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ABSTRACT

Quasi-hemispherical magnetized collisionless shocks have been generated at the SG-II laser facility through the interaction between a laser-
produced supersonic plasma flow and a magnetized ambient plasma, exhibiting an angular asymmetric shock profile accompanied by
asymmetric ion acceleration. We have conducted test particle simulations using the electromagnetic fields derived from 2D MHD simula-
tions to investigate the asymmetry of ion acceleration. The simulations reproduce the angular asymmetry of the shock and the ion acceleration
observed in experiments. The results indicate that shock drift acceleration is the primary mechanism for ion energization in the present quasi-
perpendicular magnetized shock. The asymmetric shock structure caused by nonuniform ambient plasma forms an asymmetric accelerated
electric field, ultimately leading to angular asymmetric ion acceleration, which is consistent with space observations and our experimen-
tal results. Our study provides a plausible explanation for the discrepancies reported in previous ion acceleration experiments, and could

contribute to understanding of the collisionless shock acceleration.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0284676

I. INTRODUCTION

Collisionless shocks are ubiquitous in the universe, prevalent in
astrophysical and space physics environments. They can accelerate
charged particles to extremely high energies via the diffusive shock
acceleration (DSA) mechanism' ~ and are closely linked to high-
energy particle phenomena such as solar energetic particle events,
anomalous cosmic rays, and galactic cosmic rays.” * In DSA, parti-
cles can be accelerated to very high energy through scattering back
and forth between the upstream and downstream regions of the
shock, but a critical prerequisite for efficient particle acceleration via
DSA is that particles must first be pre-accelerated to a specific energy
threshold for injection into the acceleration process. The question of
which physical process predominantly governs this pre-acceleration
stage remains an unresolved key scientific challenge.” '’

In quasi-perpendicular shocks, two mechanisms called
shock surfing acceleration (SSA)'"" and shock drift acceleration
(SDA)"*"'° have been proposed to pre-accelerate particles. In the
SSA mechanism, ions are reflected by the shock potential, bouncing

between the shock front and upstream plasma and gaining energy
from the inductive electric field until they enter the downstream.
In the SDA mechanism, ions drift along the shock surface owing
to large gradients of magnetic field, with their guiding centers
moving along the inductive electric field to achieve energy gain.' """
Both mechanisms are influenced by shock geometry, providing
key pathways for particle pre-acceleration in collisionless shock
environments.

Studies of shock acceleration mechanisms in space physics have
been historically constrained by limitations of undersampling and
observational techniques. Gathering reproducible and comparable
data for in-depth studies of the detailed structure in the evolution
of magnetized shocks across the universe and the underlying parti-
cle acceleration mechanisms remains a formidable challenge. With
the development of high-energy-density physics, it has become pos-
sible to generate various shock phenomena in terrestrial laboratories
such as high-power laser facilities or pinch devices.'”** These con-
trolled experimental environments provide high-resolution, repro-
ducible datasets that facilitate systematic studies of fundamental
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processes in collisionless shocks. There have been numerous stud-
ies on electrostatic shocks and Weibel shocks in recent years, and
the phenomenon of particle acceleration has also been observed.” **
Regarding magnetized shocks, the common approach is to gener-
ate them through interaction between the laser-ablated expanding
plasma flow and the magnetized ambient plasma. Using this method,
Schaeffer et al.””"" generated high-Mach-number Mys ~ 12 mag-
netized collisionless shocks on the LAPD device. Yao et al.’"”
observed nonthermal proton spectra at the LULI laser facility,
suggesting SSA as the dominant mechanism. Matsukiyo et al.”’
generated a developing supercritical collisionless shock in a homo-
geneously magnetized plasma using the Gekko XII HIPER laser
facility, demonstrating key features of supercritical shocks. In our
recent work at the SG-II laser facility, we have generated magnetized
shocks and observed quasi-monoenergetic ion acceleration, and we
have determined that SDA is the dominant mechanism.** However,
despite several experimental studies conducted in recent years, the
pre-acceleration mechanism of ions still requires further exploration
in the laboratory.

