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Perpendicular, magnetized, collisionless shocks in hydrogen and neon plasmas are studied with 2-D particle-in-cell
simulations for parameters accessible to experiments on OMEGA EP [Maywar et al., J. Phys.: Conf. Ser. 112, 032007
(2008)]. The simulations are performed with realistic ion-electron mass ratios by which the relative importance of
different micro-instabilities can be accurately captured. The dispersion relation of the modified two-stream instability
(MTSI), the main dissipation mechanism for these shocks, is used to find suitable parameters for upcoming experiments.
Simulations show that magnetized collisionless shocks can be readily formed within a few tenths of an ion gyro-period
in both hydrogen and neon gases, with a background magnetic field of 50 T, achievable using the magneto-inertial
fusion electrical discharge system (MIFEDS) [Barnak et al., Rev. Sci. Instrum. 89, 033501 (2018)]. A portion of the
ions are reflected to the upstream region and accelerated in both shock normal and tangential directions, indicating the
formation of a supercritical shock. Shock front reformation is seen in longer time 1-D simulations. The results show

that the formation time and width of these shocks are determined by MTSI.

I. INTRODUCTION

Magnetized collisionless shocks such as termination shocks
and bow shocks are ubiquitous in the cosmic environment and
are widely believed to be responsible for particle acceleration
and thermalization. Plasmas in supernova remnants and the
solar wind are usually magnetized by the field from astronom-
ical objects such as the Sun and the Earth. Collisions are very
rare due to low plasma densities in space. Complementary to
telescopic observations and in-situ spacecraft missions, mag-
netized collisionless shocks can be systematically studied in
the laboratory using high power laser facilities and their di-
agnostics2. In experiments, these shocks are magnetized by
an external magnetic field. The angle between this applied
field and the shock normal direction defines the shock normal
angle 6,. For (quasi-) perpendicular magnetized collisionless
shocks (6, = 90°), recent experiments have indicated the fea-
sibility of creating such shocks on laser facilities>©. Simula-
tions aimed at exploring the underlying mechanism have been
performed. A modified two-stream instability (MTSI)’~10 be-
tween the incoming ions and the shock reflected ions in the
shock transition region has been proposed as the source of
shock dissipation'""!?, and studied with particle-in-cell (PIC)
simulations'?~1>. Most previous PIC simulations used either
reduced ion-electron mass ratios'*!3, or a realistic mass ra-
tio but unrealistically high magnetic fields'>!, or a reduced
speed of light!?, to save computational resources. Modifica-
tions to the mass ratio or speed of light may alter the relative
importance of different instabilities in the shock transition re-
gion'® and incorrectly predict the shock formation time in ac-
tual experiments. Recently, a quasi-1D PIC simulation with
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a reduced ion-electron mass ratio has been used to determine
the range of upstream and ablative piston parameters in laser-
driven experiments'®. However, to the best of our knowledge,
no parameter optimization for realistic parameters based on
an understanding of the underlying shock dissipation mech-
anism has been published. This paper identifies the suitable
parameters that allows efficient dissipation, to study perpen-
dicular magnetized collisionless shocks on the OMEGA EP
laser!®2! using the MIFEDS (magneto-inertial fusion electri-
cal discharge system)?>~2* magnetic field generation system
and the OMEGA gas jet based on MTSI theory. Simulations
in this paper uses realistic and experimental parameters that
can provide direct references for actual experiments.

The OMEGA EP laser facility consists of four laser beams
capable of delivering up to 5 kJ per beam in 10 ns, with
maximum power being achieved for 1 ns pulses delivering
1.25 kJ. Two of the beams can be passed through a CPA
(chirped pulse amplification) system to produce picosecond
pulses, with maximum power being achieved for a 1 ps pulse
delivering 0.5 kJ. OMEGA EP is capable of driving fast, su-
personic plasma flows into a gas jet immersed in magnetic
fields generated by MIFEDS, thus providing an ideal platform
for creating and studying magnetized collisionless shocks. In
this paper, we show that the growth rate of MTSI provides a
good estimate of the shock formation time and can be used
to find suitable conditions for future OMEGA EP collision-
less shock experiments. PIC simulations for both hydrogen
and neon further confirm that under the chosen conditions,
supercritical collisionless shocks can form and shock acceler-
ated ions could be observed. These shocks have widths much
smaller than the ion collisional mean free path between the
piston ions and ambient plasma ions. However, because the
electrons are collisional, no shock drift acceleration?’ of the
electrons, which has been observed in PIC simulations of so-
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FIG. 1. (Color online) (a) Experimental setup and top-down

schematic. (b) Reflecting wall simulation setup. The piston in (a)
is idealized to a reflecting wall on the right boundary in (b). The
simulation is in the piston/wall frame. The transformation between
the lab frame (a) and simulation frame (b) follows Eq. (1).

