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ABSTRACT

The study of collisionless shocks and their role in cosmic ray acceleration has gained importance through observations and simulations,
driving interest in reproducing these conditions in laboratory experiments using high-power lasers. In this work, we examine the role of
three-dimensional (3D) effects in ion acceleration in quasi-perpendicular shocks under laboratory-relevant conditions. Using hybrid particle-
in-cell (PIC) simulations (kinetic ions and fluid electrons), we explore how the Alfv�enic and sonic Mach numbers, along with plasma beta,
influence ion energization, unlocked only in 3D, and establish scaling criteria for when conducting 3D simulations is necessary. Our results
show that efficient ion acceleration requires Alfv�enic Mach numbers �25 and sonic Mach numbers �13, with plasma-b � 5. We theoreti-
cally found that, while two-dimensional (2D) simulations suffice for current laboratory-accessible shock conditions, 3D effects become crucial
for shock velocities exceeding 1000 km/s and experiments sustaining the shock for at least 10 ns. We surveyed previous laboratory experi-
ments on collisionless shocks and found that 3D effects are unimportant under those conditions, implying that one-dimensional and 2D sim-
ulations should be enough to model the accelerated ion spectra. However, we do find that the same experiments are realistically close to
accessing the regime relevant to 3D effects, an exciting prospect for future laboratory efforts. We propose modifications to past experimental
configurations to optimize and control 3D effects on ion acceleration. These proposed experiments could be used to benchmark plasma astro-
physics kinetic codes and/or employed as controllable sources of energetic particles.

VC 2025 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/10.1063/5.0269035

I. INTRODUCTION

Non-relativistic, magnetized collisionless shocks are ubiquitous
structures in the universe. These systems are characterized by having
the ion–ion mean free paths that far exceed the density gradient
length-scale associated with the shock discontinuity. Therefore, energy
and momentum transfer are not mediated by Coulomb binary colli-
sions between particles but rather through collective electromagnetic
interactions. Examples of collisionless shocks in astrophysics are super-
nova remnants (SNRs), planetary bow-shocks, and galaxy cluster
shock waves. Additionally, collisionless shocks are widely regarded as
efficient sites for particle acceleration, playing a crucial role in the pro-
duction of cosmic rays (CRs).1–5

The conditions governing particle energization in these shocks
are determined by a relatively small set of key parameters: the Alfv�enic
Mach number (MA ¼ vsh=vA, where vsh is the shock velocity and

vA ¼ B0=
ffiffiffiffiffiffiffiffi

l0q
p

is the Alfv�en velocity, B0 is the upstream magnetic

field, l0 is the permittivity of vacuum, and q is the plasma mass den-
sity), the thermal plasma-b parameter (the ratio of thermal to mag-
netic pressure, b ¼ pth=pM), and the angle #Bn between the shock
propagation direction and the upstreammagnetic field B0.

In this work, we focus on the so-called high-MA regime
(MA > 15) of quasi-perpendicular shocks (#Bn > 60�), which is rele-
vant to several astrophysical environments. For example, the quasi-
perpendicular region of the Earth’s bow-shock, where MA� 20 and
b � 1, is known to efficiently accelerate ions.6–8 Similarly, SNRs are
also widely associated with cosmic ray acceleration. A particularly
interesting case is SN 1006, where the local magnetic field direction B0

has been determined.9–13 The remnant exhibits an azimuthally sym-
metric radio emission pattern,9 suggesting efficient particle accelera-
tion at least at GeV energies across parallel, oblique, and perpendicular
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regions. Additionally, young extra-galactic supernovae associated with
radio emissions may also feature quasi-perpendicular shock geome-
tries.14 On the largest scales of the universe, collisionless shocks are
formed when galaxy clusters collide and merge. Observations of radio
relics provide strong evidence for the acceleration of relativistic elec-
trons at these merger shocks.15–20 These shocks, typically characterized
by a quasi-perpendicular configuration, propagate through the hot
intracluster medium (ICM), a diffuse, weakly magnetized plasma with
high temperature and a high plasma beta (b � 1).

Significant numerical efforts have been dedicated to studying per-
pendicular shocks, exploring their parameter space and the role of
dimensionality in simulations. Particle-in-cell (PIC) simulations of
low-b quasi-perpendicular shocks have been conducted in one-
dimensional (1D) (e.g., Refs. 21–23), two-dimensional (2D) (e.g., Refs.
24–27), and small-box three-dimensional (3D) setups (e.g., Ref. 28),
yet compelling evidence of particle acceleration remains elusive. A key
finding from these studies is that in the quasi-perpendicular regime,
the ion spectrum remains unchanged between 1D and 2D simulations,
showing no evidence of non-thermal tails. Henceforth, we will discuss
discrepancies between 2D and 3D simulations bearing in mind that
the same differences exist between 1D and 3D.

Recently, the strong constraints on the magnetic field orientation
and ion acceleration were relaxed via more general simulations in three
dimensions. Orusa and Caprioli29 conducted an extensive campaign of
hybrid particle-in-cell simulations (kinetic ions and fluid electrons) of
low-b quasi-perpendicular shocks withM� 25, demonstrating for the
first time in self-consistent kinetic simulations that a significant non-
thermal ion population emerges only in 3D. This result contrasts with
lower dimensionality (1D and 2D) PIC and hybrid simulations of
quasi-perpendicular shocks, where efficient ion acceleration remains
challenging.22,23,25–28,30–49

They showed that in 2D simulations, particles are typically
advected into the downstream region after at most one gyro-motion,
preventing them from repeatedly crossing the shock and returning to
the upstream. This is because, in 2D, magnetic field lines effectively act
as walls, significantly reducing the probability of return. In contrast, a
fully 3D magnetic field structure introduces enough degrees of free-
dom for particles to leak back into the upstream50 through three-
dimensional trajectories and gain energy with each cycle via shock drift
acceleration (SDA). As a result, 3D effects play a crucial role in accu-
rately capturing shock dynamics and particle energization, which are
often underestimated in 2D simulations.

In general, the energy spectrum can be modeled as a power law
/ E�a. In Orusa and Caprioli,29 they found that that the higher isMA,
the “harder” the energy spectrum, that approaches a � 1:5 for high-
MA� 100 (corresponding to / p�4 for non-relativistic particles), con-
sistent with the universal spectral slope expected at strong shocks. For
lower values of MA, the spectrum becomes steeper, with non-thermal
tails that progressively shrink and disappear forMA < 10, showing no
detectable difference from the 2D case in this low-MA regime. A key
factor in particle injection is the post-shock magnetic turbulence,
which grows25–27 with /

ffiffiffiffiffiffiffi

MA

p
. Higher levels of turbulence enhance

the probability of ions returning upstream, leading to harder spectra.
A different regime describes the more weakly magnetized astro-

physical environments, such as galaxy clusters, that host high-b
oblique shocks. This class of shock has been investigated using both
2D PIC simulations23,31,32,34,35,51,52 and 2D-3D hybrid simulations,53

showing a preference for electron rather than ion injection.23

Moreover, differences between 2D and 3D hybrid simulations appear
to be minimal,53 as neither exhibit non-thermal ion populations,
though definitive conclusions have yet to be reached.

