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Charged particles can be accelerated to high energies by collisionless shock

waves in astrophysical environments, such as supernova remnants. By inter-

acting with the magnetized ambient medium, these shocks can transfer energy

to particles. Despite increasing efforts in the characterization of these shocks

from satellite measurements at the Earth’s bow shock and powerful numerical

simulations, the underlying acceleration mechanism or a combination thereof is

still widely debated. Here, we show that astrophysically relevant super-critical

quasi-perpendicular magnetized collisionless shocks can be produced and char-

acterized in the laboratory. We observe characteristics of super-criticality in the

shock profile as well as the energization of protons picked up from the ambient

gas to hundreds of keV. Kinetic simulations modelling the laboratory experiment

identified shock surfing as the proton acceleration mechanism. Our observations

not only provide the direct evidence of early stage ion energization by collision-

less shocks, but they also highlight the role this particular mechanism plays in

energizing ambient ions to feed further stages of acceleration. Furthermore, our

results open the door to future laboratory experiments investigating the possible

transition to other mechanisms, when increasing the magnetic field strength, or

the effect induced shock front ripples could have on acceleration processes.

The acceleration of energetic charged particles by collisionless shock waves is an ubiq-

uitous phenomenon in astrophysical environments, e.g. during the expansion of supernova

remnants (SNRs) in the interstellar medium (ISM)1, during solar wind interaction with the

Earth’s magnetosphere2, or with the ISM (at the so-called termination shock)3. In SNRs,

there is a growing consensus that the acceleration is efficient at quasi-parallel shocks4,5, while

in interplanetary shocks, the quasi-perpendicular scenario (i.e. the magnetic field is perpen-

dicular to the shock normal, or the on-axis shock propagation direction) is invoked6–8. The

quasi-perpendicular shocks that produce particle acceleration are qualified as super-critical;

they have a specific characteristic such that in addition to dissipation by thermalisation

and entropy, energy is dissipated also by reflecting the upstream plasma. According to9,10,

the threshold for the super-critical regime of the quasi-perpendicular shock is defined as:

Mms = vsh/
√
v2A + C2

s & 2.7 (where Mms is the magnetosonic Mach number, vsh, vA and Cs

are the shock, Alfvénic and sound velocity, respectively).

Three basic ion acceleration mechanisms are commonly considered to be induced by such
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shocks11–13: diffusive shock acceleration (DSA), shock surfing acceleration (SSA), and shock

drift acceleration (SDA). The first proceeds with particles gaining energy by scattering off

magnetic perturbations present in the shock upstream and downstream media, whereas, in

SSA and SDA, the particles gyro-rotate (Larmor motion) in close proximity with the shock

and gain energy through the induced electric field associated with the shock.

These last two processes are mostly differentiated by how and where the particles are

trapped around the shock front and the ratio of the ion Larmor radius vs. the shock width

(large for SSA and small for SDA)14,15. And here in our case we expect that SSA dominates

over SDA, as will be detailed below.

DSA, which is commonly invoked for high-energy particle acceleration in SNRs, is thought

to require quite energetic particles to be effective16,17, which raises the so-called “injection

problem” of their generation18. Providing those pre-accelerated seed particles is precisely

thought to be accomplished by SSA or SDA, which are evoked to accelerate particle at low

energies, e.g. in our solar system6.

Due to the small sampling of such phenomena even close to Earth, the complexity of

the structuring of such shocks17,19, and the related difficulty in modelling them realistically,

the question of the effectiveness and relative importance of SDA and SSA15 is still largely

debated in the literature.

We will first show that laboratory experiments can be performed to generate and char-

acterize globally mildly super-critical, quasi-perpendicular magnetized collisionless shocks.

The shock shown in Fig. 1 is typically produced by using a laser-driven piston to send an

expanding plasma into an ambient (a cloud of hydrogen) secondary plasma20 in an externally

controlled, homogeneous and highly reproducible magnetic field (see Methods). The high-

strength applied magnetic field21 we use is key in order to ensure the collisionless nature of

the induced shock. The key parameters of the laboratory created shock are summarized in

Table 1, which shows that they compare favorably with the parameters of the Earth’s bow

shock2,22, the solar wind termination shock3,23,24, and of four different non-relativistic SNRs

interacting with dense molecular clouds (see Extended Data Table 1 detailing the considered

objects).