lar flare fast mode shocks!#13 | is present. This is also consis-

tent with the findings in Lezhnin et al.?0. Future experiments
based on these simulations will potentially demonstrate ion
acceleration in magnetized collisionless shocks in the labora-
tory.

The rest of the paper is organized as follows. Sec. II
presents the proposed experimental design and corresponding
simulation setup. Sec. III discusses the conditions for the for-
mation of the magnetized collisionless shock, and the depen-
dence of MTSI on various experimental parameters. Suitable
parameters for both hydrogen and neon experiments are found
within the accessible parameter range of the OMEGA EP plat-
form. Simulation setup and results are shown in Sec. IV. Con-
clusions are presented in Sec. V.

Il. SETUP FOR PISTON-DRIVEN MAGNETIZED
COLLISIONLESS SHOCK

Collisionless shocks on laser experimental platforms are
usually achieved by two colliding laser-ablated plasma
plumes®’-?8, or an ambient plasma pushed by a laser-driven
piston®. 1In this paper, the proposed experimental setup on
OMEGA EP, sketched in Fig. 1(a), uses a solid density pis-
ton to drive a magnetized collisionless shock, similar to Ref.
> but with back illumination of the foil target instead. Hy-
drogen or neon gas is injected by a gas jet into the external
magnetic field applied by MIFEDS, then is ionized by x-rays
from the laser-piston interaction, forming an ambient magne-
tized plasma. A plastic or carbon foil is accelerated by abla-

tion pressure created by a ~1 ns, ~1 TW laser pulse, forming
a super-magnetosonic piston that pushes the ambient plasma.
A shock forms in the ambient plasma as a result, then detaches
from the piston.

In shock simulations, a fixed reflecting wall'*!7 is often
used instead of a moving piston to study piston-driven shocks.
In this setup, we replace the solid density piston with a re-
flecting boundary condition. Figure 1(b) shows the setup for
a perpendicular shock. A specular reflection boundary con-
dition (rigid wall) for particles is implemented on the right
side of the simulation box, acting as an ideal piston that
pushes the plasma to form a shock. The ambient magnetized
plasma drifts to the right and hits the wall with a bulk veloc-
ity Vy, identical to the piston velocity V), in the lab/upstream
frame. Therefore, the simulation setup in Fig. 1(b) is in a
piston/wall frame of reference. The velocity transformation
between the simulation and lab frame of reference simply fol-
lows the equation,

,U[Sim.] — ,v[lab] + Vdem7 (1)

where the superscripts in the brackets denote the frames of
reference, e, represents the unit vector in the x-direction, or
the reverse shock normal direction. Most of the simulation
results in this paper are presented in the simulation reference
frame, except where the lab frame is explicitly stated in the
captions.

I1l.  CONDITIONS FOR A MAGNETIZED COLLISIONLESS
SHOCK AND MTSI

To create a collisionless shock, the ion collisional mean
free path, A;;, between piston ions and gas ions must be much

larger than the shock width, L. The ion mean free path is>"-*
2medm;(vi)*
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n;iZe*InA
025 3
15
-
0.2 o e & =

el Hydrogen g g o=

= L & :
T N o Neon (Ne*) 10g 3
2 el e i o I
2 B &8
S‘x 0.1 e —"ezmncma’T=4UEVfB=SOT il —"e=1019cm'3 5 ::x
E - < 3
& % n,=10"%m’® -4-- T=100eV 5 5l o

005 - T=200eV TRy o
- B=30T i
0 . .
: 4 6 8 10

51

FIG. 2. (Color online) Maximum growth rate of MTSI Wyrsr is
proportional to the magnetic field B, and Yrsi/B (Ymrsi/Qeil) is
a function of the sonic Mach number of the shock M,;. The first
legend includes n,, T, and B while the rest only show the condition
different from the first one. The small variations among different
cases demonstrate the universal scaling of Wrsi/B as a function of
M.
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TABLE I. Parameters for the OMEGA EP/MIFEDS platform and the hydrogen/neon simulations, with corresponding MTSI growth rate/mode

number of the most unstable mode and some key dimensionless quantities. The plasma beta is = 2 (n; T; —b—neTe)/Bz, and T =

2 2
wpe/ch 18

the magnetization parameter. The piston velocity range is from HYDRAZ?simulations of the proposed experimental setup.