These exciting discoveries on collisionless shock astrophysics
have sparked the interest of the experimental plasma physics commu-
nity, who seek to reproduce astrophysics-relevant shock conditions
and test astrophysical theories using laboratory experiments (see, e.g.,
Ref. 54). Much of the progress on Earth-based experiments has been
done using high-power, high-energy laser systems since they can create
hypersonic pistons that propagate through an upstream medium, cre-
ating a shock at sufficiently high speeds so that the ion–ion mean free
path far exceeds the system size. The interplay between astrophysics
and laboratory plasma physics offers a unique and stimulating oppor-
tunity to test and constrain models of collisionless shock formations,
plasma instabilities, and particle acceleration in controlled conditions.

In the past decade, the first successful generation of collisionless
shocks in laboratory laser-driven plasma experiments55–59 has been
achieving conditions characterized by values ofMA andMs relevant to
the heliosphere and other astrophysical environments. Typically, these
experiments have generated shocks lasting a few nanoseconds, corre-
sponding to several ion gyro-periods. As noted by Orusa and
Caprioli,29 the acceleration process in quasi-perpendicular shocks is
extremely fast (of the order of ten ion gyro-periods) and could poten-
tially be tested in the laboratory. Quasi-perpendicular shocks form
quickly as the magnetic field directly opposes the incoming plasma
flow, enhancing compression efficiency. This is in contrast to quasi-
parallel shocks (where #Bn � 60�) that develop more gradually, as the
magnetic field is aligned with the direction of shock propagation, lead-
ing to a slower shock formation mediated by multi-scale plasma pro-
cesses.45,60 As a result, perpendicular shocks are easier to generate in
the laboratory, where the available laser drive duration limits the over-
all experimental time-frame. Nevertheless, laboratory experiments
have already found evidence of particle energization56–59 in the moder-
ate to high Alfv�enic Mach number regime (i.e., MA ranging between 4
and 30).

The pioneering experiments conducted by Schaeffer et al.55,56 at
the large plasma device (LAPD) and the OMEGA laser facility61

marked the first laboratory observations of time-resolved electron and
ion velocity distributions in magnetized perpendicular collisionless
shock precursors. Yamazaki et al.58 investigated the formation of
quasi-perpendicular supercritical magnetized collisionless shocks using
the Gekko-XII HIPER laser system, while Yao et al.59 conducted an
experiment at the LULI2000 facility, where a laser-driven piston was
used to generate an expanding plasma that propagated into an ambient
hydrogen plasma within a uniform external magnetic field, producing
a collisionless shock. We will explore these experiments in more detail
below. It is also worth mentioning that Weibel-mediated collisionless
shocks have been successfully created at the National Ignition Facility,
yielding new valuable insights about electron acceleration in turbulent
shocks.57

This paper builds on the work of Orusa and Caprioli29 by asking
the question: are the existing 1D and 2D particle-in-cell simulations
enough to model ion acceleration in these experiments or should 3D
effects be considered? To do so, we extend the analysis of the parame-
ter space, focusing on the conditions relevant to laser-driven laboratory
experiments. Moreover, we introduce new scaling criteria exploiting
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our numerical results. We conducted a parametric study using a new
set of simulations, focusing on the first tens of ion cyclotron times and
examining the shock structure and accelerated ions in conditions with
Ms and MA in the range 5–30. We find that 2D simulations are ade-
quate for all the experiments we surveyed. However, we predict that if
one were to drive shocks 50% faster that these experiments, then 3D
modeling would be necessary to accurately calculate the energized ion
spectra. On the basis of our findings, we propose a set of experimental
configurations that could maximize ion acceleration, guiding future
laboratory campaigns toward conditions where perpendicular shocks
can efficiently energize particles.

There is an important distinction between our simulations and
laboratory experiments. Typically, in the laboratory, a laser heats up a
solid, launching a piston that expands into an ambient upstream
plasma. This piston compresses the upstream ambient magnetic field
through the coupling of the lightest ion species in the piston and the
upstream ions.56,59,62 A compression wave forms quickly, within 1–2
ion cyclotron times, and as the shock develops, it detaches from the
piston, creating a downstream region behind the resulting density
jump. Once the piston and shock are decoupled, the shock is sustained
between the uncompressed upstream ambient ions and the ambient
ions that have been swept into the downstream region. In contrast, our
simulations do not launch a piston-driven plasma into an upstream
medium, but they begin with a supersonic flow propagating toward a
reflecting wall. The interaction between the incoming and reflected ion
streams compresses the magnetic field and increases the density, lead-
ing to shock formation. Therefore, our simulations are agnostic to
what a realistic piston would do in an experiment, but this is a valid
assumption on timescales after the shock-piston have decoupled,
which is the case in our analysis. In other words, since the ion accelera-
tion occurs only after the shock is fully formed and a downstream
exists, neglecting the piston is a valid approximation over which ener-
getic ions are produced and detected.

We emphasize that the simulations presented here are not
intended to be accurate models of laboratory experiments, nor are they
intended to fully replicate laboratory setup. To do so, one would
need to resolve both the electron and ion dynamics, calculate the
laser deposition on a solid-density target, ionization processes, cou-
pling of specific ion species with the upstream medium, and other
complications which would make the simulations computationally
prohibitively expensive. Rather, we seek to offer theoretical guidance
(numerical and analytical) for assessing the need of accounting for 3D
effects to model particle acceleration in conditions relevant to labora-
tory experiments.

The paper is organized as follows: in Sec. II, we present the details
of the simulations performed. In Sec. III, we outline the simulation
results. Section IVB discusses the parameter space relevant to labora-
tory experiments and provides the scaling equation for identifying
optimal experimental setups. In Sec. IVC, we review previous experi-
ments and propose new configurations that could exhibit strong ion
acceleration. Finally, in Sec. V, we summarize our conclusions.

II. METHODS

All results presented in this work are obtained from simulations
performed using the hybrid particle-in-cell dHybridR code63 (kinetic
ions and fluid electrons) in the non-relativistic regime.64 As explained
in the introduction, our simulations do not model the piston but focus
solely on the upstream ambient plasma; accordingly, all quantities

reported below refer to the upstream plasma. In the simulations, a
supersonic flow with speed vsh propagates toward a reflecting wall (left
boundary). The interaction between the incoming and reflected ion
streams generates a shock that moves rightward (along the x-axis),
into a static and homogeneous perpendicular B0 field with #Bn ¼ 90�

along the y-axis. As a result, the downstream region remains station-
ary, and the kinetic energy of the incoming flow is efficiently trans-
formed into thermal energy at the shock front.

