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Quasi-parallel magnetized collisionless shocks are believed to be one of the most efficient accelerators in the universe.
Compared to quasi-perpendicular shocks, quasi-parallel shocks are more difficult to form in the laboratory and to
simulate because of their large spatial scales and long formation times. Our two-dimensional particle-in-cell simulations
show that the early stages of quasi-parallel shock formation are achievable in experiments planned for the National
Ignition Facility and that particles accelerated by diffusive shock acceleration (DSA) are expected to be observable
in the experiment. Repetitive ion acceleration by crossings of the shock front, a key feature of DSA, is seen in the
simulations. Other characteristic features of quasi-parallel shocks such as upstream wave excitation by energetic ions
are also observed, and energy partition between ions and electrons in the downstream of the shock is briefly discussed.

I. INTRODUCTION

Magnetized collisionless shocks are ubiquitous in the uni-
verse and are presumed to be the source of some of the highest
energy cosmic rays. Fermi acceleration was first proposed to
account for the origin of the inverse power law spectral dis-
tribution of these cosmic rays!. In Fermi’s theory, interstel-
lar particles interact with wandering magnetic fields and gain
energy from experiencing more head-on collisions than over-
taking collisions. The stochastic mechanism is often known
as “magnetic mirrors”, or second-order Fermi acceleration.
Fermi’s theory was further developed and referred to as dif-
fusive shock acceleration (DSA) in the late 1970s%, which
is associated with particle acceleration in strong shock waves,
such as supernova explosions®. DSA requires particles to have
large enough gyro-radii to pass through the shock without
strong deflection in order to be accelerated. However, how
particles acquire the initial energy required to do this remains
an open question (the “injection” problem). It is generally be-
lieved that ions can fulfill the condition for DSA more easily
than electrons because of their larger Larmor radii compared
to the shock thickness’. Although DSA theory has been used
to account for observations, direct evidence remains scarce.

In magnetized shocks, the angle 6, between the shock nor-
mal and external magnetic field is a fundamental feature that
dictates key shock characteristics. The angle 6, is used to
categorize magnetized shocks into quasi-perpendicular (6, >
45°) and quasi-parallel (6, < 45°) geometries. Unlike quasi-
perpendicular shocks, which can be formed on timescales
less than an ion gyro-period®!!, quasi-parallel shocks rely
on ion-ion instabilities that grow slowly and therefore are
much more difficult to form. Consequently, while quasi-
perpendicular shocks have been successfully created on sev-

eral laser facilities'>!5, quasi-parallel shocks have yet to

be created experimentally, due to the high laser energy re-
quired to enable a sufficiently large plasma, among other
constraints'?. Quasi-parallel shocks are believed to be more
efficient accelerators of particles than quasi-perpendicular
shocks!®.

As a complement to astronomical observations, laboratory
shock experiments driven by lasers can provide a repeatable,
and systematic way of studying collisionless shock physics!”,
and advanced diagnostic systems provide additional measure-
ments and characterizations that are not possible in space.
Laboratory experiments can access early stages of shock for-
mation, while astrophysical shocks are typically already fully
formed. The laboratory formation of quasi-parallel collision-
less shocks requires the combination of large magnetized sys-
tem size and strongly-driven flows so that the shocks have
sufficient space and time to develop and accelerate particles
while still remaining collisionless. For example, the den-
sity of the laser-produced plasma must be low enough that
Coulomb collisions remain negligible, but high enough to fit
hundreds of ion inertial lengths that allow the shock forma-
tion in the experimental apparatus; the applied magnetic field
must be strong enough to magnetize the plasma, but weak
enough to satisfy the Mach number requirement'®. The ex-
perimental and physical constraints rule out most of the exist-
ing laser facilities. Our experiments are currently underway
to achieve these conditions by utilizing the National Ignition
Facility (NIF), the world’s largest laser facility'$-22.