In this paper, we present experimental results on asym-
metric hemispherical magnetized collisionless shocks and angular
asymmetric ion acceleration, and we find that the varying ion
acceleration efficiencies at different spatial positions of asymmetric
hemispherical shocks produce the angular asymmetric ion acceler-
ation. Section II details the experimental setups at the SG-II laser
facility, where magnetized shocks are generated via laser-driven
plasma flows interacting with ambient plasma. Section III describes
the setups and results of test particle simulations conducted in
electromagnetic fields generated by two-dimensional magnetohy-
drodynamics (2D MHD), which include the shock morphology
derived from MHD simulations, the acceleration mechanisms from
test particle simulations, and an exploration of the factors caus-
ing acceleration asymmetry. Finally, a summary of the findings is
provided in Sec. IV.

Il. EXPERIMENTAL SETUP AND RESULTS
A. Experimental setup

The collisionless shock experiments were performed on the
SG-II laser facility at the Shanghai Institute of Optics and Fine
Mechanics (SIOM).”® As shown in Fig. 1(a), two laser-irradiated
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CH, plastic planar targets were set up along the y and x directions to
generate the ambient plasma and the driving piston plasma. A single
coil was used to generate a magnetic field oriented along the z axis,”
which enabled us to apply a ~6 T ambient magnetic field in the pis-
ton plasma region. The duration of the pulsed strong magnetic field
was 200 ns, and thus the magnetic field could be considered to be in
a steady state during the shock’s evolution. The spatial distribution
of the magnetic field and the shock position are shown in Fig. 1(b).

At time to, a precursor laser (100 J energy, 351 nm wave-
length, 1 ns, 100 x 100 ymz) ablated the left CH, plastic planar
target to generate ambient plasma. Owing to anomalous magnetic
diffusion caused by flute instabilities such as lower hybrid drift
instability (LHDI) or large-Larmor-radius instability (LLRI), the
ambient plasma could be fully magnetized within 12 ns.”*™*" At ,
+ 12 ns, the drive laser (260 ] energy, 351 nm wavelength, 1 ns, 500
x 500 um?) ablated the upper CH; plastic planar target to produce a
supersonic plasma flow that drove a hemispherical magnetized col-
lisionless shock in the ambient plasma. Since the ambient plasma
in our experiment was nonuniform along the x direction, as will
be shown in the following, the shock formed an asymmetric hemi-
spherical morphology, denser and more significant on the left side
in Fig. 1.

B. Experimental results

Experimental results exhibit distinct features of magnetized
shocks with angular asymmetric profile at to + 15 ns. As shown
in Figs. 2(a) and 2(b), schlieren imaging visualizes the contours
of density gradients by deflecting probe light, while interferome-
try quantifies line-integrated refractive index distributions through
phase shift analysis of interfering light beams.’! A typical hemi-
spherical shock with the typical structure of “piston,” “overshoot,”
“ramp,” and “foot” regions is revealed, and the density distribution
of the laser-driven plasma during rapid expansion typically exhibits
a steep exponential decay superimposed with shock structures. The
plasma parameters listed in Table I satisfy the Rankine-Hugoniot
(RH) relations.””"’ The ion-ion mean free path, calculated from the
experimental parameters, is ~4 mm—much larger than the shock
thickness (~500 ym) and the ion Larmor radius (~800 ym). Con-
sequently, the shock can be categorized as collisionless. Density
compression also occurs without an external magnetic field, likely

-10 -5 0 5 10

FIG. 1. (a) Experimental and diagnostic setups for magnetized shock. (b) and (c) Target positions and magnetic field structure in the xz and xy planes, respectively.
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FIG. 2. (a) and (b) Optical diagnosis results of schlieren imaging [(a) and red line
in (b)] and interferometry (b) at f; + 15 ns. (c) and (d) Line-integrated density
profiles measured in the presence and absence of magnetic fields at 0° and 20°,
respectively, with the fringes given by schlieren imaging around the shock (vertical
shaded region).

owing to a self-generated magnetic field (~1 T, generated by the
Biermann battery effect) during shock generation as mentioned in
previous studies.”* The magnetic field provides extra compression,
making the overshoot narrower. Additionally, the proportion of
reflected ions is much higher in the presence of an external magnetic
field, which forms the distinct foot structure. These two features
highlight significant differences between magnetized and nonmag-
netized cases. Meanwhile, the shock displays angular asymmetric
characteristics, which are denser and wider on the left, and the com-
pressive effect of the external magnetic field on the schlieren band is
also more obvious.

The ion velocity spectra obtained from the experiments also
exhibit angular asymmetric characteristics, which are measured by
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TABLE I. Parameters of magnetized shock.”

