. With the estimate of the electron temperature
heated by the TS laser through inverse Bremsstrahlung
absorption, we confirm that the upper limit of the TS-
induced heating is only around 60 eV, which is signifi-
cantly smaller than the level of temperatures we observe
in the shock . With the above TS diagnostics, we could
access spatially and temporally resolved measurements of
the plasma density and temperatures (electron and ion)
in the upstream (US), as well as in the downstream (DS)
region.

Figure 6 shows the TS measurements in the region
downstream (DS) compared to the shock front for cases
with and without the external B-field. By comparing the
experimental data profiles with the theoretical equation
of the scattered spectrum for coherent TS in unmagne-
tized and non-collisional plasmas, with the instrumen-
tal function taken into account, we are able to retrieve
the local electron number density, as well as the elec-
tron and ion temperatures’ . For the case without the
B-field (i.e. with only ambient gas), both TSe and TSi
give ne ~ 2.0 x 10'® cm™2 and T, ~ 80 eV, and TSi also
gives T; ~ 50 eV in the DS region, as can be seen in Fig. 6
(a) and (c). However, for the case with B = 20 T, we see
strong heating in the DS region, indicated by the higher
temperatures, i.e. T, ~ 230 eV, and T; ~ 250 €V, as can
be seen in Fig. 6 (b) and (d).

Note that with a multi-ionic approach (i.e. including
C, F and H ions), the theoretical scattering curves are
calculated from the distribution functions of each species,
weighted by their presence fraction. Due to the natural
damping of the other ion species modes, we observe only
one mode in the ion acoustic wave (IAW) signal.

With all the above diagnostics, we summarize the char-
acterization of the piston and shock conditions in Table I.
Note that for the collisionality, the local magnetic field
strength is used. Specifically, the local magnetic field
strength of the piston is taken from our FLASH simu-

lation results (in Section III) and that of the shock is
from our PIC simulations. While for the calculation of
the Mach numbers for the shock, the parameters of the
upstream is used.

F. Evidence for proton energization
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FIG. 7. Proton energy spectrum. The experimental data
is shown with red dots and blue error bars; the 1D PIC simu-
lation results are shown with black solid line for the case with
B = 20T and yellow dashed line for B = 0 case; the ana-
lytical thermal proton spectrum is shown with red dash-dot
line (200 eV); and the experimental noise baseline is shown in
cyan dotted line. Note that the absolute scale in proton num-
bers (i.e., the number of protons per bin of energy, divided
by the solid angle subtended by the entrance pinhole of the
spectrometer) applies only to the experimental spectrum; the
simulated spectra are adjusted to the experimental one.

For the observation of the non-thermal proton spec-
trum, we use a standard magnetic spectrometer,
equipped with permanent magnets of 0.5 T strength and
a pinhole. It was located close to the target (17.5 c¢m
away) in order to maximize its collection efficiency, and
it had its main axis along z, the main axis of the exter-
nal magnetic field (in an alternate mode to performing
TS). Note that having the spectrometer collection axis
aligned with that of the magnetic field allows to measure
the ions energized out of the plasma ™, which otherwise
could not be recorded, as they would be deflected away
by the 20 T large-scale magnetic field. We have also used
filters in order to eliminate the possibility that the signal
observed in the dispersion plane of the spectrometer was
originating from heavy ions others than protons from the
ambient gas.

That spectrometer has been calibrated precisely with a
Hall probe and on many previous campaigns using filters
to verify its energy dispersion. The protons are deflected
by the magnetic field inside the spectrometer and landed



Region Piston Shock
Characterized Plasma Conditions
Averaged Atomic Number A 17.3 1.0
Effective Charge State Z.;; 8.0 1.0
Elec. Number Density ne [cm™®] 1.0 x 10*° 1.0 x 10'®

Elec. Temperature T, [eV] 80.0 100.0

Ion Temperature T; [eV] 40.0 200.0

Flow Velocity Vo [km/s] 1200.0 1500.0

Local Magnetic Field Strength B [T] 5.0 60.0
Upstream Magnetic Field Strength B [T] - 20.0
Upstream Elec. Temperature T. [eV] - 50.0
Upstream Ion Temperature T; [eV] - 20.0

Calculated Parameters

Ion Collisional mean-free-path (Apfp,;) [mm] 6.6 x 1074 10.0
Ion Larmor radius (rr,;) [mm] 5.4 0.3
Ion Collisionality (Amfp,:/TL,:) 1.2x107* 37.0