Earlier NIF experiments have observed unmagnetized col-
lisionless shocks and associated energized electrons?, and
previous quasi-perpendicular shocks have observed proton
energization'>. Some of the beam instabilities that con-
tribute to parallel shock formation have been observed at
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the LAPD**2>, However, there is as yet no direct evidence
of shock-accelerated particles from quasi-parallel laser-driven
experiments available, which are more relevant to astrophys-
ical observations. Numerical simulations can play a key role
in facilitating the design of laboratory experiments on quasi-
parallel shocks. Previous hybrid simulations'®2027 revealed
much information on shock formation and particle accelera-
tion, including acceleration efficiency, magnetic field ampli-
fication, and particle diffusion. However, hybrid studies uti-
lize the kinetic-proton and fluid-electron model intrinsically
and assume a Maxwellian thermodynamically equilibrium for
electrons. Recent works?" consider energy exchange be-
tween the ions and electrons in collisional plasma. In contrast,
full particle-in-cell (PIC) simulations, which treat both ions
and electrons kinetically, allow a self-consistent collsionless
kinetic ion-electron energy exchange, which will be shown to
be important under experiment-relevant conditions [see Sec-
tion IV(B)].

In this paper, PIC simulations are used to study the forma-
tion of quasi-parallel collisionless shock and particle accelera-
tion, relevant to NIF experimental parameters. With PIC sim-
ulations, not only are shock formation and ion acceleration
studied, but also electron spectra are obtainable. Upstream
waves generated by reflected high-energy particles are iden-
tified as Alfvén waves and magnetosonic waves. The down-
stream ion-electron energy partition is found to be on the or-
der of unity, which is far from independent heating, implying
a significant ion-electron energy exchange in the downstream.

This paper is organized as follows: Section II presents
the simulation setup. The formation of quasi-parallel shocks
within the parameter range achievable on the NIF at differ-
ent oblique angles 6,, shock structures, and ion acceleration
are discussed in Section III. This section also gives a compari-
son of the acceleration capabilities of quasi-parallel and quasi-
perpendicular shocks. Section IV briefly discusses upstream
wave excitation, and ion-electron energy exchange observed
in the downstream. Conclusions are given in Section V.

Il.  SIMULATION SETUP

The simulations are designed to model experiments cur-
rently underway on the NIF. In those experiments, a laser-
driven piston plasma expands supersonically into an ambi-
ent magnetized plasma. The piston acts to sweep out mag-
netic flux and ambient particles, accelerating them to super-
magnetosonic speeds and driving a collisionless shock!3:1431,
To achieve quasi-parallel shocks, the piston is designed to ex-
pand at an angle of 6, = 30° relative to an externally applied
background magnetic field. The size of the ambient plasma
extends for several hundred ion inertial lengths, allowing the
shock to propagate for several tens of ion gyro-times. The
schematic of the experimental setup is shown in Fig. 1(a). Ad-
ditional details on the experimental setup will be reported in a
future paper.

The simulations are performed using OSIRIS 432, a fully ki-
netic, relativistic, parallel PIC code. Our simulations, shown
schematically in Fig. 1(b), utilize a reflective wall (ideal
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FIG. 1. (a) Experimental schematic on the NIF. (b) Wall-piston rest
frame PIC simulation setup.

piston) boundary condition. Instead of simulating a piston
plasma, a fixed reflective wall is implemented on the right
boundary, from which a clear downstream, free of the influ-
ence of the piston, is obtained. This setup simplifies piston-
ambient coupling'!31431 via ambient-wall collision and fo-
cuses on the shock itself. Magnetized plasma drifting against
the wall (+x) with a bulk velocity of V, is reflected off the
wall and forms a shock that propagates to the left (—x) in the
simulation. This ideal wall is a good analog for the solid-
density piston in the experiments®. The simulations run in a
piston/wall frame of reference, in which most of the figures
in this paper are shown, except where the laboratory frame is
explicitly stated in the captions. The velocity transformation
between the laboratory and simulation frame simply follows
viab — ysim-_ e where the superscripts denote the frames
of reference, ey represents the unit vector in the x-direction.
Unlike perpendicular shock formation, where the ion-
electron mass ratio is critical®, the formation and evolu-
tion of quasi-parallel shocks are dominated by ion-scale
physics!®163334 " A reduced ion mass of m; /m, = 50 is thus
used in most of our two-dimensional (2-D) PIC simulations.
Some key initial upstream parameters are summarized in Ta-
ble I. To better describe the shock, the subscripts 1 and 2
are hereinafter used to denote the upstream and downstream,
respectively. Our simulations use a rectangular simulation do-
main in the x-y plane, with a minimum size of 883 ¢/ Wp;1 in
the x-direction and 21 ¢/ p;1 in the y-direction. The shock
propagates in the negative x-direction, and the external B field
is uniform in the x-y plane, at shock angle 6, to the shock
normal. In the y-direction, a periodic boundary condition is
applied for particles and fields. The grid size is 0.5 ¢/@pe1
and the time step is 0.35 a);e-ll to ensure convergence. We
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TABLE I. Experiment and PIC simulation parameters