OMEGA EP/MIFEDS Hydrogen Neon (Ne3t)
Upstream
Density Mol —-1020¢m—3 10" cm~3 6x10'8 cm—3
Temperature T 40—400 eV 50eV 160 eV
B field B <50T 50T 50T
Piston velocity Vp < 500 km/s 442 km/s 375 km/s
Ion gyro-radius Pi1 92.3 um 195.7 um
Ion gyro-period T.i1 1.3 ns 33 ns
MTSI
Max. growth rate YMTSI 8.8 ns~! 6.7 ns~!
Most unstable mode AMTSI 10.7 um 14.2 ym
Dimensionless
Piston sonic Mach No. My 3.50 3.50
Alfvénic Mach No. My, 1.28 1.33
magnetosonic Mach No. Minsp 1.20 1.25
Ion mean free path Aii/ AMTSI 74 40
MTSI growth rate MWatst/Leil 11.5 21.9
Plasma beta Bi 0.16 0.17
Magnetization T 421 247
where & is the vacuum permittivity, e is the electron or
charge, m;, n;, Z;, and (v;) are 'the ion mass, density, 2172:( BT P
charge number, and average velocity respectively, InA = 1150 < nl?]gcm’3
In[(47egm; (v;)?Ap)/Z?€?] is the Coulomb logarithm, and Ap semi (Vv ST T
. ! . . o m ( 500 ) 750 50 4)
is the Debye length. The collisionless condition, A; > L, H s
places an upper limit on the ambient plasma density for a Bl 131 (i m; L 1 (L” " )-! Vy )
given velocity. The piston velocity, on the other hand, is con- InA “mpy Z3 100 500 7’

strained by requiring a super-magnetosonic piston, Vy, /vius1 >
1, where the subscript 1 (2) denotes the upstream (down-
stream), vy, = (¢2 4+ v )1/ 2 is the fast magnetosonic velocity,
where v, is Alfvén ve1001ty, which, for the low beta case con-
sidered here, is larger than the sound velocity ¢;. Combining
these two conditions, a range for the ambient plasma density
can be obtained as

Z:B3
o[miV3 — Y(ZiTo +Th)

TABLE II. Hydrogen and neon 2-D PIC simulation setups: sim-
ulation box size in different units, number of grid, and time-step.
d, = ¢/ Wy and d; = ¢/ w,; are the electron and ion inertial length,
respectively.

Hydrogen Neon (Ne8+)
x size (Ly) y size (Ly) x size (Ly) y size (Ly)
85d, 17 d, 88d, 34d,
2.0d; 0.4 d; 1.3d; 0.5d;
1.5 pit 0.3 pit 1.0 piy 0.4 p;
142.9 um 28.6 um 191.0 um 73.8 um
3400 grids 680 grids 1760 grids 680 grids

Time-step Time-step

0.015/ wpe 0.035/wpe

where my is the rest mass of a proton. In Eq. (4), the super-
scripts denote the units of the parameters.

In a collisionless shock, microinstabilities, rather than col-
lisions, must provide the dissipation of the piston ion energy
necessary to form a shock. For the magnetized collisionless
shocks that can be created on OMEGA EP, a modified two
stream instability (MTSI) between the incoming and shock
reflected ions in the shock transition region was previously
identified as the main mechanism to provide such dissipa-
tion!*!3. The MTSI is an electrostatic mode driven by two
groups of counter-streaming ions in the presence of a back-
ground magnetic field perpendicular to the ion bulk velocity.
In the shock transition region where the instability grows, the
ions are assumed to be unmagnetized while the electrons are
magnetized. Assuming Maxwellian distributions for the two
streams of ions and electrons, the dispersion relation of the
MTSI can be written as’