Plasma Thermal Beta Biner 14.0 3.4x 1072

Plasma Dynamic Beta Bayn 5.2 x 103 2.6
Mach Number M - 14.0
Alfvénic Mach Number M - 3.4
Magnetosonic Mach Number M, - 3.3

TABLE I. Characterized conditions of piston and shock, as well as the calculated parameters. A\, = Vo7
is the ion mean-free-path, in which the ion collisional time 7; = 3m3/2(kTi)3/2/(47r1/2m InAZ%?), and InA ~ 10 is the
Coulomb logarithm, g is the elementary charge. r1,; = m;Vo/(Zg.B) is the Larmor radius, and the ion collisionality is the
ratio of them. The parameters relative to the piston are measured inside the cavity that is located behind the piston front.
The thermal (resp. dynamic) beta parameter is the ratio of the plasma thermal (resp. ram) pressure over the magnetic
pressure, i.e., Biher = Piher/Pmag = 2,uonkT/BQ, in which po is the vacuum permeability, k is the Boltzmann’s constant;
Bayn = Payn/Pmag = 2,uopV02/Bz, in which p = mn is the mass density. For the shock, the Mach number is the ratio of
the flow velocity over the sound velocity, M = V,/Cs, in which the sound velocity is Cs = (yZkT./m;)*/? with v = 5/3; the
Alfvénic Mach Number is the ratio of the flow velocity over the Alfvénic velocity, Ma = Vi/Va, in which the Alfvénic velocity
is Va = B/(ugnimi)lﬂ; and the Magnetosonic Mach number is the ratio of the flow velocity over the magnetosonic velocity
(see text). For the calculation of the sound velocity and the Alfvénic velocity, we use the parameters of the upstream region.

after a short drift space onto Imaging plates (of TR type),
the detector used here. These detectors are absolutely
calibrated

The recorded proton spectrum is shown in Fig. 7 with
red dots and blue error bars (corresponds to one sigma
deviation from the average of 5 shots). Comparing it
to the analytical thermal proton spectra (200 €V in red
dash-dotted lines, as is observed in' through TS), it is
clear that the proton energization is non-thermal. The
cutoff energy reaches to about 80 keV.

Note that there is no signal recorded above the noise
baseline for cases with only the magnetic field or the am-
bient gas, indicating that the non-thermal particle pop-
ulations are indeed coming from the shock. We will pin-
point the underlying proton acceleration mechanism with
dedicated Particle-in-Cell simulations in Sec. IV.

Ill.  MHD SIMULATIONS WITH FLASH

We use the 3D MHD code FLASH" to study the dy-
namics of the plasma plume expansion and piston forma-
tion in the ambient gas with the strong magnetic field,

using the same parameters as the JLF /Titan experiment.
Note that the piston is collisional and is modeled with a
MHD code here; whereas the shock is collisionless and is
modeled with a kinetic PIC code in the next section. The
simulations are initialized in 3D geometry, using three
temperatures (two for the plasma, and one for the radia-
tion) with the equation-of-state of Kemp and Meyer-ter
Vehn°' and radiative transport, in the frame of ideal
MHD and including the Biermann battery mechanism of
magnetic field self-generation in plasmas’™. Specifically,
the laser beam is normal to a Teflon target foil and has an
on-target intensity of 10'® W /cm?; the generated plasma
plume expands in the hydrogen gas-jet having an uni-
form density of 10'® cm™2. Moreover, the plasma plume
expands in the uniform external magnetic field of 20 T
(aligned along the z-axis, as in the experiment).

Figure 8 shows the FLASH simulation results, i.e. the
electron density, electron temperature and ion tempera-
ture from FLASH at t = 2 ns (after the laser irradiation),
in two different cases (the upper row is for the case with
only ambient gas but without B-field, while the lower
row is for the case with both the ambient gas and the
B-field). As FLASH cannot tolerate vacuum, we do not
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FIG. 8. FLASH simulation investigating a single shock formation and performed in the conditions of the
JLF/Titan experiment. Maps extracted from FLASH simulations at 2 ns (after the laser irradiation) of: (a) and (b)
electron density, n. in cm™3, (c) and (d) electron temperature, T, in ¢V, (e) and (f) ion temperature, T} in ¢V. The upper row
is for the case without B-field, while the lower row is for the case with B-field. All maps are in linear scale. This XY-plane slice
is cut at Z=0. The laser comes from the right side along y = 0, and the target is at the left side. The yellow arrow indicates

the piston edge, while the green arrow indicates the shock front.

have the FLASH simulation for the case with only B-field
but without ambient gas). We can observe that the struc-
tures of both the hydrodynamic piston and the induced
shock, which propagates inside the ambient, are qualita-
tively reproduced compared to the experiment, specifi-
cally:

The Teflon expanding piston produces a forward shock
in the ambient (around = 1.4 mm), as well as a reverse
shock inside the Teflon piston (around x = 0.8 mm). The
electron density is ~ 1.6 x 10'® cm ™2 in the forward shock
in the gas and increases up to ~ 5 x 10 cm™3 in the
reverse shock.