Lengths are expressed in units of the ion skin depth di � c=xp,

where c is the speed of light and xp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z2e2n=e0m
p

is the ion plasma

frequency, withm, Z, e, n, and e0 are the ion mass, charge state, funda-
mental charge, number density, and permittivity of free space, respec-
tively. Time is measured in units of the inverse ion cyclotron

time x�1
c � m=ðeB0Þ. Velocities are normalized to the Alfv�en velocity

vA � B0=
ffiffiffiffiffiffiffiffiffiffiffi

l0mn
p

(l0 is the magnetic permeability of vacuum), and

energies to the kinetic energy per ion co-moving with the shock,

Esh � mv2sh=2. The simulations include all three spatial components of

the particle momentum and the electromagnetic fields. The hybrid
model requires an explicit choice for the electron equation of state, and
in this work, electrons are treated as adiabatic with an index
c ¼ 5=3.48,53,65 The choice of c in our simulations is a prescribed
assumption, as we do not employ tabulated equations of state or com-
pute the adiabatic index in the simulation. Instead, we adopt the stan-
dard value of 5/3, which is widely used in astrophysical contexts (and
probably a good approximation on timescales after the laser irradia-
tion). More sophisticated equations of state are often necessary to
accurately describe laboratory plasmas. In our numerical setup, c pri-
marily determines the density compression ratio, which, in principle,
can affect the ion spectra. To assess the robustness of our results, we
tested an alternative value of c ¼ 4=3 for the simulation labeled Run A
in Table I and found that it does not alter the resulting ion spectra.
Although the choice of c remains an assumption, the shocks in our
simulations are largely governed by the ion dynamics, and therefore,
we do not expect substantial changes when varying its value.

The sonic Mach number is defined as Ms � vsh=cs, where

cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ckBT=m
p

is the adiabatic sound-speed, kB is the Boltzmann

constant, and T � Ti ¼ Te is the plasma temperature, assuming ions
and electron are initially in thermal equilibrium.66 The Alfv�enic Mach
number is defined as MA � vsh=vA. The Alfv�enic and sonic Mach
numbers are related to the plasma-b parameter by

MA ¼ cb

2

� �1=2

Ms: (1)

TABLE I. Summary of the simulated parameters in 3D at t ¼ 10x�1
c
: Alfv�enic Mach

number, plasma-b, and sonic Mach number; together with inferred parameters of
interest: acceleration efficiency e, compression ratio R, and energy spectral index a.
In all simulations, the initial magnetic field inclination was fixed to #Bn ¼ 90deg. No
accelerated particles are found in the corresponding 2D simulations.

Run MA b Ms e (>10Esh) R a

A 25 2 19 0.3% 4.2 5.4

B 25 5 13 0.2% 4.3 5.7

C 28 18 7 0.05% 3.5 8

D 19 2 15 0.04% 4.3 8
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Since the MA;s usually reachable in laboratory experiments is in
the range of 2� 30, we focus on this regime and test different dimen-
sionalities and values of b, in order to track the amount of accelerated
particles as a function of these two parameters and the dependence of
the result on the dimensionality.

An important caveat to the numerical implementation comes
from the frames of reference typically used in the laboratory and in
simulations. In the laboratory, typically the upstream is at rest, whereas
dHybrid utilizes the downstream frame of reference. In this paper,
we use the laboratory/upstream frame of reference, denoted by the
superscript ðuÞ, to describe physical quantities in that frame of refer-
ence and/or evaluated there. The Mach numbers calculated in the
downstream frame of reference, and used in the code as inputs, which
are denoted by the superscript ðdÞ, can be converted to the laboratory
using

MA;s � M
ðuÞ
A;s ¼

R

R� 1
M

ðdÞ
A;s ; (2)

where R � nðdÞ=nðuÞ is the shock compression ratio. In contrast, b,
which scales with the ratio between MA and Ms through Eq. (1),
remains unchanged under a reference frame transformation.

We define the acceleration efficiency e as the fraction of post-shock
energy density in ions with energies65 � 10Esh. Table I summarizes of
the simulation parameters we used (in the laboratory/upstream frame of
reference), together with their corresponding acceleration efficiency, and
energy spectral index a at t ¼ 10x�1

c . We conducted a parametric study
starting from MA ¼ 25 and b ¼ 2 (Run A). We note that this corre-
sponds to the lowest MA tested in Orusa and Caprioli.29 Runs B and C
are slightly less magnetized cases with MA ¼ 25, and b ¼ 5 and 18,
respectively. Finally, Run D investigatesMA ¼ 19 and b ¼ 2.

All these conditions (Runs A through D) were simulated both in
2D and 3D. The field is oriented along the y-axis. In the three-
dimensional cases, the z-axis domain was to 20 di. We use 10 cells per
di in each direction and 8(4) ion particles per cell (ppc) in 3D(2D). To
confirm that 3D particle acceleration is a genuine physical effect tied to
the presence of the full third dimension, and not an artifact of particle
statistics, we verified that 2D simulations with 64 and 121 ppc do not
develop a non-thermal tail for a shock with MA ¼ 25 and Ms ¼ 19, a
regime where 3D simulations exhibit significant acceleration. We pre-
sent and discuss on the values of e and a, and their differences in 2D vs
3D simulations, in Sec. III.

III. NUMERICAL RESULTS

We present the simulation results, splitting it in different aspects
of the physics of interest. First, we discuss the differences in shock
structure for different values of ðMA; bÞ. Second, we present the calcu-
lated ion spectra and the relation between the relevant parameters,
dimensionality, and the emergence (or not) of a non-thermal tail.
Third, we will show the evolution of the most energetic ions found in
the simulations, which further highlights the importance of dimen-
sionality to ion acceleration.

A. Shock structure

The general structure of a quasi-perpendicular collisionless
shock is well known.67 Quasi-perpendicular shocks exhibit a den-
sity gradient, the shock front, called the ramp. Ions accumulate
behind the ramp, generating an overshoot in the magnetic field.

Moreover, the shock front reflects incoming ions back into the
upstream, forming a slightly denser region ahead of the ramp
known as the foot. This general behavior is observed in both 2D
and 3D. However, the strength of the overshoot, together with
length-scales related to the ramp and the foot, can depend on MA,
b, and the dimensionality of the system.

Beyond the one-dimensional description of the shock, these sys-
tems exhibit strongly fluctuating density and magnetic components.
The density and magnetic structures for different runs and dimension-
ality at t ¼ 10x�1

c are shown in Fig. 1. Panels (a)–(d) show the case
that most efficiently accelerates ions ðMA ¼ 25; b ¼ 2Þ in 2D and 3D.
Filamentary structures are visible in the ramp and foot. The plasma
conditions are in the intersection between Alfv�en ion cyclotron- and
the ion-Weibel-dominated unstable regime, and hence, the emergence
of filaments can be attributed to either of these instabilities.25,27,68,69 As
incoming ions encounter the population of ions reflected by the shock,
counterstreaming beams are established in the upstream region. This
configuration is unstable to the ion Weibel instability, which leads to
the formation of small-scale current filaments oriented along the shock
normal. These filaments induce transverse magnetic fields, perpendic-
ular to both the shock normal and the upstream magnetic field. As the
shock advances, it compresses these structures, amplifies, and advects
them into the downstream region. There, the filaments merge and
evolve into a turbulent magnetic field, which dominates the down-
stream region. In both 2D and 3D simulations, the density is com-
pressed by the shock, with an overshoot immediately behind it that
eventually relaxes into a weakly turbulent state dictated by the standard
compression ratio of 4. We emphasize that, despite the fact that two
cases look very similar visually, the out-of-plane structure of the shock
is the key for ion acceleration.70 The results from case ðMA ¼ 25; b ¼
5Þ are similar to panels (a)–(d) and are not presented for conciseness.