Experiments Simulations
Density Nl 5x10% cm3
Temperature T.=T1 =T 100 eV
Magnetic field B 30T
Drift (piston) Alfvénic Mach No. My1 =Va/var 11
Plasma beta B = 8mkp(no1 Toy +niy Ty ) /B2 4.47
Shock angle 0, 30° 0°, 15°, 30°, 60°
Ton-electron mass ratio mi/me 1836 50
Ton collisional mean free path Aii 2.5cm 4600 cw;lf

used 12 x 12 macro-particles per cell in the simulations to
maintain a low numerical collision effect. The total energy is
conserved within 0.1% in the simulations. The expected mean
free path3> between the piston ions and ambient ions A; ~ 2.5
cm is comparable to the system size in the experiments, there-
fore the physics involved is fundamentally collisionless. In
the simulations, the collision module in OSIRIS is turned off.

11l SHOCK FORMATION AND PARTICLE
ENERGIZATION

A. Formation of quasi-parallel shocks

Quasi-perpendicular shocks in strongly magnetized cases
relevant to kiloJoule, TeraWatt laser experiments like
OMEGA EP?¢-3, have been found to be mediated by a modi-
fied two-stream instability (MTSI) between incoming and re-
flected ions, so can be formed within an ion gyro-period®.
The MTSI relies on magnetically tied electrons and unmag-
netized (or weakly magnetized) ions, similar to the lower hy-
brid mode, and has a growth rate much larger than the ion
gyro-frequency®3%%0, thus resulting in a shock formation time
much less than an ion gyro-period T ;(= 27w/@.;). In the
quasi-parallel regime, however, the absence of an effective
MTSI causes a much longer shock formation time, on the or-
der of ion gyro-periods.

The dependence of shock formation on the shock angle 6,
in a quasi-parallel geometry has been studied by 2-D PIC sim-
ulations for 6, = 0°, 15°, and 30°. Although shocks with
smaller 6, take longer to form, we found that supercritical
shocks where reflected ions are present and important®>**! can
all be formed within a few ion gyro-periods, consistent with
previous studies*?. The 2-D density maps of three simula-
tions are presented in Fig. 2, with y-averaged density profiles
(solid lines) plotted as well. The three rows of Fig. 2 corre-
spond to = 3.15, 6.30, 12.59 a)g]', respectively. An effective
density jump® r(= na/n;) > 4, which indicates the forma-
tion of the shocks, is observed in Figs. 2(c), (e), and (g) at
6, = 0°, 15°, and 30°, respectively, despite different shock
profiles. The 3-D adiabatic limit for the density jump is 4*3%*.
The observed higher density jump is an overshoot in this tran-
sition region. It relaxes toward 4 in the downstream region.
The density compression builds up faster at 6, = 30°, within
one ion gyro-period, while at smaller 6, a similar compression

takes longer to form. The shock foot, which consists of ions
reflected from the shock front, is larger for smaller oblique
angles because the ion trajectories are impeded by the perpen-
dicular component of the magnetic field, namely, By. Those
reflected ions then gyrate in the upstream along the B field
lines, excite waves, and deposit their energy to the ambient
plasma, which is called the “diffusion” process. Ultimately
the upstream region reaches a finite length'%2°, and set an en-
ergy threshold, above which ions can escape from the shock.
Therefore, as can be clearly distinguished in Figs. 2(c), (), (i),
the wave pattern in the foot shows a close correlation with the
B field direction.

Therefore, based on the above simulation results, we will
use 6, = 30° as our main setup following the experiments. In
this case, the quasi-parallel shock formation time can be as
short as ~3wg1‘ (~1 ns in the experiments). This setup gives
faster shock evolution than 6, = 0°, while preserving features
of particle acceleration similar to 6, = 0°. Most importantly,
as will be shown in the following section, the energy spectra of
energized ions remain similar between the 6, = 30° case and
smaller angles within the time accessible in the experiments.