Parameter Experimental value
Shock velocity V 400-500 km/s
Magnetic field strength B 5-6 T
Electron temperature T, 40+ 10eV

1.5 x 10" em™
5x10"% cm™

Upstream shock density n;
Downstream shock density n,

Plasma beta f3 0.9-1.4
Alfvén Mach number M4 7-11
Compression ratio r 3.5-3.8

*The shock velocity V was derived from fitting the shock front tracked via optical mea-
surements at different times. The electron temperature T, was estimated from Thomson
scattering measurements (and may be an overestimate because of electron heating by the
probe laser) in other experiments, where the laser and target parameters were similar to
ours. The upstream and downstream electron densities #; and n, were estimated from
Abel inversion of interferometric data. The Alfvén Mach number M, = v/v, is defined
as the ratio of the flow velocity v to the Alfvén velocity v4 = B/(uon;m;)'/?, where B is
the magnetic field strength, o is the vacuum permeability, ; is the number density of
the plasma, and m; is the ion mass (analogously to the ordinary sonic Mach number M
= v/c,, defined as the ratio of the flow velocity v to the sound velocity c;).

Faraday cups positioned at angles of 0° and 20° relative to the piston
target’s normal direction, located 18 and 23 cm, respectively, from
the target center. The Faraday cup converts ion current into velocity
distribution using the time-of-flight method, enabling the identifi-
cation of the piston plasma and ions accelerated by the shock, while
signals generated by the low-velocity background plasma are negligi-
ble. As shown in Fig. 3, the data from the Faraday cup directly below
the target (0°, 18 cm) exhibit an obvious double-peak distribution
in the velocity spectrum. The lower-speed peak (~500 km/s) corre-
sponds to the piston plasma, and the higher-speed peak represents
the accelerated fast ions, around 1200 km/s. Similar fast ion peak
components have been detected in many observations of Earth’s bow
shock.

By contrast, the data from the Faraday cup positioned obliquely
below (20°, 23 cm) show only a single-peak structure, indicat-
ing significantly weaker ion acceleration. Weaker ion acceleration
correlates with a denser shock, which indicates that the shock
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FIG. 3. (a) lon velocity spectra measured by Faraday cups positioned at 0° (directly below) and 20° (obliquely below) view angles with respect to the normal direction of the
piston target, with an external magnetic field B ~ 6 T. (b) lon velocity spectra at 0° for B=6 T, B = 0 T, piston plasma only, and ambient plasma only.
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characteristics may alter the ion acceleration efficiency. A similar
phenomenon has been observed in corotating interaction region
(CIR) shocks within space environments.”” Observations from the
MMS and WIND satellites indicate that the enhancement of the
convective drift electric field has a dominant effect on the parti-
cle acceleration efficiency in collisionless shocks. Specifically, even
as the shock speed decreases, along with reductions in compres-
sion ratio and thinning of shock thickness, the strengthening of this
electric field significantly boosts particle acceleration.

We also conducted comparative experiments under other con-
ditions to verify the acceleration of ions by the magnetized shock.
As shown in Fig. 3(b), when only the piston plasma is present, the
velocity spectrum exhibits a single peak near 1000 km/s. When only
ambient plasma is present, the Faraday cup at 0° detects almost no
ions. A very small number of ions are accelerated by the shock in the
absence of an external magnetic field. Significant ion acceleration
occurs only when both ambient plasma and an external magnetic
field (5-6 T) are simultaneously present, indicating a pronounced
shock acceleration process.

lll. SIMULATION SETUP AND RESULTS

To investigate the causes of asymmetric ion acceleration in
the shock, we conducted numerical simulations. In our previous
study, 1D particle-in-cell (PIC) simulations were conducted.””** The
results of those simulations showed that shock-reflected ions are
accelerated through two different mechanisms: shock drift acceler-
ation (SDA) and shock surfing acceleration (SSA), with SDA being
the primary process. Very few ions undergo double reflection by the
shock, achieving higher velocities. However, 1D simulations fail to
capture the 2D asymmetric characteristics of quasi-hemispherical
shocks, while 2D PIC simulations incur enormous computational
cost. Therefore, for the present exploration, we employed a test par-
ticle method using the electromagnetic field background obtained
from 2D MHD simulations.