Figures 1(e) and 1(f) show the shock structure at ðMA ¼ 28;
b ¼ 18Þ and is therefore less hypersonic with Ms ¼ 7 than the runs
discussed above. This case provides less insight into ion acceleration,
and it is relevant for shocks in the heliosphere. The dominance of ther-
mal pressure over magnetic pressure suppresses the development of
turbulence at kinetic scales relevant for ion injection in the down-
stream region, resulting in a more laminar flow. In fact, when the
upstream plasma beta is b � 1, the influence of the magnetic field on
the shock jump conditions becomes negligible.71 The density and mag-
netic compression ratio is closely tied to the sonic Mach number, with
an observed R ¼ 3:5, instead of 4 (the expected value for strong
shocks) in the far downstream region. This value of R is consistent
with predictions based on the Rankine–Hugoniot conditions for a
weakly magnetized shock,31 which explains the displacement of the
shock position relative to other cases: lower compression implies that
the shock forms and propagates more rapidly. Similarly, the overshoot
immediately behind the shock is weaker than the runs with larger val-
ues of Ms. Notice that this simulation was performed with the same

value of M
ðdÞ
A in the downstream reference frame as the other simula-

tions, but due to the lower compression ratio, this results in a higher
value of MA in the laboratory frame. The final case with ðMA ¼ 19;
b ¼ 2Þ exhibits lower amplitude magnetic fluctuations and amplifica-
tion with respect to ðMA ¼ 25; b ¼ 2Þ, since they approximately scale

with�
ffiffiffiffiffiffiffi

MA

p
(see Refs. 26 and 27).

An important piece of analysis is averaging the simulations in
the yz plane to study the characteristic 1D structure of the shock in
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each case. The results are presented in Figs. 1(g) and 1(h). They
show that under the same conditions, 2D simulations exhibit a
slightly higher overshoot compared to 3D of order 10% with a
sharper transition into the downstream in the latter case.
Nevertheless, the downstream density and magnetic field are equal.
The simulation at higher b propagates faster and exhibits a lower
amplitude. As discussed above, the compression ratio is also lower
than the more magnetized cases.

B. Ion energy spectra

As mentioned before, despite the visual similarity of structures
between 2D and a slice of a 3D simulations, there are notable differ-
ences in the spectrum or accelerated ions. Figure 2(a) shows the energy
spectra of ions for different regimes of ðMA; bÞ and dimensionality, as
a function of particle energy normalized by the energy per ion moving
at shock speed. Notice the convergence of the thermal and supra-
thermal population with E� 5Esh, consisting of particles that are
either advected downstream or reflected once, completing at most a
single gyration upstream before being carried into the downstream
region. However, for E� 10Esh, there are appreciable differences.
First, in three-dimensions, the spectral tail above 10Esh for the cases
ðMA ¼ 25; b ¼ 2Þ and ðMA ¼ 25; b ¼ 5Þ is remarkably similar with
a spectral index a 	 5:5 (see Table I for precise values). For these two
cases, the magnetic field structure is very similar, and the probability of
advection into the downstream region is nearly the same, resulting in
an almost identical spectrum.

The collisionless shock in the case ðMA ¼ 28; b ¼ 18Þ also
develops a softer non-thermal tail compared to the more

hypersonic case, with spectral index a ¼ 8. In this case, the domi-
nance of thermal pressure over magnetic pressure inhibits the
development of turbulence at kinetic scales relevant for ion injec-
tion in the downstream region, thereby increasing the likelihood of
particle advection.

The simulated spectra in 2D do not exhibit the development of a
non-thermal tail (in any condition), and hence, the ion acceleration is
enabled only by the dimensionality of the system. This is further
shown in Fig. 2(b), which presents the ion spectra in 2D and 3D for
two different conditions. As opposed to the case MA ¼ 25, when
MA ¼ 19, the non-thermal tail is less pronounced. This is because this
Alfv�enic Mach number falls within the threshold region for ion injec-
tion. Since the level of downstream magnetic field amplification scales
approximately as

ffiffiffiffiffiffiffi

MA

p
, the reduced turbulence increases the likeli-

hood of particle advection.
The spectra shown in Figs. 2(a) and 2(b) also lead to different

maximum ion energies, Emax. We can further see differences
between 2D and 3D simulations by investigating the evolution of
maximum particle energy in the simulation, which is shown in
Fig. 2(c). We found that the maximum energy increases linearly
only in three-dimensions. Moreover, the cases ðMA ¼ 25; b ¼ 2Þ
and ðMA ¼ 25; b ¼ 5Þ exhibit very similar maximum ion energies
over time, reaching Emax � 40Esh at 10x�1

c . The right-hand side
axis shows the hypothetical equivalent maximum particle energy
to be observed in the laboratory for a shock propagating at
1000 km/s, which would accelerate particles to energies on the
order of 200 keV.

In contrast, for the 2D (MA ¼ 25; b ¼ 2) case, particles barely
exceed 10Esh, saturating in a few gyro-periods. Finally, for MA ¼ 28

FIG. 1. Simulated magnetic field and density (normalized by upstream parameters) at t ¼ 10x�1
c

for indicated conditions ðMA;bÞ, in 2D and 3D. In the latter case, the color-
map corresponds to a slice through the mid-plane of the simulation. Panels (a), (c), (e): magnetic field. Panels (b), (d), (f): density. Panels (g) and (h) are integrated magnetic
fields and density for each run, respectively.
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and b ¼ 2, ions undergo at most a few gyrations, leading to the satura-
tion of the maximum energy over time, as seen in Fig. 2(c), with a final
Esh 	 25.

C. Acceleration efficiency

The differences in spectra between 2D and 3D, as well as varia-
tions inMA and b, directly translate into differences in the acceleration
efficiency e and the percentage fraction of accelerated ions with final
energy � 10Esh. These quantities are presented in Fig. 3 for the differ-
ent runs performed in both 2D and 3D. The efficiency e is represented
by a black line, while the percentage fraction of accelerated ions is
shown with a red line. Dashed lines correspond to the 2D setup,
whereas solid lines represent the 3D case.

Similar to the maximum particle energy study, we consistently
find that 3D simulations allow a higher fractions of particle to be accel-
erated, i.e., ion acceleration is suppressed in two-dimensions.
However, the acceleration efficiency drastically varies depending on

the ðMA; bÞ of the system. For the case (MA ¼ 25; b ¼ 2), reported
in Fig. 3(a), we obtain e � 0:3% in 3D, which does not reach satura-
tion within � 10x�1

c . This results in a percentage fraction of acceler-
ated ions at the 0.05% level. In contrast, the 2D simulation yields
e � 0:01. Coherently with the measured spectrum, similarly, for
(MA ¼ 25; b ¼ 5), a difference between 2D and 3D simulations is
observed, as reported in Fig. 3(b), with e � 0:2% and fraction of accel-
erated ions of 0.05%, comparable to the value obtained for b ¼ 2.