2
1 1—e In
e 3,16[ xp(- m_z_m m(Ae (0—|—mQa,]
o 5)
= Y 5pa ) =0,

s=in,re tlu

where @, is plasma frequency for species s (e for electrons, in
for incoming ions, and re for reflected ions), vy,s = (Ty /my) "/
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is the thermal velocity, Q. is the gyro-frequency, k is the
mode number, A, = k*v2,/Q2,, I, is the modified Bessel
function of the first kind, Z is the plasma dispersion function,
and & = (0 — kVy,)/ V/2kvyi, where Vi is the bulk velocity
of the two ion species. Equation (5) can be solved numeri-
cally for ® = w, + i®;, from which the maximum growth rate
TSI = [@i]max, and the corresponding most unstable mode
knrst, wavelength Ayrst = 27 /kvrst can be found.

In solving Eq. (5), we used the zero-current condition in
the shock frame!>!3, ¥ (n,V;) = 0, where ny, V; are the den-
sity and bulk velocity of the two ion species, respectively. We
assumed 7y, /nye = 3, Viy = Vg /4, and V,, = 3V, /4 12715, For
simplicity, the upstream electron and ion temperatures were
assumed to be the same, T;; = T, = T;. The numerical solu-
tions for different conditions are plotted in Fig. 2. The max-
imum growth rates in hydrogen and neon normalized to their
gyro-frequencies are labelled on the right axes. It is found that
Matsi/B (or Yrsi/Qei1) is principally a function of the up-
stream sonic Mach number of the shock My; = Vi /cs1, where
V1 is the upstream flow velocity in the shock frame (also the
shock velocity in the lab frame), ¢; = \/Y(ZiT, +T;)/m; is
the sound speed with a polytropic index ¥ = 5/3. Figure 2
shows that My > 4 is sufficient for hydrogen to reach the
plateau value of rsi/B ~ 0.2ns ' T~ (yvrs1/Qeit ~ 13)
while Wrsi/B in neon is ~0.13 ns ' T~ (yrs1/Qei1 ~ 21),
insensitive to sonic Mach numbers M, > 2. This indicates
that the shock can be readily formed within an ion gyra-
tion period, or, with an achievable applied magnetic field of
only tens of Tesla, it is possible to create a shock within a
few tenths of a nanosecond. McBride et al. found that the
growth rate of MTSI scales with the lower-hybrid frequency
TSI ~ Oy ~ (chgci)l/z = (Ziesz/mime)l/z 8, i.e., lin-
early proportional to B(Z;/m;)'/2. This is consistent with the
maximum growth rate in neon being about 1/3 lower than in
hydrogen.

The linear theory of MTSI can be used to identify a suit-
able parameter space that enables MTSI to grow, including
ambient plasma density, temperature, and external magnetic
field, in both hydrogen and neon, for the PIC simulations and
future experiments on OMEGA EP. Typical parameter ranges
achievable on the OMEGA EP/MIFEDS platform are given
in Table I. Based on all the conditions discussed in this sec-
tion, we choose the upstream parameters listed in Table I for
our PIC simulations to study shock formation in more detail.
The MTSI, collisionality parameters and some dimensionless
quantities are also shown in Table I. The characteristic shock
width is approximately on the order of Ayrsy, the wavelength
of the most unstable mode. Therefore, these shocks, if formed
within a few 1/9y7ss, will be collisionless and MTSI domi-
nated.

IV. SHOCK FORMATION AND SHOCK STRUCTURE
A. Simulation Setup

The simulations reported here are performed using OSIRIS
4, a fully kinetic relativistic parallel PIC code®!. Our 2-D sim-
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FIG. 3. (Color online) (a) Hydrogen ion density (2-D and y-
averaged) and magnetic field (y-averaged) at t = 0.10 7;;. (b) Tem-
poral evolution of the y-averaged ion density. The dashed line indi-
cates the location of the shock front.

ulations use a rectangular simulation domain in the x-y plane,
as shown in Fig. 1(b), the shock normal is in the negative x-
direction. A uniform external magnetic field is applied in the
y-direction, perpendicular to the shock normal. In compari-
son to the ablated piston plasma in the experiment, the per-
fect reflecting wall leads to a clear shock downstream free of
the influence from the piston'8. A plasma with a realistic ion-
electron mass ratio is initialized with Maxwellian distributions
at a temperature 77, drifting to the right with a velocity of V.
The Coulomb collision module in OSIRIS is activated in the
simulations.