A. Setup for test particle simulations using 2D
MHD-generated electromagnetic fields

In our experiments, the collisionless shocks driven by the laser
plasma were typically quasi-hemispherical. However, owing to the
nonuniform distribution of ambient plasma density along the x
direction, the magnetized shock exhibited an asymmetric profile. To
reproduce the shock features observed in the experiments, we first
employed 2D MHD simulations to replicate the shock characteris-
tics and obtain the electromagnetic field evolution. Subsequently,
test particle simulations were conducted using the electromagnetic
field background from the MHD simulations to investigate the rela-
tionship between the asymmetric characteristics of the shock profile
and ion acceleration efficiency.

2D MHD simulations were performed using the FLASH code,
which includes nonideal effects such as artificial viscosity and resis-
tivity, amplifying collisional effects to compensate for dissipation
from ion reflection, and promoting the formation of a magnetized
shock.””” The primary purpose of using MHD was to simulate the
large-scale interaction between the laser-driven plasma piston and
the magnetized ambient plasma, thereby providing electromagnetic
field structures for subsequent test particle simulation. The ambient
density measured by optical interferometry exhibits an exponential

RESEARCH ARTICLE pubs.aip.org/aip/mre

distribution along the x direction, and we used the density distribu-
tion from the precursor laser only experiment as the initial condition
for the MHD simulation. The simulation region was 1.6 x 1.6 cm®
and filled with low-temperature plasma. The main-pulse laser inten-
sity was 1.2 x 10'> W/cm?, with a focal spot radius of 100 ym and
a duration of 1 ns. For the MHD simulation, a perpendicular 7 T
magnetic field was applied in the simulation plane.

The density, pressure, and velocity at various times output by
the MHD simulation were used to obtain the electromagnetic field
information, which served as the electromagnetic field background
for the test particles. The test particle method is a common method
for studying ion acceleration. The equation of motion of ions in a
given electromagnetic field is

% = %(E +vxB),
where v, g, and m are the velocity, charge, and mass of the proton, ¢
is time, and E and B are the electric and magnetic fields at the posi-
tion of the ion. In our test particle code, the equations of motion
for charged particles in electromagnetic field were integrated using
the Boris algorithm. The electric and magnetic fields were obtained
from 2D MHD simulation and output to a 2D grid with a resolu-
tion of 7.8 um (~r./100, where r; is the ion gyroradius; for the given
simulation parameters, r.; is about 0.7-2.5 mm). Test particles were
randomly placed into these grids, with their velocities randomized
to follow a Maxwellian distribution. Coupling between particles and
fields was achieved through nearest-neighbor interpolation of field
values at particle positions. The time step of the simulation was set
to 0.001 ns, and the total calculation time was 2.5 ns. The electro-
magnetic field information was input and updated every 0.1 ns. This
ensured that the simulation could accurately capture the dynamic
changes of the electromagnetic field during the ion motion process.

B. Shock obtained from MHD simulations

The plasma density at 3 ns from MHD simulation is shown in
Fig. 4, which demonstrates that a collisionless shock is formed by
the impact of a plasma piston in the magnetized ambient plasma.
As shown in Fig. 4(a), the simulated region exhibits an exponen-
tial ambient density distribution along the x direction, with higher
density on the left side, resulting in earlier shock formation in this
area. Overall, the shock presents an asymmetric quasi-hemispherical
shape, and the magnetic field is stronger in the high-density region.
The simulation results show that the shock propagates with a veloc-
ity of about 600 km/s with Alfvén Mach number My about 4-6. The
temperature of the piston plasma is ~200-300 eV, and the electron
density is about 10" cm™. We also find that the shock compres-
sion ratio is greater than 3. All these parameters are consistent with
experimental results.”* The longitudinal density distribution reveals
typical shock overshoot and ramp structures, with a lack of a foot
structure. It should be noted that ion reflection does not provide
dissipation for collisionless shocks in MHD simulations; instead,
dissipation occurs through other nonideal effects.