The electron temperatures are between 60 to 70 €V in
the forward and reverse shocks. Both correspond quite
well to what is measured in the experiment (see the FSSR
measurements in Fig. 3 and the TS measurements in').
The ion temperature is 15 €V in the forward shock and
between 80 eV and 180 €V inside the reverse shock.

Concerning the electron temperature, the FLASH sim-
ulation results are two times lower compared to the TS
measurements in the DS region shown in Fig. 6; while
for the ion temperature, the situation is worse as it is

ten times less in the forward shock compared to the TS
measurements. Also note that we have not seen the foot
structure ahead of the shock in the FLASH simulations.

Such discrepancies between the MHD simulations and
the experiments show the difficulties to reproduce the
shock condition in our case. This points to the fact that
the shock evolution is dominated by kinetic effects. This
is why we have resorted to using PIC simulations, the
initial conditions of which are taken from the experimen-
tal measurements. Nevertheless, we can still observe that
the FLASH simulations reproduce well the dynamics of
the piston that induces the shock.

Since FLASH has the ability to model magnetic field
generation through the Biermann battery effect, it allows
us to assess the importance of this effect in the present
configuration. Biermann battery generation of magnetic
field is typically important only close to the target surface
(order of 1 mm), and it is localized over the steep temper-
ature gradients generated by the laser beam and rapidly
decays once the laser beam is off (see for example™ "').
As the shock is induced by the piston in the ambient gas

1 mm away from the target surface after the laser is off



(~ 2 ns), as shown in Fig. 8, the Biermann battery effect
is negligible, compared to that of the strong externally
applied B-field.

IV. KINETIC SIMULATIONS WITH SMILEI

The proton energization via the collisionless shock is
modelled with the kinetic PIC code SMILEI"~. During
the interaction between the shock front and the ambient
plasma, as the width of the shock structure (~mm) is
much larger than the thickness of the shock (~ pm), we
can treat this quasi one-dimensional (1D) interaction, or
a thin 1D lineout perpendicular to the curved shock (as
shown in Fig. 2) via the 1D3V version of the code.

FIG. 9. Diagram of the PIC simulation setup. The
shocked plasma lies in the left half of the simulation box (red
dashed line), drifting towards right; while the ambient plasma
lies in the right half (green dashed line). Number density (n),
drifting velocity (v), and the magnetic field (B) are noted with
their value. We stress here that the shock width is initialized
to be equal to the ion inertial length d; = 200 pm.

As is shown in Fig. 9, the ambient plasma lies in the
right half of the simulation box, while the left half is for
the shocked plasma, flowing towards the right with an ini-
tial velocity of v; = 1500 km/s. Both of them consist of
electrons and protons, with the real mass ratio m,/m. =
1836. The simulation box size is L, = 2048d, = 11 mm,
and the spatial resolution is d, = 0.2d, = 1.1 um,
in which de = c¢/wpe = 5.3 pum is the electron iner-
tial length, and wpe = (neogZ/me/eo)/? = 5.6 x 10'3
s~ is the electron plasma frequency. Here, ¢ is the
speed of light, n.y = 1.0 x 10'® cm™3 is the electron
number density of the ambient plasma, and m., g. and
€o are the electron mass, elementary charge, and the
permittivity of free space, respectively. Note that the
shock width is initialized to be equal to the ion iner-
tial length d; = 200 pm. The magnetic field is homo-
geneously applied in the z-direction with B, = 20 T
(Wee /wpe = 0.06, where wee = ¢.B/m.). The simulation
lasts for 1.5 x 1050.);61 ~ 2.5 ns. Inside each cell, we put
1024 particles for each species. From the perspective of
the ion Larmor motion, the simulation size is more than
10 74, in which r; = vy /we; = miv1/geB ~ 0.8 mm.