The simulation size, grid, and time-step are given in Ta-
ble II for both hydrogen and neon. For each particle species
in both cases, 16 macro-particles per cell are used. For both
x boundaries, a reflecting boundary condition is applied for
particles and an open boundary condition is used for fields. In
the y-direction, a periodic boundary condition is applied for
both particles and fields. The total energy in the simulations
is found to conserve to within 2% for the times considered.
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FIG. 4. (Color online) (a) E, field (2-D map) and its y-averaged
profile (solid curve) indicate a strong electrostatic field at the shock
front. The corresponding potential e®, profile is plotted in dashed
curve. (b) Ion v,;-x phase space in the lab frame. Also indicated are
the places where the distributions in Fig. 5 are taken.

B. The Hydrogen Case

We first discuss the hydrogen case. In Fig. 3(a), att =0.126
ns (= 0.10 Ty = 1.1/Wursi), a shock with a compression ra-
tio of 7 =~ 2.35 has formed by the My, = 3.5 ideal piston, from
the 2-D ion density map and its y-averaged profile, along with
the y-averaged magnetic field. By plotting the temporal evo-
lution of the y-averaged density profile in Fig. 3(b), the shock
velocity is obtained as VY[Zlm‘] ~ 0.61V,, (268 km/s), propagat-
ing to the left in the simulation frame, or V| = 1.61V,, (710
km/s) in the lab frame [see Eq. (1), V; = 442 km/s], corre-
sponding to a sonic Mach number M;; = 5.62 and an Alfvénic
Mach number My = 2.06. It is noted that a reflected ion pop-
ulation is present, forming a density hump in Fig. 3(a) and
shadowed area in Fig. 3(b) in front of the shock, indicating a
supercritical shock. The reflected ions are a more fundamental
signature of supercritical shocks than the critical Mach num-
ber of 2.76 3%33. We have not observed Weibel** instability-
induced magnetic field filaments that were observed in un-
magnetized collisionless shock experiments?®3>. The strong
external magnetic field here can suppressed the Weibel insta-
bility°.

At the shock front, as shown in Fig. 4(a), a strong electro-
static E, field up to 0.5 GV/m is formed by charge separation
due to electron-ion inertia difference and the electron magne-
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FIG. 5. (Color online) (a) Fourier spectrum of Ey. The modes la-
belled with 1 and 2 are kx ~ 0.33 and 0.86 @, /c, respectively. (b)
and (c) ion v,; distribution at x = 103 ym and 109 um < x < 113 um
[blue dashed line and red dashed box in Fig. 4(b)], respectively. In
(b), the fitted parameters are nj,/nye = 7.3, Vyin = 405 km/s, T;;, =
50 eV,Vye = —810 km/s, T, = 15 eV. In (c), the fitted pa-
rameters are nj, /Ny = 3.8, Vyin = 235 km/s, T, = 125 eV, Vype =
—450 km/s, T, = 400 eV. (d) E, field fluctuation normalized by the
upstream value. The red curve is exp[wirsi(x —x0)/Vi].

tization’337. The E, field corresponds to a potential barrier
e®d, = e [* =~ 2200 eV. Ignoring the braking force by the B
field and the effects by the E), field, the low energy tail, ~19%
of the incoming ions whose kinetic energy %miv)%i < edy, are
reflected at the shock front. Approximately 4% of ions with
even lower kinetic energy 3mv%; < e®, — %mi(v‘[;im'] )? are re-
flected further back to the upstream, resulting in a tuning fork
shaped structure in the ion v,;-x phase space [the lower prong
in Fig. 4(b)]. Shock reflected ions with negative v, interact
with the incoming ions with positive v, in the shock transition
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FIG. 6. (Color online) (a) E, field (2-D map) and its y-averaged
profile. (b) Ion v,;-x phase space.

region by Coulomb force, in the presence of the external mag-
netic field, inducing MTSI and providing dissipation for the
shock.