C. Acceleration of test particles

The results for test particles exhibit angular asymmetric fea-
tures. Figure 5(a) shows the spatial distribution of test particles,
where each dot represents a test ion, and the color indicates the
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FIG. 4. Shock profiles obtained by MHD simulation: (a) mass density; (b) magnetic field; (c) and (d) Profiles of density and magnetic field, respectively, along the red dashed
lines in Figs. 4(a) and 4(b).
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sents its energy, v, is the radial veloc-
ity, and vg is the angular velocity. (b)
Initial (blue line) and accelerated (red
line) velocity-distribution spectra. After
shock acceleration, an acceleration peak
appears in the spectral profile. (c) and (d)
Particle phase-space distributions in the
r-v and 6-v planes, respectively.
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particle energy. The test ions are accelerated near the spherical
shock front, with the acceleration effect depending on position.
Figures 5(b)-5(d) depict the velocity spectra and phase-space dis-
tributions in different directions. Here, v, is the radial velocity
component in polar coordinates with the laser incidence point as
the origin, and vy is the angular velocity component. Figure 5(b)
reveals that as the shock propagates in the r direction, both v, and
vy experience significant acceleration. The velocity distribution of
test ions transitions from an initial single-peak to a double-peak
structure, indicating that a portion of the ions are accelerated. This
result is consistent with the experimental results (Fig. 3) and 1D PIC
simulations. The agreement between simulation and experiment is
primarily reflected in the high-velocity peak, which is separated
from the piston peak, reaches up to approximately three times the
shock speed (1500 km/s), and exhibits clear angular asymmetry.
Figure 5(c) demonstrates that in the region at larger r positions,
some jons reach higher energies, indicating that these particles expe-
rience an acceleration process near the shock front and then move
into the upstream region. Figure 5(d) shows the characteristics of
the angular distribution of test particles. From the direction perpen-
dicular to the laser (=90° and 90°) to the direction parallel to the
laser (0°), the velocity of accelerated fast ions gradually increases. At
the same time, the acceleration on both sides of the spherical surface
exhibits asymmetry. It is stronger on the right side, where the back-
ground density is lower and the shock forms later compared with the
other side. Some extra higher-energy ions are predominantly located
at the 0° position, which may be caused by potential numerical insta-
bilities at the laser-incidence grids. In the FLASH code, numerical
errors occur when the laser is normally incident on the target sur-
face, and oblique incidence of the laser can eliminate laser channel
interference.

Through force analysis of the particles, we conclude that the
dominant acceleration mechanism is SDA. In Fig. 6(a), we illus-
trate the velocities and force conditions for two typical accelerated
particles. In the shaded regions, the two particles undergo respec-
tive acceleration processes. During this period, the Fmag (=qvB)
dominates over Fe. (=qE), which supports the conclusion that ion

x10°°

@)

25 X 10-9

25

151

{(s)
\
i(s)

05 1

v(m/s) »10°

RESEARCH ARTICLE pubs.aip.org/aip/mre

acceleration is primarily driven by SDA. We performed a statistical
analysis of the contributions of magnetic and electric forces during
the acceleration of all particles (the dot product of the force and the
displacement of the particle during its interaction with the shock).
As shown in Fig. 6(b), the majority of reflected ions are dominated
by magnetic work, and the vast majority of accelerated particles are
concentrated in the SDA region, which also agrees with our PIC sim-
ulation results.*® Additionally, variations in the plasma  value may
lead to differences in the dominant acceleration mechanisms. Higher
B enhances the electrostatic potential, inducing additional ion reflec-
tion. This may explain why SSA is considered to be the primary
pre-acceleration mechanism in some high-p studies.

D. Effect of shock asymmmetry on ion acceleration

We statistically analyzed particle acceleration at three typical
angles and confirmed its angular dependence. Initial test particles
were distributed upstream of the entire hemispherical shock, with
acceleration occurring at all angular positions, but varying by loca-
tion. To quantify these differences, we focused on three specific
angles relative to the polar axis, placing particles in small fan-shaped
regions (—45°+ 2.5°,0 °+ 2.5°, and 45 °+ 2.5° in Fig. 4) at simulation
onset and tracking their shock-driven acceleration. Figures 7(a)-7(c)
show the total kinetic energy spectrum, the kinetic energy spectrum
along the r direction, and the kinetic energy spectrum perpendicu-
lar to the r direction, respectively, and Figs. 7(d)-7(f) show the total
velocity spectrum, the velocity spectrum along the r direction, and
the velocity spectrum perpendicular to the r direction, respectively.
Regardless of the type of distribution analyzed, the acceleration peak
becomes more obvious and the velocities of the accelerated particles
increase in the region with negative angles. In particular, the veloc-
ity in the r direction is significantly influenced by angle, which is
consistent with the experimental results in Fig. 2. It is worth not-
ing that Fig. 7 displays the velocity peak of the ambient plasma,
while Fig. 2 includes all ions detected by the Faraday cups, which
incorporates a portion of the piston plasma. In our experiments, the
Faraday cup positioned at 0° measured a double-peak distribution,