B. lon crossing of the shock front and energization

In the theoretical picture of DSA, particles gain energy by
interacting with the shock front. However, a one-time inter-
action can only increase the energy of a particle by a moder-
ate amount. Particles interacting many times with the shock
can achieve very high energies®. Repetitive acceleration by
crossing the shock front, one of the key features of DSA the-
ories, is seen in our simulations. However, the experimentally
accessible time is far from the time required for DSA to fully
develop a population of highly energized ions, which is on the
order of hundreds or thousands of ion gyro-times. Therefore,
even on the NIF, only the early stages of quasi-parallel shock
formation and the DSA process are achievable. We therefore
limit the total time in our PIC simulations to 40 a);l.ll to de-
termine experimentally relevant characteristics of accelerated
particles. A longer simulation with a sustained shock poten-
tially could yield similar power-law energetic particle distri-
butions seen by the hybrid simulations!®26-27,

The trajectories of some representative ions, in the 6, = 30°
simulation, are plotted in Figs. 3(a) 7-x and (b) x-y plots, in
which their kinetic energies are indicated by color. Note that
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FIG. 2. 2-D ion density maps of quasi-parallel shocks with 6, = (a-c) 0°, (d-f) 15°, and (g-i) 30°. The three rows top-to-bottom correspond

tot =3.15,6.30,12.590; ),
red arrows.

although the trajectories are given in the simulation frame for
consistency, the particle energies are calculated in the labora-
tory frame throughout this paper. In Fig. 3(a), the y-averaged
density profile is shown in the background in grayscale, and
the shock front is plotted by the white dashed line. Tracked
ions are repetitively reflected by the shock and gain energy by
the Fermi process>. The maximum kinetic energy the ions
can achieve within 40 a);ll, comparable to the experiments,
is ~350 keV, which is ~35x the shock energy (defined as
Eg = %m,-le =9.6keV, in which Vy;, = %Vd is used to approx-
imate the shock velocity for a strong shock*?). Figure 3(b)
shows the 2-D trajectories in the x-y plane where the periodic
boundary conditions in the y-direction are post-processed to
show a continuous 2-D space. Accelerated ions gyrate along
the B field lines in the upstream, which would make them con-
venient to collect experimentally [refer to Fig. 1(a)].

Figure 4 shows the history of particle energization, in which
the energy spectra at different timesteps are plotted in dif-
ferent colors. Figures 4(a), (b), and (c) are the ion spectra
for 6, = 0°, 30°, and 60°, respectively; the electron spec-
tra are shown in Figs. 4(d), (e), and (f). Nonthermal particle
populations are created by both the quasi-parallel and quasi-
perpendicular shocks. However, spectra that extend further
indicate that even at this early stage in their formation, quasi-
parallel shocks [Figs. 4(a) and (b)] are capable of energiz-
ing more particles to higher energies than quasi-perpendicular
shocks [Fig. 4(c)]. E = 10 Ej;, is marked by the vertical lines
in Fig. 4. In Fig. 4(c), the ions are accelerated to higher en-
ergies faster by the quasi-perpendicular shock but achieve a
nearly stable spectrum with a steep energy cut-off at ~10 Ej,.
In contrast, as shown in Figs. 4(a) and (b), the energy spec-
tra produced by quasi-parallel shocks continue to grow fur-
ther to higher energies. Only quasi-parallel shocks can ac-
celerate a non-negligible population of ions to > 10 Eg;,'>16,
meaning that any significant population of particles measured
above this range in the experiment can only be produced by
the quasi-parallel shock. We then define an ion acceleration
efficiency as 1; = Ne>10 £, /Nps, where NE>10E,, is the num-
ber of ions whose energy is above 10 Eg;, and Npg is the num-
ber of ions in the downstream. For 6, = 0°, 30°, and 60°
shocks, the efficiencies of 1; = 0.14%, 0.06%, and 0.0004%,

respectively. The white solid lines are the y-averaged density profiles. The initial B field direction is marked with

respectively, are obtained from the distributions at r = 40(1)(;1' .
Therefore, the parallel shocks are expected to be more effi-
cient in particle acceleration. While ions can be accelerated to
higher energies by quasi-parallel shocks, the experimentally
relevant timescales explored here are still too short to obtain
a power-law spectrum® that is usually seen in astrophysical
observations of energized particles. Figures 4(d)—(f) indicate
significant electron energization by the shocks, which will be
discussed in Section IV(B).