For ðMA ¼ 28; b ¼ 18Þ, ions undergo at most a few gyrations,
leading to the saturation of e over time, as shown in Fig. 3(c). In this
case, the differences between 2D and 3D are smaller, with e � 0:05%,
approximately a factor of six lower than in the (MA ¼ 25, b ¼ 2)
case—although some acceleration is still observed. A similar e and
fraction of accelerated ions are obtained for (MA ¼ 19; b ¼ 2), as
reported in Fig. 3(d), decreasing values compared to the higher MA

and lower b cases. These two cases serve as examples of weak, but
non-zero, acceleration.

IV. DISCUSSION

A. Parameter space for ion acceleration in laboratory

quasi-perpendicular shocks

From the simulation campaign presented here, we identify three
distinct regions in the parameter space of (MA;MsÞ relevant to labora-
tory experiments, defined by their particle acceleration efficiency.

• Strong acceleration: For MA� 25 and Ms� 13, conditions are
highly favorable for particle acceleration, as indicated by the pres-
ence of a non-thermal tail in the energy spectrum with efficien-
cies reaching approximately 0.2%. The maximum particle energy
at t ¼ 10x�1

c is Emax 	 40Esh. In this regime, fully capturing 3D
effects is essential for an accurate description of the accelerated
ion spectra.

• Weak acceleration: For 19�MA < 25 and Ms� 7. There are dif-
ferences between 2D and 3D simulations, but not as pronounced

FIG. 2. Characterization of accelerated ions. (a) Energy spectra for different condi-
tions at t ¼ 10x�1

c
. (b) Comparison of ion spectra between 2D and 3D in two spe-

cific conditions. (c) Time evolution of the maximum energy of ions at different
conditions.

FIG. 3. Evolution of the acceleration efficiency and the percentage fraction of ions
with final energy � 10Esh in 2D and 3D for indicated conditions ðMA;bÞ.
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as in the strong acceleration case, meaning that the high-energy
tail is probably challenging to detect experimentally. In fact, only
a small fraction of particles undergo non-thermal acceleration,
with energy efficiencies around 0.05%, reaching a maximum
energy of Emax 	 25Esh. While this regime is less efficient for par-
ticle acceleration, it is more accessible for laboratory experiments.

• No acceleration: For MA < 19 and Ms < 7, the particle spectra
from 2D and 3D simulations are indistinguishable, and particles
can gain at most Emax � 10Esh. In this regime, particles are typi-
cally reflected only once by the shock before being advected
away, rather than crossing the shock front multiple times, pre-
venting sustained acceleration.

Additionally, we identify two distinct time intervals in the evolu-
tion of the shock: During the first 5x�1

c , the shock forms, and a small
population of energetic particles emerges, with acceleration efficiencies
already exceeding zero. From 5 to 10x�1

c , the shock continues to
develop, leading to a progressive increase in both the energy efficiency
and the maximum energy of the accelerated particles. These temporal
conditions further constrain the emergence of non-thermal ions in lab-
oratory experiments, since the shock must be sufficiently long-lived
such that these processes can occur. We quantify all of these require-
ments in Sec. IVB.

B. Scaling criteria

Our simulations elucidate conditions that can be achieved in cur-
rent laboratory experiments, establishing the threshold for ion acceler-
ation. These results provide a foundation for discussing how the
parameter space evolves under different scaling conditions. This sec-
tion has the goal to quantify what parameters (such as particle species,
external magnetic field, upstream density, upstream temperature, and
shock velocity) are needed in the laboratory to produce 3D ion acceler-
ation. Using scaling considerations, we will show that it is plausible to
control the acceleration process in the laboratory.

We first explore the parameter space ðMA;MsÞ in realistic lab-
oratory conditions. The left panel of Fig. 4 shows the phase dia-
gram of MA as a function of an externally applied B0 and upstream
electron density ne (the ion density is straight-forward to calculate
from quasi-neutrality n ¼ ne=Z), assuming a shock velocity of
vsh ¼ 1000 km/s in an electron–proton plasma. The solid line rep-
resents the Alfv�enic locus, i.e., the combination of B0 and ne
required to achieve MA ¼ 25 (at a given vsh), which, based on our
previous results, defines a threshold for efficient particle accelera-
tion. In addition, we include two alternative cases for MA ¼ 25: a
dotted line for vsh ¼ 500 km/s and a dashed line for vsh ¼ 2000
km/s. The upper horizontal axis indicates the equivalent of 10x�1

c

in nanoseconds for a proton (the lightest of ions), providing insight
into the temporal constraints of different values of B0. The results
show that the shock should be sustained for � 10 ns to allow ion
acceleration. Below we will find scaling criteria for any other ion
species considered. Naturally, increasing B0 requires a correspond-
ing increase in ne to maintain the required MA, but it also increases
the number of captured x�1

c , which plays a crucial role in the accel-
eration process. Nevertheless, for vsh ¼ 1000 km/s, a significant
region of the parameter space satisfies the conditions necessary for
ion acceleration and the higher is MA the larger is the acceleration.
For greater shock velocities, the available area above the locus
increases and even higher MA could be obtained. The current yel-
low region in Fig. 4 (left) would shift to where the dashed line is for
vsh ¼ 2000 km/s, and for the values of B0 and ne shown, that would
allow access to even higherMA.

It is important to quantify the change of the threshold Alfv�enic
locus when different shock speeds are considered. Two calculations for
vsh ¼ 500 km/s and vsh ¼ 2000 km/s are presented in dotted and dash
lines, respectively. Reducing the shock velocity to vsh ¼ 500 km/s sig-
nificantly limits the ðB0; neÞ space where acceleration can occur.
Conversely, increasing the velocity to vsh ¼ 2000 km/s expands the
viable parameter range, making it easier to sustain a high-MA shock

FIG. 4. Left panel: Phase diagram of MA as a function of the ðB0; neÞ space, for vsh ¼ 1000 km/s. The solid black line refer to the Alfv�enic locus MA ¼ 25, which defines the
threshold for strong proton acceleration obtained in Sec. III, such that vsh ¼ 1000 km/s. The diagram also shows different Alfv�enic loci (dashed and dotted lines) defining the
ion acceleration threshold covered by different shock velocities. At higher shock velocities, the accessible parameter space expands, allowing larger MA values and enhanced
particle acceleration. Right panel: Phase diagram of Ms in T � vsh space. The black lines (solid, dotted, and dashed) show the sonic loci covered by Runs A, B, and C, respec-
tively. The dotted black line correspond to the sonic locus above which we can have large ion acceleration.
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for an extended duration, which is beneficial for efficient particle accel-
eration. We provide scaling considerations for the shock velocity
below.

In the right panel of Fig. 4, we show the phase diagram forMs as
a function of upstream temperature T and vsh. The dotted black line
correspond to the sonic locus covered by our simulations discussed in
Sec. IVA, above which we can have large ion acceleration. When the
upstream material is initially cold (T 	 10 eV), the shock velocity
required to accelerate ions is greatly relaxed in the b ¼ 2 case, com-
pared to systems at higher plasma-b.