To show MTSI is indeed the operating instability, we plot
the Fourier spectrum of E, in Fig. 5(a). We further find
that the k, ~ 0.33 and 0.86 ®,./c modes, labelled with 1
and 2 respectively, are from the shock transition region [x =
90 — 110 um in Fig. 4(b)]. If we pick the ion distribution
at x = 103 um in Fig. 4(b), it can be well approximated by
two Maxwellian distributions [Fig. 5(b)], which leads to a
maximum-growth mode with k = 0.33 @), /c and a growth
rate of ¥ = 8.94 ns~! using the MTSI dispersion relation in
Eq. (5) and B =50 T, T, = 50 eV. Moving right to 109 ym
< x < 113 um in Fig. 4(b), the distribution is not exactly
a bi-Maxwellian [Fig. 5(c)]. Approximating it with a bi-
Maxwellian and using Eq. (5) with B=285T, T, = 125 eV
would yield a mode at k = 1.00 @p./c and y = 9.44 ns~ L.
Therefore we conclude that the k& £ 0 modes in Fig. 5(a) are
likely MTSI. Figure 5(d) plots the normalized E,-field fluc-
tuation, 8Ey/SEy = \/{(Ex — (Ex))?)/8Eyy, where () rep-
resent the y-average and OFE,g is the upstream value. The
red curve that is the exponential growth exp[ st (x —x0)/Vi]
with Jvrst = 8.94 ns~! clearly shows the growth of SE, here
is due to MTSI'*. Therefore, we conclude that MTSI likely
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FIG. 7. (Color online) (a) Ion trajectories of three typical ions with
vyo = 300, 360, 420 km/s, labeled 1, 2, and 3 respectively. The
dashed line is the location of the shock front. (b)—(e) show vy, vy, v,
and kinetic energy of the ions, respectively, in the simulation (pis-
ton/wall frame).

provides the dissipation in the shock transition region and de-
termines the shock width.

The presence of reflected ions is a signature of a supercrit-
ical shock®?33. In our simulation, the accumulation of re-
flected ions before the shock front that forms a density hump
in the upstream region is seen in Fig. 3. In Fig. 4(b), those
ions are reflected with a velocity of ~1400 km/s, close to 2V
in the shock normal direction in the lab frame, traveling to the
upstream. The ion reflection is similar to that seen in unmag-
netized shocks3®. However, unlike unmagnetized shocks, the
reflected ions are also accelerated in the negative z-direction
(tangential) by the self-generated motional E, field, as shown
in Fig. 6(a). As these reflected ions travel backwards in the up-
stream, they are linearly accelerated in the negative z-direction
to a velocity up to ~1000 km/s, as seen in Fig. 6(b). The ki-
netic energy of these ions is in the range of 6.5-9.7 keV (av-
erage ~8 keV) in the lab frame.

Typical trajectories of three upstream ions are plotted in
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FIG. 8. (Color online) Downstream electron velocity distribution.
The electrons are heated isotropically to 7, ~ 200 eV.

Fig. 7. The trajectories are obtained by calculating the motion
of test particles in the time-varying fields extracted from the
PIC simulation, neglecting collisions, which are included in
the simulation. In Fig. 7(a), three test ions with different ini-
tial velocities v, = 300, 360, and 420 km/s (labeled 1, 2, and 3
respectively), are injected at x = 90 pm in the upstream. Their
initial vy and v are set to O for simplicity. Ion 1 is reflected
at the shock front to the upstream. Ions 2 and 3 penetrate the
shock potential and stay in the downstream, but only ion 3
keeps its v, positive. The velocity components and kinetic en-
ergy in the simulation frame of the three ions are plotted in
Figs. 7(b)—(e). Ion 1, reflected to the upstream, is accelerated

to anb] ~ 1200 km/s and v, ~ 500 km/s, which are in good
agreement with the simulation results in Figs. 4(b) and 6(b).
The linear acceleration by the motional E, field in the nega-
tive z-direction is also observed in Fig. 7(d) for ion 1. Hence,
the kinetic behavior of ions in the PIC simulation is well cap-
tured in the test particle calculations. Although some ions are
reflected back to the upstream, most of them cannot travel far
enough despite a larger gyro-radius in the upstream region.
Their accumulation due to the gyration before the shock front
is the first step in shock front reformation, on the time scale of
Q1 32 which will be shown in Sec. IV(D).

The electrons in the downstream region are heated isotropi-
cally, due to electron-electron collisions, to T, ~ 200 eV, as
shown in Fig. 8. Note that even though the electrons are
collisional, the shock formation is essentially collisionless.
We have verified this by turning off the collision module in
OSIRIS in a 1-D simulation with the same physical parame-
ters. That simulation result is shown in Fig. 9. A shock with
similar density profile and ion v,;-x phase space is observed at
t=0.10 T;;.