A snapshot of the integrated plasma electron density was obtained by optical probing

at 4 ns after the laser irradiation of the target and is shown in Fig. 1c and d in the two

perpendicular planes containing the main expansion axis. The laser comes from the right
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side and the piston source target is located at the left (at x = 0).We can clearly see both the

piston front and the shock front (indicated by the orange and green arrows, respectively). A

lineout of the plasma density is shown in Fig. 1e, where the piston and shock fronts are well

identified by the abrupt density changes. The piston front is steepened by the compression

induced by the magnetic field25 (see also Extended Data Fig. 5). In contrast, when the

B-field is switched off, only a smooth plasma expansion into the ambient gas (blue dashed

line) can be seen. In the case when the magnetic field is applied, another clear signature

of the magnetized shock, as observed by satellites crossing the Earth’s bow shock26, is the

noticeable feature of a “foot” in the density profile, located in the shock upstream (US). It

is due to the cyclic evolution of the plasma: the plasma in the foot is picked up to form the

shock front, while the front itself is also periodically dismantled by the Larmor motion of

the ions. The observed foot width is of the order 0.5-1 mm, which compares favourably with

the expected foot width being twice the ion inertial length27 (which is here ≈ 0.23 mm),

and with the width observed in our simulations shown below.

Fig. 1f shows the shock front position evolution and the corresponding velocity deduced

from it, which shows the very fast decrease of the shock velocity over the first few ns.

Before 2.6 ns, the shock front velocity is around V0 = 1500 km/s, corresponding to an

ion-ion collisional mean-free-path λmfp = V0τi ≈ 10 mm, with the ion collisional time

τi ≈ 6 ns – both are larger than the interaction spatial and temporal scales, indicating

that the shock is collisionless. Note also that for such velocity, the Larmor radius of the

ions in the shock is around 0.8 mm, i.e. larger than the shock width, which, although it

is too small to be well resolved by our interferometer, is well below 0.2 mm, suggesting

favourable conditions for SSA to be at play. However, after 4-5 ns, the shock velocity

decreases rapidly to about 500 km/s, thus becoming sub-critical and the foot of the shock

becomes less distinguishable (see also in Extended Data Fig. 1). Later we will demonstrate,

with the help of kinetic simulations, that the proton acceleration happens within the first

2-3 ns of the shock evolution, i.e. when the shock is super-critical, with a front velocity

above 1000 km/s.

The plasma temperature was measured at a fixed location at different instants in time (see

Methods), allowing to characterize the temperature increase in the shock as it swept through

the probed volume, as shown in Fig. 2. Before the shock front, the electron temperature

Te is around 70 eV (consistent with the heating induced by the Thomson scattering laser

4



probe, see Extended Data Fig. 2) and ion temperature Ti is about 20 eV. While behind the

shock front, Te is almost doubled (see Fig. 2a), Ti is increased dramatically to about 200 eV,

and Ti becomes larger than Te. All of the above results are typical signs of a shock wave.

Again, the formation of the shock is only possible due to the applied external magnetic field.

In its absence, as shown in Extended Data Fig. 3, we witness no ion temperature increase

in the same region. Extended Data Fig. 4 shows the electron density increase in the shock

compared to that of the ambient gas.

Another important aspect of our experiment is the observation of non-thermal protons

when the piston interacts with the magnetized ambient gas. The recorded spectra, shown

in Fig. 3 (red dots), clearly show the presence of non-thermal proton energization when the

external magnetic field is applied, i.e. with a spectral slope significantly larger than that

of the thermal proton spectrum of 200 eV, which is represented by the red dash-dot line.

The cutoff energy reaches to about 80 keV, close to the Hillas limit28,29 (an estimate of the

maximum energy that can be gained in the acceleration region, which is around 100 keV

with the velocity of 1500 km/s and the acceleration length around 3-4 mm in the first 2

ns, as shown in Fig. 1f). We stress that without the external B-field or in the absence of

ambient gas, no signal is recorded in the ion spectrometer (hidden under the experimental

noise baseline, as indicated by the cyan dashed line in Fig. 3).