For the shocked plasma, the electron number density
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is ne1 = 2ne0 = 2.0 x 10'® cm™3, and the tempera-
ture is T,7; = 100 eV and T;; = 200 eV, all inferred
from the TS characterization'. The boundary condi-
tions for both particles and fields are open, and enough
room is left between the boundary and the shock, so
that the boundary conditions do not affect the concerned
physics. Given the initial low temperature of the ambi-
ent plasma in the simulation (T.g = 50 €V), the Debye
length is small compared to the grid resolution d, i.e.
Ape = (e0kTeo/ne0q?)'/? ~ 0.01d. = 0.05d,. However,
we do run a series of simulations with different initial
temperatures, showing that the energy conservation for
those cases is limited around 0.05% and the physical re-
sults are almost the same. The mean-free-path of the
presented case is A pp = 1800d., which is larger than
the interaction scale, further confirming that the shock
is collisionless.

We report in Fig. 10 the results of two PIC simula-
tions, i.e. with and without B-fields. For the case with
the applied B-field (on the left column), typical struc-
tures of a super-critical quasi-perpendicular collisionless
shock can be seen’. For example, the overshoot in the
DS region (on the left of the red dashed line), the ramps
in the shock fronts (both the red dashed line and the
cyan dotted line), and the foot in the upstream (US) re-
gion, as can be seen in Fig. 10 (a). This foot region is
formed by the reflected protons at a distance within ry, ;
and modulated by the modified two-stream instability
The proton density (n;) in Fig. 10 (e) shows a compres-
sion ratio of n; ps/n; us ~ 4, which agrees with the theo-
retical jump condition prediction””. This density profile,
together with the transverse electric field E, (not shown
here), also follows the distribution of the external applied
B-field B,. The longitudinal electric field (E,) in Fig. 10
(c) peaks right at the ramps, providing the electrostatic
cross-shock potential to trap and reflect the protons, as
can be seen in the phase-space distribution in Fig. 10 (g).
Because the proton reflection is clearly due to E, in our
case, not the DS compressed B-field'"”, together with the
fact that the ion Larmor radius (about 0.8 mm) is larger
than the shock width (around 200 pm), the dominant
particle acceleration mechanism is SSA, not SDA. Note
that the cyan dotted line indicates one of the periodic
shock reformation”’. On the contrary, for the case with-
out B-field (on the right column), the drifting plasma
just penetrates through the ambient gas and no shock is
formed, thus no proton energization can take place, which
is in accordance with our experimental observation.

We note that the bipolar structure of the E, electric
field at the front displayed in Fig. 10 (c) matches the one
that was retrieved from the proton radiography data, as
shown in Fig. 4. Such structure seen in the 1D PIC sim-
ulations is also verified in the complementary 2D simula-
tions that will be detailed below. Now, we also note that,
quantitatively, in Fig. 10 (¢), the PIC simulation gives an
amplitude of the longitudinal electric field E, ~ 5 x 108
V/m in the shock layer, which is two order-of-magnitude
higher than the fitting of the proton radiography in Fig. 4
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FIG. 10. Features of the super-critical quasi-perpendicular collisionless shock structure in ion density and
EM fields distribution (with and without the external magnetic field), which prove the dominant particle
acceleration mechanism to be SSA. Specifically, (a) and (b) transverse magnetic field B.; (c) and (d) longitudinal electric
field E.; (e) and (f) ion density profile; (g) and (h) phase-space distribution & — v, at the end of the simulation, i.e. at t = 2.7
ns. The case with B-field is on the left column, while that without is on the right. The red dashed line and the cyan dotted
line indicate the position of the shock ramps.
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FIG. 11. 2D simulation results. (a) B-field maps at 0.7 ns, normalized to 20 T, with trajectories of protons (Ex > 30 keV).
Solid lines are for protons from the ambient plasma and dashed ones are for protons from the drifting plasma; blue squares
are the starting position at 0.5 ns, while red dots are the ending position at 0.7 ns. (b) Energy spectra of both 1D and 2D
simulation results at 0.7 ns. Red lines are for the 1D case (solid line for protons in the whole simulation box, dashed line
for those which lie around the shock layer in the vicinity of 1.8 mm), while black lines are for the corresponding 2D one. (c)
Trajectory of a proton reflected at the shock front in the x — ¢t diagram, overlaid on the transversely-averaged B-field map in
the reference frame of the contact discontinuity (the grey colorbar is for the B-field strength, while the colored one is for the
proton kinetic energy). (d) Trajectories of two protons surfing along the shock front, also in the x — ¢ diagram, overlaid on the
transversely-averaged B-field map in the same reference frame.