In our simulations, a reflecting boundary is used as an ideal
(perfectly reflective, infinite density) piston. However, in the
experimental design [Fig. 1(a)], the density ratio between the
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FIG. 9. (Color online) Hydrogen shock formation with the collision
module deactivated. Ion v,;-x phase space (lab frame) and density
profile (solid line, right axis) of the hydrogen ions. The main features
are similar to previous simulations where collisions are included.

solid piston and the ambient plasma will be of the order of
100. A 1-D simulation using a realistic piston is presented
in Fig. 10. The plasma parameters are the same, but instead
of a reflecting wall on the right boundary, a carbon (CT, ™)
piston with n,, = 10*' cm™3 and 1., = T;p = 10 eV moves
to the left with a sonic Mach number M, = 3.5, or a velocity
Vp = 442 km/s. The low-density ambient plasma is initialized
at rest, or, equivalently, this simulation is in the lab frame. In
Fig. 10(a), a shock with r ~ 2.25 forms at t = 0.10 T¢;;, with
a velocity of Vi = 1.52V,, (674 km/s). Figure 10(b) shows a
similar tuning fork structure of the ion v,;-x phase space as in
the previous simulations, in which the shock is formed due to
MTSI. The ion gyration feature observed in Fig. 4(b) and 9
appears later at r = 0.15 T¢;; [Fig. 10(c)]. Linear ion accelera-
tion in the upstream by the motional electric field is also seen
in Fig. 10(d). In contrast to the acceleration in the negative
z-direction shown in the previous 2-D simulation [Fig. 6(b)],
the ion acceleration is in the y-direction in this 1-D simulation
because the B field is applied in the z-direction, which gen-
erates a motional E, field. The overall close agreement with
previously discussed ideal piston simulation demonstrates that
an ideal reflecting boundary is a good approximation for a re-
alistic laser-ablated solid piston in simulations, and more im-
portantly, the collisionless shock forms due to the growth of
MTSI in the shock transition region, free of the influence from
the dense piston.

C. The Neon Case

Experiments using a neon ambient plasma will enable line-
emission spectroscopy measurements to infer electron densi-
ties and temperatures43‘45. In the simulation, we use a fixed
ionization state of Z; = 8 for neon. As predicted by the growth
rate of MTSI, the neon shock takes longer to form, but in the
unit of ion gyro-period, the shock formation is predicted to be
faster. In Fig. 10(a), atz =0.180 ns (= 0.05 T;;; ~ 1.1/ Wvrs1),
a shock with r ~ 2.35 is observed. The shock velocity is

estimated to be Vl“ab] ~ 1.65V, (617 km/s) from Fig. 11(b).
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FIG. 10. (Color online) Hydrogen shock driven by a realistic piston. (a) Density profiles of the hydrogen ions (solid line) and piston ions
(dashed line) at # = 0.10 T¢;1. (b) Ion vy;-x (Iab frame) at# = 0.10 T;;; and () t = 0.15 T¢;;. (d) Ion vy;-x phase spaces at = 0.10 T;;;. A dense
super-magnetosonic piston can create a shock like an ideal reflecting wall.
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FIG. 11. (Color online) (a) Neon ion density (2D and y-averaged) and magnetic field (y-averaged) at = 0.07 T;;;. (b) Temporal evolution of
the y-averaged ion density. The dashed line indicates the location of the shock front. (c) By field (2-D map) indicates a 2-D structure in the

neon simulation.

Similar to the hydrogen case, reflected ions are accelerated to
~1100 km/s and ~500 km/s in the x- and negative z-direction,
respectively, with a kinetic energy up to ~0.16 MeV (average
~0.11 MeV) in the lab frame. A 2-D structure is observed in
the B, field profile [Fig. 11(c)]. This is the electron whistler
mode!d. (This 2-D structure has not been observed in the
hydrogen case, possibly due to the smaller transverse size in
terms of d,. See Table I1.) No Weibel filaments are observed
here either. In other aspects, the neon simulations give results
similar to the hydrogen simulations, indicating that the goals
of the experiment will not be compromised by using higher-Z
gases to allow spectroscopic measurements.