_><10'14 x1071°
(b) 2
1.5
1
0.5

E x1071°

FIG. 6. (a) Velocities and forces for two typical test particles at 2.5 ns. (b) Statistical results for test ions.
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FIG. 7. Energy spectra and velocity distributions at different angles: (a) and (d) Total energy and total velocity; (b) and (e) radial energy and radial velocity; (c) and (f) angular

energy and angular velocity.

while this is less obvious for the Faraday cup positioned obliquely
below (20°), owing to overlap between the high-energy peak
(700 km/s) and the piston peak (500 km/s), and an obvious
accelerated quasi-single-energy spectrum cannot be observed.

In the test particle simulation, most of the accelerated ions were
found to experience SDA, with the motional electric field v x B
playing a predominant role. As shown in Fig. 8(a), the electric field
is primarily composed of the angular component Ey. Averaging this
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over the shock thickness range gives Eae = [ Egdr/ [, dr, which
also exhibits angular asymmetry, and this electric field strength
increases as the background density decreases. As can be seen in
Figs. 8(b) and 8(c), the magnitude of the electric field at 45° is
smaller than that at —45°, resulting in a weaker acceleration effect.
This asymmetry originates from the inhomogeneous distribution of
the ambient density, which causes inconsistent magnitudes of the
electric field at the shock front and thus affects the ion acceleration
efficiency. In addition to the electric field magnitude, the pressure
gradient may also influence ion acceleration. We analyzed the mag-
netic field profile and compression ratios, which indicated little vari-
ation across all regions within the spherical shock, suggesting that
the acceleration efficiency primarily hinges on the magnitude of the
electric field. The simulation results are consistent with our previ-
ous experimental results.”* The correlation between this acceleration
and the electric field is also reflected in observations by the Magneto-
spheric Multiscale (MMS) mission,”” which studied the evolution of
the in situ acceleration of solar wind suprathermal electrons in two
corotating interaction regions (CIRs) observed by WIND and MMS
1 at 1 AU in January 2018 and February 2020, respectively. The
results show that the acceleration efficiency of solar wind suprather-
mal electrons increases with the strength of the convective electric
field Edrift.

IV. CONCLUSIONS

It has been found that magnetized shocks produce signif-
icantly greater ion acceleration than those without an exter-
nal magnetic field, and we have demonstrated the asymmetric
characteristics of quasi-hemispherical magnetized collisionless
shocks and their associated ion acceleration. Test particle simu-
lations, using the electromagnetic field background generated by
2D MHD simulation, reproduce the experimental asymmetries of
the quasi-perpendicular shock structure and the proton spectra.
We have identified shock drift acceleration (SDA) as the domi-
nant ion acceleration mechanism. We have further found that the
motional electric field strength significantly affects ion acceleration
efficiency. Specifically, a stronger motional electric field enhances
the acceleration efficiency, and therefore asymmetric shocks pro-
duces angular asymmetric ion acceleration. These findings are con-
sistent with experimental results and the observations of the Earth’s
foreshock region by the MMS mission. This work offers a potential
explanation for the varying results reported in previous studies on
ion acceleration, highlighting the importance of shock geometry and
electric field in collisionless shock environments, thus providing a
more comprehensive understanding of the underlying acceleration
dynamics.

While MHD simulations effectively capture large-scale plasma
dynamics and electromagnetic field structures, they do not
inherently resolve kinetic-scale dissipation mechanisms, such as
ion reflection and wave-particle interactions. By contrast, PIC
simulations self-consistently incorporate kinetic effects, enabling
the representation of nonequilibrium features, including a defined
shock foot and reflected ion populations. Nonetheless, both our
test particle simulations using 2D MHD-generated electromagnetic
fields and our earlier 1D PIC results consistently demonstrate that
SDA serves as the dominant ion acceleration mechanism. This

RESEARCH ARTICLE pubs.aip.org/aip/mre

suggests that the large-scale electromagnetic field structures essential
to SDA are accurately reproduced within the MHD framework.
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