We now introduce scaling conditions that constrain the emer-
gence of efficient ion acceleration in three dimensions. From these
conditions, we can identify experimental configurations in which the
upstream plasma material (characterized by atomic weight A and
charge state Z), the upstream magnetic field B0, density ne, and the
upstream temperature T can be selected to enable (or suppress) 3D ion
acceleration. Based on our numerical simulations, the following criteria
must be met:

(1) The shock must be highly super-Alfv�enic, withMA�MA;crit ¼ 25.
(2) The shock must have a low to moderate plasma-b� 5. Given

that the shock is already highly super-Alfv�enic, this condition
translates to a sonic Mach number of approximately the same
order as MA, specifically Ms�Ms;crit ¼ 13.

(3) Ions must be accelerated to energies exceeding 10Esh after the
shock has been driven for at least N� t=x�1

c � 5. However, to
ensure a significant number of accelerated particles, it is prefer-
able to sustain the shock for at least N�Ncrit ¼ 10.

To achieve these requirements,72 we begin by noting that the first
step—the choice of how many ion cyclotron times we aim to
achieve—depends only on the magnetic field. For the shock to develop
for Ncrit ¼ 10 within the experimental time-frame s exp, the upstream
magnetic field must satisfy

B0 ¼
A

Z

� �

mp

e

� �

Ncrit

s exp
	 10:4

A

Z

� �

10 ns

s exp

� �

T; (3)

where, in the last approximation, we have used the ratio of the proton
mass mp to the fundamental charge e to derive a practical expression
for the magnetic field in Teslas, with s exp expressed in nanoseconds.
Setting s exp ¼ 10 ns results in a required field of 10.4 T to achieve
Ncrit ¼ 10.

Second, the maximum upstream temperature requirement is
linked to the shock velocity through the condition on the sonic Mach
numberMs. For a given shock velocity andMs � Ms; crit, the upstream
temperature T
 must satisfy

T
 ¼ A

1þ Z

� �

mp

ckB

� �

vsh

Ms; crit

� �2

; (4)

	 50
2A

1þ Z

� �

vsh

1650 km=s

� �2

eV; (5)

where we have assumed c ¼ 5=3, Ms; crit ¼ 13, and expressed vsh in
km/s and the temperature in electronvolts to derive the practical for-
mula above.

Third and finally, the upstream magnetic field B0 and density ne
determine the Alfv�en velocity vA in the upstream region. Under these

conditions, the shock speed v
sh sets the Alfv�enic Mach number. The
requirement MA � MA; crit ¼ 25 implies that the upstream density
must exceed a certain threshold, given by the condition below, assum-
ing Ncrit ¼ 10

n
e ¼
A

Z

� �

mp

l0e
2

� �

Ncrit

s exp

� �2 MA; crit

vsh

� �2

	 35� 1018
A

Z

� �

10 ns

s exp

� �2 1000 km=s

vsh

� �2

cm�3; (6)

where s exp is in ns, vsh is in km/s, and n
e is cubic centimeters.
Equations (3)–(6) can be used to design experiments where 3D

effects are either significant or negligible for ion acceleration. In prac-
tice, the magnetic field can be externally imposed using inductive coils
driven by a specific voltage, while the shock velocity and experimental
time frame can be controlled by selecting an appropriate laser driver
(intensity, duration, and total energy). The density can be adjusted
using a pressurized gas jet or a cross-wind plasma. On the other hand,
the upstream temperature is much harder to control, in particular to
cooldown (one can use an auxiliary heater beam to raise the upstream
temperature, for example).

In Fig. 5, we illustrate how the required values of B0, ne, and T for
ion acceleration depend on the plasma composition, based on the
equations presented above. The ion species were selected because they
are generally light and available in gas form. The heaviest ion species
considered is carbon, which is present when shooting plastic targets, so
it might be of interest to experimentalist. Moreover, we have assumed
that carbon ions have a charge state of Z ¼ 4, consistent with ioniza-
tion tables73 in the range 10 eV � T � 90 eV and electron density
ne ¼ 1018 cm�3, which are typical conditions in laboratory experi-
ments. Figure 5(a) shows the magnetic field required to obtain x�1

c of
1, 1.5, and 2ns for different ionic species. This allows calculating a
value of B0 such that the upstream ions gyrate N times in a given
experimental time frame s exp. Notice that in all cases, ions can gyrate
on single-nanosecond scales with fields < 40 T. Indeed, for experi-
ments with light ions (such as hydrogen and helium), this magnetic
field is< 15 T, which can be applied using current pulsed-power capa-
bilities, such as the magneto-inertial fusion electrical discharge system
(MIFEDS74) on the OMEGA laser.

Assuming s exp =Ncritx
�1
c ¼ 1 (i.e., the experiment always

achieves the critical number of ion gyrations), we can determine the
corresponding lower limit for the electron density required to achieve
the desiredMA for different shock velocities vsh. Figure 5(b) shows val-
ues of n
e for different ion species and shock velocities. For vsh < 500
km/s, we find that typically n
e > 1020 cm�3, regardless of the ion spe-
cies. As a point of reference, the gas jet nozzles at the Laboratory for
Laser Energetics75 can achieve gas densities of few �1019 cm�3, mak-
ing it challenging to have a dense enough upstream with such a low
velocity (not to mention that the system could become collisional).
Cross-wind plasmas driven by a secondary beam are one order of mag-
nitude more dilute.56 The requirements are more easily met for higher
shock speeds vsh > 1000 km/s, in particular for proton–electron
plasmas.

Finally, as we mentioned above, the upstream temperature con-
straints the minimum shock velocity such that the system is hyper-
sonic enough (Ms� 13) to accelerate ions. Figure 5(c) shows the
maximum upstream temperature for a number of ion species and
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shock velocities. For most materials and speeds, T
 < 100 eV, which
seems reasonable for an unperturbed upstream plasma.

Our results show that, for a given configuration of magnetic field,
density, and shock velocity, the upstream plasma composition can be
selected as a switch to enable or suppress ion acceleration. This is par-
ticularly useful experimentally, as it can be achieved simply by replac-
ing the gas cylinder in a pressurized gas jet or changing the target
material. We show this more explicitly below. In the regime relevant to
laser-driven experiments, these requirements can be summarized as
the scaling hierarchy

Ncrit�
s exp

x�1
c

�Ms�MA: (7)

Notice that, in practical terms, these conditions lead to an optimi-
zation problem. For example, an experimenter may try to increase the
magnetic field to decrease the ion gyro-period. However, all other
things being equal, this would also decreaseMA. It is then useful to cal-
culate if a particular configuration such that a criterion for ion acceler-
ation can be satisfied. The strategy is to establish scaling requirements
for ion acceleration in three dimensions, beginning with an electron–
proton plasma under the assumption that it is fully ionized (i.e., Zp

¼ 1 and Ap ¼ 1), where the subscript p denotes protons, which can
then be scaled to other materials (represented by different atomic
weights and charge states) for which the threshold for ion acceleration
can be satisfied (or not). For a given upstreammagnetic field, the num-
ber of ion cyclotron periods N can be expressed as the product of the
ion cyclotron frequency and the characteristic experimental duration
over which the shock evolves, N � xcs exp. Thus, the requirement for
ion gyrations can be scaled from a proton plasma to heavier and/or
more strongly charged ion species with atomic weight A and charge
state Z

xc;ps exp ¼ Np ) N ¼ Z

A
Np: (8)