D. Rankine-Hugoniot Jump Conditions and Shock Front
Reformation

The Rankine-Hugoniot jump conditions are a set of con-
servation equations that describe the relationship between the
states in the upstream and the downstream of a steady-state
shock. In the shock frame of reference, the Rankine-Hugoniot
jump conditions are*®

1 B V 1.5 5
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Using the hydrogen case as an example, with §; = 0.16
and My = 2.06, Eq. (6) gives r = 2.07, which is smaller than
the observed compression ratio r ~ 2.35. As for the down-
stream temperature, T; + T2 = 375 eV is predicted by Eq.
(7). In comparison, in the downstream region, the total aver-
age thermal energy of one ion and one electron is E;; ~ 493
eV, or the equivalently effective temperature is (T + T2 )eft =
2/3- Eyp = 329 eV. The discrepancies are mainly due to the
fact that the downstream of the shock are still evolving, al-
though the shock front and apparent density compression have
already formed in Fig. 3(a). The shock evolution is revealed
by a longer time 1-D simulation with the same physical pa-
rameters. In Fig. 12(a), at t = 0.22 T;;; (0.283 ns), the shock
velocity has increased to Vi =~ 1.71 V,, (755 km/s), correspond-
ing to an Alfvénic Mach number My = 2.19. The compres-
sion ratio is r ~ 2.2 at the shock front, close to r = 2.18
given by Eq. (6). This shock formation time is approximately
2.5 /Yursi, further supporting the notion that MTSI is the op-
erating instability for shock formation. The longer 1-D simu-
lation also shows periodic shock front reformation mentioned
in Sec. IV(B), due to the accumulation of reflected ions in
the upstream. In Fig. 12(b), the periodic structures of ions
gyrating back before the shock front, on the length scale of
pi1, shows the shock front reformation with a period of ~0.55
T,i1. During each period, the Rankine-Hugoniot jump condi-
tions are satisfied for a portion of the duration indicated by the
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FIG. 12. (Color online) (a) Hydrogen ion density and magnetic field at t = 0.22 T,;;. (b) Spatial-temporal evolution of the ion density. A clear
periodical structure before the shock front is seen with a period of ~ 0.55 T;;, labelled by the arrows. In (b), the dotted line indicates the
location of the shock front and the dashed lines mark the intervals where the Rankine-Hugoniot conditions are satisfied.

dashed lines in Fig. 12(b). We will explore shock reformation
in detail in future work.

V. CONCLUSION

In conclusion, we have studied piston-driven perpendicular
magnetized collisionless shocks that can be generated on the
OMEGA EP/MIFEDS platform using PIC simulations with
an ideal reflecting wall. The simulations are performed with
realistic ion—electron mass ratio, speed of light, and exper-
imentally achievable parameters, which can provide direct
references for experiments. The use of realistic parameters
avoids possible alteration on relative importance of different
physical processes. In particular, since the ratio Yyrsr/Qei ~
\/mi/Zim,, the results in this paper more substantially sep-
arates the shock formation time from 1/€2; than those using
reduced m;/ m 2047, showing that these shocks are formed via
MTSL It also shows that the shock formation time can be
shorter than the shock reformation period which was shown
to be a few Q' 47,

Guided by the MTSI growth rates calculated from linear
theory, suitable parameters for hydrogen and neon are found.
In both hydrogen and neon ambient plasmas, a collisionless
shock can be formed within a few tenths of an ion gyro-period,
by a piston with a sonic Mach number of 3.5, in an external
background magnetic field of 50 T. Under the chosen parame-
ters for OMEGA EP, the MTSI theory predicts a growth rate of
~10ns~!in hydrogen, in good agreement with the simulation,
in which the shock forms in a few tenths of a nanosecond. The
dissipation mechanism of the shock is collisionless, which is
confirmed by comparing to a 1-D simulation with the colli-
sion module deactivated. Comparison to a simulation with a
realistic piston/ambient density ratio shows that the ideal re-
flecting wall is a good approximation of a realistic piston. The
formed shock is well described by Rankine-Hugoniot jump
conditions.

A strong electrostatic electric field near the shock front re-
flects the low-energy tail of the incoming ions, which are ac-

celerated by both the reflection and the self-generated mo-
tional electric field to ~8 keV (hydrogen) and ~0.11 MeV
(neon). The reflected ions participate in shock front refor-
mation in later times. A reformation period of ~0.55 T; is
observed in the 1-D hydrogen simulation.
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