Nevertheless, the simulations show that this experimental
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FIG. 3. Trajectories of some tracked ions in (a) x-t and (b) x-y plots.
The color indicates their kinetic energies in the laboratory frame. In
(a), the y-averaged density profile is shown in the background in
grayscale, and the shock front is marked by the white dashed line.
In (b), the periodic boundary conditions in the y-direction are post-
processed to show a continuous 2-D space; the original y boundaries
are marked by the dotted lines.
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spectra are shown in (d)-(f). Energies are in the laboratory frame.

achievable early-stage quasi-parallel shock has already: 1)
formed a density compression r ~ 4 that Rankine-Hugoniot
conditions® predict for a strong shock [Fig. 2]; 2) created an
environment that allows ions to repetitively cross the shock
front and gain energy [Fig. 3]; 3) energized a number of ions
that exceed 10 Eg, [Fig. 4].

IV. UPSTREAM AND DOWNSTREAM PHYSICS
A. Wave excitation in the upstream

In quasi-parallel shocks, high-energy ions that are acceler-
ated by the first-order Fermi process gyrate along the B field
in the upstream. They also interact with ambient plasma and
excite waves>*® as they escape upstream and travel in the
ambient plasma. Figure 5(a) shows the B; field profile at
t= 12.59(0;1.1l in the 6, = 0° simulations. Unlike downstream
turbulence, apparent wave patterns are seen in the far up-
stream region (weakly perturbed, x < 790c®,;;). In Fig. 5(b),
the Fourier spectrum of the upstream B, field shows an X-
shaped mode, whose arms are at an oblique angle of 65° to the
k. axis. In the weakly perturbed upstream region, we can use
the upstream initial parameters in Table I to estimate the mag-
netohydrodynamic (MHD) wave velocities, vys1 &~ 2.17v4,

where vy = 4 /vf“ + cfl is the upstream magnetosonic wave
velocity, va; = By /v/4mm;n;; is the upstream Alfvén veloc-
ity, cs1 = \/Vks(T.1 + T;1)/m; is the upstream sound velocity,
yY=>5/3 is the polytropic index, and kg is Boltzmann constant.
As the upstream magnetosonic waves and Alfvén waves prop-
agate at their own characteristic velocities, the wavefront of
the combined wave would show a propagation at an oblique
angle of arctan(vy /va1) =~ 65°, which agrees with the X-
shaped mode in Fig. 5(b). Similarly, in Fig. 5(c), the Fourier
spectrum of the upstream waves in the 6, = 30° simulation
also shows an X-shaped mode but with a tilt angle of 30°.

Therefore, the far upstream waves are composed of two MHD
waves, magnetosonic waves perpendicular to the B field, and
Alfvén waves parallel to the B field. These MHD waves are
excited by the accelerated energetic ions that travel through
the upstream ambient plasma and deposit their energies. The
ions are diffused in the upstream, slowed down, and caught
up by the shock, then enter the downstream. Since the mag-
netic fields dominate the excited waves in the upstream, the
ions are likely reflected by the magnetic fields. But this needs
further study. The downstream turbulence acts as another dif-
fusive mechanism that reflects the ions back to the upstream.
This process repetitively reflects and accelerates the ions un-
til they gain enough energy and finally escape®°. Observing
these waves in the simulation shows that the formation of the
upstream, a critical stage in the formation of a quasi-parallel
shock, is expected to be achievable in the NIF experiment.

B. lon-electron energy partition in the downstream

In the downstream, energy partition between ions and elec-
trons is also of interest. The Rankine-Hugoniot jump condi-
tions describe the relationship between the states in the up-
stream and downstream of a steady-state shock®*3. Down-
stream temperature is predicted to be®

1, (5B 2 1 2
Tin+Tpn =—-m;V. 1 — = ——— | ~3700eV
n+Ta=gm; sh<2M§I+ +2M§l 2, ¢
(1)

for a strong shock (r ~ 4). How this energy is partitioned be-
tween the ions and electrons is a question that can only be
addressed by kinetic simulations. Figure 6 shows the his-
tory of the downstream ion and electron energy spectra in
the 6, = 30° simulations. An isotropization process between
the two species is observed in the downstream region, which

B.[T]
-200 -150 -100  -50 0 50 100 150 200
20 7HA
@ O
= ; FTry
$ . vl AN
2w -
= p) )/
s g o
o ol W
740 760 780 800 820 840 860 880
x[ewp]

.6 .6 -
-0.50 -0.25 0.00 025 0.50 -050 -0.25 0.00 025 050

b le™ wped] LS (|

FIG. 5. (a) B, field profile att = 12.59(0671] in the 6, = 0° simulation.
Fourier spectra of the far upstream B; fields in the (b) 6, = 0° and
(c) 6, = 30° simulations.