Similarly, the Alfv�enic and sonic Mach numbers scale with ion proper-
ties, respectively, as

MA ¼ A

Z

� �1=2

MA;p; Ms ¼
2A

Z þ 1

� �1=2

Ms;p: (9)

The hierarchy required for ion acceleration, inequalities (7), along
with the scaling relations (8) and (9), can be used to identify experi-
mental configurations where ions are accelerated through 3D effects
or, alternatively, to verify when a 2D simulation provides an accurate
representation of the experiment. Notice that, in a given experimental
configuration defined by ðB; ne; vshÞ that satisfies the inequalities (7)
for a given material, it is possible to find a different one that does not
because of the different scaling with ðA;ZÞ of Eqs. (8) and (9). As an
example, let us consider an electron–proton (A1 ¼ 1;Z1 ¼ 1) colli-
sionless shock such that it is in the strong acceleration regime (indi-
cated by the subscript 1), with ðMA;1 ¼ 25;Ms;1 ¼ 13Þ and is
sufficiently long-lived with xc;1s exp ¼ N1 ¼ Ncrit. Using the same
experimental setup (laser driver, magnetic fields, and so on), one could
change the upstream material (denoted by the subscript 2) and use a
different isotope of hydrogen, such as deuterium (A2 ¼ 2;Z2 ¼ 1).
Then, the system would be described by ðMA;2 ¼ 35;Ms;2 ¼ 18Þ;
however, N2 ¼ Ncrit=2. Therefore, the system does not have enough

FIG. 5. Dependence of the required B0, ne, and T to achieve MA� 25 and Ms� 13
for different elements, isotopes, and charge states. (a) Calculated upstream magnetic
field B0 such that the ion cyclotron time is 1 ns (red diamond), 1.5 ns (black square),
and 2 ns (green circles). (b) Lower limit of ne for different shock velocities (green
circles: 500 km/s, magenta squares: 1000 km/s, black diamonds: 1500 km/s, and red
hexagons: 2000 km/s), assuming s exp =Ncritx

�1
c

¼ 1. Upward pointing arrows
emphasize that, for ion acceleration to occur, the upstream density must be larger (or
equal) than this value. (c) Upper limit of the temperature required to reach Ms� 13
for various vsh. Downward pointing arrows emphasize that, for ion acceleration to
occur, the upstream temperature must be lower (or equal) than this value.
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time to accelerate ions, which would effectively shut down the signal.
In principle, for a given laser experiment, one could find interesting
combinations of ion species to explore the ðMA;MsÞ parameter space
and find different ion spectra. These results could then be compared
with simulations as a means to validate numerical codes.

C. Connection to current and potential future

experiments

As mentioned earlier, evidence of ion energization in collisionless
perpendicular shocks generated in laser plasma experiments has been
reported.56,58,59 In this section, we survey these experimental results with
the conditions we found are relevant to 3D ion acceleration. Based on our
results, we found that these experiments should be well-described by 1D
and 2D kinetic simulations. We will close this discussion by proposing a
few plausible parameter configurations that could be explored in future
studies to further investigate ion acceleration in collisionless shocks.

1. Schaeffer et al. at the OMEGA laser facility

The experiment conducted by Schaeffer et al.56 at the OMEGA
laser facility61 marked the first laboratory observation of time-resolved
electron and ion velocity distributions in magnetized collisionless shock
precursors (i.e., not fully formed). A single inductive coil made of copper
wires was driven using MIFEDS, producing a upstream ambient mag-
netic field of 10T that was applied to pre-magnetize a single laser beam-
driven cross-wind upstream plasma, filling a large volume in front of a
plastic (CH) foil target. By focusing two drive beams on this target, a
hypersonic piston was produced, generating a shock. Coupling these
experiments with dedicated simulations,62,76 the authors showed that
the hydrogen from the foil couples efficiently with the upstream, creat-
ing a proton–electron-dominated collisionless shock.

The shock precursor propagated at a speed of approximately
750km/s, and the authors inferred ðMA ¼ 15;Ms ¼ 15Þ and the
experimental time frame was s exp 	 4 ns, enough to sustain �4 pro-
ton gyrations.

Figure 6(a) shows a phase diagram in ðMA;MsÞ space where we
have identified that either strong, weak, or no acceleration occurs
based on our simulations. This experimental setup closely resembles
the conditions explored in the simulations presented here. However,
we found that the system is not hypersonic nor long-lived enough to
produce significant ion acceleration in three-dimensions, and so previ-
ous simulations should be a good description of the acceleration pro-
cess. Nevertheless, an experiment with a weaker magnetic field and
longer time-frames may be able to access this regime.

2. Yamazaki et al. at the Gekko-XII HIPER laser system

The experiment conducted by Yamazaki et al.58 investigated the
generation of quasi-perpendicular supercritical magnetized collision-
less shocks using the Gekko-XII HIPER laser system. An aluminum
target was irradiated with the laser, while the chamber was filled with
nitrogen gas, which was subsequently ionized by photons emitted
from the aluminum plasma, forming a magnetized plasma.

An external magnetic field of B0 ¼ 3:6 T was applied, ensuring a
nearly uniform field across the interaction region. The aluminum
plasma expanded at an initial velocity of vAl ¼ 800 km/s, compressing

the nitrogen plasma and triggering the formation of a collisionless
shock that propagated at a velocity of vsh ¼ 400 km/s.

Shock conditions were sustained up to t ¼ 23 ns after laser irradia-
tion, revealing a well-defined shock foot and steep gradients characteristic
of magnetized collisionless shocks. The derived shock parameters were
MA 	 12:5 andMs 	 36, persisting for approximately 4x�1

c . As shown

FIG. 6. (a) Phase diagram for 3D ion acceleration in ðMA;MsÞ space. Conditions
covered in previous experiments by Schaeffer et al.,56 Yao et al.,59 and Yamazaki
et al.

58 are shown, along with a realistic setup extrapolated from Fiuza et al.,57

assuming a pre-magnetized electron–proton plasma by a 10 T magnetic field and
an upstream temperature of 60 eV; the MA and Ms values obtained under these
conditions, although not previously achieved experimentally, are representative of a
plausible regime to be achieved at the NIF. b) Ion spectra measured in the labora-
tory59 (red dots) at ðMA ¼ 3:4;Ms ¼ 6:8Þ and predictions at ðMA ¼ 25;Ms ¼ 13Þ
based on our simulations (lines) with two shock velocities considered. The magenta
arrow indicates the maximum energy Emax ¼ 10Esh for vsh ¼ 1500 km/s. Datasets
reprinted with the authorization of the authors.
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in Fig. 6(a), 1D and 2D simulations would capture the same physics as
3D ones.

3. Yao et al. at the LULI2000 laser facility

In the work reported by Yao et al.,59 based on experiments con-
ducted at the LULI2000 facility, a strong and uniform external mag-
netic field of 20T was used to magnetize the ambient medium. The
interaction medium consisted of hydrogen gas with an electron num-
ber density of 1018 cm�3. The shock front initially propagated at a
velocity of approximately 1500 km/s, corresponding to MA ¼ 3:4 and
Ms ¼ 6:8 under the experimental conditions. This phase lasted for
about 3 ns, equivalent to 6x�1

c , after which the shock velocity
decreased to approximately 500km/s.