(¢). This discrepancy regarding the amplitude of the field
between the simulation and the experiment may be due
to several reasons: firstly, the bipolar electric field struc-
ture fitted in the proton radiography has a size of 0.4 mm,
while the F, peaks in the PIC simulations are very sharp,
with their width smaller than 0.02 mm. With a time-
average of the PIC simulation over 0.2 ns, the E, profile
around the shock front reaches a size of 0.4 mm, and its
value drops down to 2x 107 V/m. Secondly, the PIC sim-
ulation represents the tip of the semi-sphere shaped ex-
panding shock front at a single slice of z-direction, where
the B-field is strictly perpendicular to the plasma flow
and the shock is the strongest ((as sketched in Fig. 4
(b))); however, the proton radiography covers the whole
shock front with an integration along the z-direction. It
includes all other plasma flow directions in the xz-plane,
which are not perpendicular to the B-field and the cor-
responding shocks are weaker. This is what was already
considered in the analysis of the proton radiography data,
as shown in Fig. 4. Last but not least, the amplitude of
the electric field is decreasing with time. In our 1D PIC
simulation, the results are at ¢ = 2.7 ns (from the shock
formation); while in the experimental case, the proton
radiography results are at t = 5.0 ns (from the laser im-
pact). Hence, we can expect that the early-time PIC
field is higher than that derived from radiographs taken
at later time.

Particle dynamics of a high-velocity shock (as well as
the comparison with the low-velocity case) and of the
subsequent shock surfing proton energization is detailed
in our previous paper , while here we focus on demon-
strating the robustness of the SSA mechanism that is at
play in our experiment via 2D simulations, taking the
non-stationarity”” into consideration. Due to the limi-
tation of the computational resources, we reduce the 2D
simulation scale to an acceptable level: the simulation
box sizes are L, = 8 mm, L, = 0.8 mm, the simulation
time t.,q = 0.7 ns, and the resolution is d, = 0.4d,.

From Fig. 11 (a), we can clearly see that the transverse
non-stationarity has already occurred, with 2D-stripes
mostly positioned at/behind the shock layer; while for
protons with kinetic energy above 30 keV, their trajec-
tories show that they mainly appear at the shock front,
travelling down the negative y-direction. Note that the
convective electric field E = —v X B is towards the pos-
itive y-direction, i.e. E, = v,B,; and the drifting of
the protons against the convective electric field serves
as a distinctive feature that the dominating proton ac-
celeration mechanism is SSA, not SDA Fig. 11 (b)
shows the proton energy spectra at 0.7 ns of both the 1D
and 2D cases, which are close to each other, and there is
only a 2 keV difference in the highest energy cut, which
can be caused by the numerical heating of the 2D case
(with lower spatial resolution). Moreover, checking the
energy evolution of the protons in the z — ¢ diagram,
overlaid on the transversely-averaged B-field map in the
reference frame of the contact discontinuity (CD), it is
clearly demonstrated that the accelerated proton is first
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reflected at (or, picked up by) the shock front in Fig. 11
(¢), and then surfing along the shock front while keeping
gaining energy in Fig. 11 (d). This is exactly the same
picture as we have shown for the 1D simulations’, prov-
ing that the SSA is the dominating proton acceleration
mechanism at play (even in the multi-dimensional case).

Nevertheless, the non-stationarity of the shock might
further accelerate the proton at a later time, especially
after the protons pass through the shock front and gy-
rate in the DS region. But unfortunately right now we
do not have the computational resources to reveal that
scenario. In short, our 2D simulation shows that the
non-stationarity does not prevent the protons from be-
ing accelerated by SSA (reflecting and surfing), at least
not at an early time.

V. CONCLUSIONS

In conclusion, we have shown that laboratory exper-
iments can be performed to generate and characterize
globally mildly super-critical, quasi-perpendicular mag-
netized collisionless shocks. More importantly, non-
thermal proton spectra are observed for the first time,
and the underlying acceleration mechanism is pinpointed
to be SSA via kinetic simulations, which can remarkably
reproduce the experimental proton spectra. Such labora-
tory studies for proton acceleration, as well as those for
electrons reviewed above, can not only further our under-
standing of the shock formation and evolution by com-
plementing spacecraft and remote sensing observations,
but also help shed new light on solving the fundamental
issue of injection for the UHECR production.

Our platform can be tuned in the future to perform
a systematical study of collisionless shocks with different
B-field strength and orientation, enabling us to capture
the transition of magnetized collisionless shocks from the
sub-critical regime to the super-critical one, so that we
can explore the triggering of the other acceleration sce-
narios (e.g. SDA and DSA).
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