AlIP
Publishing

£

| .
102 (a) downstream ion !l fon

itped 1 -1

E |—3.15u]

g 10 l—s304

W, o-2f i e

310 | ——1258."

< 4l Il S

S0 ag00 eV (-11v,) Ez—zs.w vy
| ——40.00 o]

102 : (b) downstream electron f[ 2
t & il electron

5 i .
@ 10%] =315
[ -
W ,-2 f—6.30u"
k] 10 I: D,1
= 1071 |
1500 eV §|_25.15 “’::
107" 10° 10! |00
E [Esh]

FIG. 6. Downstream (a) ion and (b) electron energy spectra in the
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gives an energy partition of 7j;/T,, ~ 1.3 within the simu-
lation time. Reference Maxwellian energy distributions of
T = 1500 eV and 2000 eV are also labeled in the figure. Note
that the distributions and spectra in Fig. 6 are given in the lab-
oratory frame, in which the upstream is stationary while the
downstream moves at an Alfvénic Mach number higher than
the piston. The bulk parts of the energy spectra show good
agreement with the Maxwellian distributions, but both species
have high-energy tails that extend out of the main distribution
profiles at later times in Fig. 6, indicating particle accelera-
tion.

The energy partition result implies a significant electron
heating due to ion-electron energy exchange, which also
agrees with planetary and astrophysical observations*’ that
indicate 7;/7, =~ 0.5 — 30 under different interstellar condi-
tions. As a comparison, adiabatic electron heating, which
is assumed in hybrid simulations, would give a downstream
electron temperature T, = T, 1 a 250 eV. Independent
thermalization of each species would predict a temperature
increase AT; /AT, =~ m;/m, = 1836, i.e., AT, ~ 2 eV. Both es-
timates are much smaller than the simulation result.

‘We note that this conclusion may only be valid for the low
Mach number, quasi-parallel regime, in contrast to astrophys-
ical observations where the Alfvénic Mach number is of the
order of 100%3. The isotropization process is likely the result
of a complicated mixture of micro-instabilities, until turbu-
lence is sufficiently developed. The relevant instabilities will
be discussed in future publications.

This paper focused on ion acceleration, which is expected
to be a key signature of the planned NIF experiments. How-
ever, non-thermal electrons were also observed in Figs. 4
and 6, indicating electron acceleration. In addition, collision-
less ion-electron energy transfer could also play a role. Pos-
sible mechanisms are not currently understood and will be a
future research topic.

V. CONCLUSIONS

Quasi-parallel shock formation relevant to laser-driven ex-
periments on the NIF has been studied with 2-D PIC simula-
tions. It is found that an early stage of quasi-parallel shock
formation can be achieved on the NIF, and that energetic ions
accelerated by the Fermi process are observable. Even so, the
limited experimental extent in time and distance means that
a power law energy spectrum does not have time to develop.
However, one of the key features of DSA, ion repetitive cross-
ing of the shock front by scattering from waves and turbu-
lence is seen in the simulations. We expect that the shock
formation and structure are essentially captured by these 2-
D simulations, based on observed similarity between our 1-
D and 2-D simulations. This is further supported by the ob-
served similarity between 2-D and 3-D hybrid simulations!®.
However, whether particle acceleration or ion-electron cou-
pling may change in 3-D remains to be studied in the future.

More importantly, the simulations confirm that quasi-
parallel shocks are capable of energizing more particles and
creating energy spectra that extend further than from quasi-
perpendicular shocks. Under experimental conditions, our
simulations indicate that a population of ions with ener-
gies above 10E, can only be effectively produced by quasi-
parallel shocks. Upstream waves excited by these accelerated
ions are identified as parallel Alfvén waves and perpendicular
magnetosonic waves. In the downstream, ions and electrons
reached an energy partition Tj/T,» ~ 1.3. These findings,
including density compression, high energy ions, turbulent
structures produced by the shock, and the temperatures of ions
and electrons, provide experimental observables that will be
tested in the experiments on the NIF. Most importantly, ener-
getic particles accelerated by quasi-parallel shocks have never
been experimentally observed before. This NIF platform aims
to validate the experimental capability of quasi-parallel shock
studies.
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