In this work, the authors investigated the accelerated ion spectra.
During the shock phase, protons were accelerated to kinetic energies of
up to 80keV. The regime explored in this experiment remains within
the range where 2D simulations provide a sufficient modeling frame-
work for the underlying physical processes. Given the moderate values
of MA andMs and the relatively short duration of the experiment, the
production of ions with very high energies is not expected.

This work provides an excellent point of comparison with our
simulations. Figure 6(b) compares ion spectra obtained experimentally,
which was measured after	 5x�1

c with our calculations. We are inter-
ested in assessing if the accelerated particles we predict can be mea-
sured, at least in principle, with available instrumentation. Therefore,
we will compare with one of our setups (not the most optimistic). We
emphasize that we are not attempting a one-to-one comparison nor
that we are accurately modeling the experiment discussed.

To make the comparison, we assume the volume covered by the
shock to be 2mm3 and place the spectrometer at a distance of 15 cm as
stated in their report. Taking the spectra from the case
(MA ¼ 25; b ¼ 5), for two potential shock velocities, and after 10x�1

c ,
we find that the number of ions is similar to what is observed experi-
mentally, but they show an altogether different spectrum. Also the 3D
simulation shows a harder tail than the 2D one that should be above
detectability. Additionally, we indicate the equivalent energy of 10Esh
for a shock velocity of 1500km/s. This implies that the instruments at
the LULI2000 facility can be sensitive enough to detect the energetic
ions.

4. Fiuza et al. at the National Ignition Facility

The work conducted by Fiuza et al.,57 although not focused on
ion dynamics in quasi-perpendicular shocks, serves as a valuable refer-
ence (in terms of characteristic plasma and shock conditions) for con-
ditions that could be achieved at the National Ignition Facility (NIF).
The experiments accelerated two identical counterstreaming plasma
flows driven by 84 laser beams irradiating of two deuterated carbon
(CD2) targets. The plasma flows interacted in the central region, reach-
ing velocities of vsh 	 1800 km/s. Non-thermal electrons were
observed to be accelerated in the shock transition layer to energies
reaching� 500 keV, exceeding the thermal energy by more than a fac-
tor of 100. Electron spectrometer measurements confirmed the pres-
ence of a power-law energy tail with a spectral index of p 	 3.

If these conditions were similar to a quasi-perpendicular shock
experiment at the NIF, then for an electron–proton plasma premagne-
tized by a 10T magnetic field and a temperature of 60 eV, this setup

could produce a shock at ðMA 	 60;Ms 	 13Þ and persist for
	 24x�1

c , which would satisfy the conditions for strong acceleration,
as shown in Fig. 6(a). The values of MA and Ms obtained under these
conditions, although not previously achieved experimentally, are rep-
resentative of characteristic parameters plausibly accessible at the NIF.

5. Potential future experiments

We propose a few possible parameter configurations for future
experimental setups that should be equivalent to our Run B (MA ¼ 25,
Ms ¼ 13, b ¼ 5), assuming that it is possible to sustain the shock for
10ns and achieve N ¼ 10 (so that s exp =Nx�1

c ¼ 1) while considering
different shock velocities. Under these conditions, the required mag-
netic field is 10T for hydrogen and 20T for other elements. Based on
Fig. 5 and exploring different shock velocities, we find the following:

• For vsh ¼ 500 km/s, achieving the conditions of Run B is
extremely challenging for any material due to the low shock
velocity. This setup is not conducive to strong ion acceleration, as
the required plasma parameters become impractical.

• For vsh ¼ 1000 km/s, using hydrogen as a target requires low
temperature T < 25 eV, which is lower than previous experi-
ments (e.g., Ref. 62). Perhaps, a more feasible approach is to use a
helium plasma, although full ionization requires a temperature of
approximately 80 eV, which is higher than the upper limit. The
required upstream electron density would be approximately ne ¼
3:5� 1019 cm�3.

• For vsh ¼ 1500 km/s, both hydrogen and helium setups become
viable. If minimizing density is a priority, hydrogen is preferable,
with ne 	 1:5� 1019 cm�3, provided that the temperature
remains below 50 eV, a condition that has already been achieved
experimentally.59 If helium is used instead, higher temperatures
of around 100 eV can be tolerated, producing a fully ionized
medium with densities around ne ¼ 2:5� 1019 cm�3.

• For even higher velocities, such as vsh ¼ 2000 km/s, both the
applicable temperatures and densities shift accordingly. The
required densities range from ne ¼ 0:8 to 1:5� 1019 cm�3, while
temperatures vary between 70 and 200 eV.

If a higher s exp =Nx�1
c can be achieved, both B0 and ne would

decrease accordingly, as discussed in Sec. IVB. We note that these
results can also be used as a guide to avoid having to deal with 3D sim-
ulations, which are currently prohibitively expensive to conduct with
all the nuance a dedicated model needs. If this is the case, then future
experiments can be planned to stay in the no acceleration phase of the
ðMA;MsÞ space.
V. CONCLUSIONS

This work discusses the conditions necessary for ion acceleration
in perpendicular magnetized collisionless shocks based on recent find-
ings using 3D hybrid kinetic simulations, focusing in conditions rele-
vant to laboratory experiments. By performing a parametric study
using hybrid simulations, we identify thresholds of sonic and Alfv�enic
Mach numbers, together with relevant timescales, that dictate whether
ion acceleration occurs.

We find that ion acceleration in perpendicular shocks requires a
high Alfv�enic (MA� 25) and hypersonic (Ms� 13) Mach number
that are equivalent to a moderately low plasma beta (b� 5). As dem-
onstrated by the absence of a substantial non-thermal particle
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population in our simulations, significant ion acceleration does not
occur if these thresholds are not satisfied. The presence of three-
dimensional effects is essential for efficient acceleration, as they facili-
tate the scattering processes required for ions to re-cross the shock
multiple times. However, for the experiments performed so far, 2D
simulations remain sufficient to describe the main features of ion
dynamics.

We also explore the feasibility of recreating these conditions in
laboratory settings, providing scaling relations that map astrophysical
shock parameters to laser-driven plasma experiments. Our results indi-
cate that existing facilities can potentially approach the strong accelera-
tion regime, even considering the limitations in shock velocity and
plasma magnetization. Experimental setups with high shock velocities
(vsh� 1000 km/s) could be a promising setup, making it possible to
observe efficient ion acceleration in controlled environments.
Moreover, we have calculated particle spectra in experimentally rele-
vant conditions and found that these accelerated ions can be, at least in
principle, detected with available instrumentation.

Future experiments could focus on optimizing plasma conditions
to extend the shock evolution time and increase the number of ion
gyro-periods captured. Additionally, by varying the ion composition, it
may be possible to either enhance or suppress acceleration. This would
provide a new method to test plasma astrophysics kinetic codes, con-
necting laboratory plasma physics with astrophysical shocks, and
hopefully allowing to investigate CR acceleration mechanisms in con-
trolled conditions.
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