Fig. 1b shows the result of a 3D magneto-hydrodynamic (MHD) simulation (performed

using the FLASH code, see Methods) of the experiment. We observe that it reproduces

globally the macroscopic expansion of the piston in the magnetized ambient gas and the

shock formation (see also Extended Data Fig. 6). However, no foot can be observed. What

is more, in the MHD simulation, the shock velocity is quite steady and does not show the

strong and fast energy damping experienced by the shock from the experiment. Both facts

point to a non-hydrodynamic origin of the foot and of the energy loss experienced by the

shock in its initial phase. This is why, in the following, we resort to kinetic simulations

with a Particle-In-Cell (PIC) code (the fully kinetic code SMILEI, see Methods). The PIC

simulation focuses on the dynamics of the shock front (already detached from the piston)

and of its interaction with the ambient gas, using directly the shock parameters measured in

the experiment, and not that of the MHD simulation. As the shock changes from super- to

sub-critical in its evolution, we have performed simulations in two cases (see Fig. 3), i.e. with

two different velocities representative of the two phases, i.e. 1500 and 500 km/s respectively
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to unveil the micro-physics responsible for the observed non-thermal proton acceleration.

Note that in order to directly compare with the experimental spectra, the ion specie in

our simulation is proton with its real mass (mp/me = 1836). The PIC simulation results,

for the high-velocity case, are summarized in Fig. 4, which identifies clearly the underlying

proton acceleration mechanism, matching the laboratory proton spectrum (see Fig. 3), to

be SSA30.

Fig. 4a illustrates the overall evolution of the early stage of the high-velocity shock.

Shown is the proton density in the reference frame of the contact discontinuity (CD), where

we can clearly see the density pileups in the forward direction, indicating the shock formation

(and periodic reformation12). To elucidate the proton acceleration mechanism, a random

sample of protons (104 out of 107) are followed in the simulation. More than 2% of those

end up with energies > 40 keV, which will constitute the high-energy end of the spectrum

shown in Fig. 3. They share similar trajectories and two representative ones (P1 and P2)

are plotted in Fig. 4a. Following these trajectories, we can see that they are first picked up

by the forward shock at the shock front, and then they gain energy while “surfing” along

(or confined around) the shock front. Besides, while surfing along the shock front, P1 gets

trapped and reflected repeatedly, with a small energy perturbation, as is shown in Fig. 4b,

all of which is typical of SSA.

Typical structures of the super-critical quasi-perpendicular collisionless shock12 can also

be seen in Fig. 4c where we plot the lineout of density and electromagnetic (EM) fields

around the shock front (0.4 < x < 1.2 mm in the reference frame of the CD), when the

shock is fully formed (t = 1.5 ns).

The longitudinal electric field (Ex) is seen to peak right at the ramp, providing the

electrostatic cross-shock potential to trap and reflect the protons (with a velocity lower than

that of the shock). In the corresponding x − vx phase space in Fig. 4d, we can clearly see

that, indeed, it is at the position of Ex that protons get reflected (see also Extended Data

Fig. 7 for more time frames of this phase space, as well as for those corresponding to the

simulation performed at low-velocity). This rules out the possibility of SDA, where the

ion reflection is caused by the downstream compressed B-field16, being dominant. At last,

as shown in Fig. 4e, the main contribution of the proton energy gain is due to vy via the

inductive electric field Ey = vxBz, which is again in accordance with the SSA mechanism31.

The proton spectrum at t = 2.6 ns produced by the PIC simulated high-velocity shock,
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and which is shown in Fig. 3 (black solid line), is in remarkable agreement with the experi-

mental observation. As in the experiment, no proton energization is found in the simulations

performed without magnetic field or ambient medium. We note also that for the low-velocity

shock (with v = 500 km/s), the spectrum (green dashed line) is far below the experimental

noise baseline, indicating that the protons are indeed accelerated at the first 2− 3 ns, when

the shock is in the super-critical regime. The energy spectra of other simulation cases can

be found in Extended Data Fig. 8, proving the robustness of our results.

Hence, a remarkable outcome of our analysis is that, for the parameters at play in our

experiment and at the early stage of the shock formation and development, SSA can be

considered as the sole mechanism in picking up thermal ions and accelerating them to

hundred keV-scale energies. SSA appears to produce sufficiently energetic protons for further

acceleration by DSA, as for example at the Earth’s bow shock, where the threshold energy

for DSA to become effective is in the range of ∼ (50 − 100) keV/nucleon12. Since we are

limited in time in exploring the dynamics of the protons interacting with the super-critical

shock, we can only speculate that SDA might appear at a later stage, when the reflected

ions acquire enough energy to cross the shock front.

We also note that usually detailed considerations of shock rippling and structuration

are evoked in a possible competition between SSA and SDA in the solar wind8,15, but that

these were not required here in our analysis where we simulate an idealized flat shock front.

Although we know that in the experiment, there is likely small structuring developing at

the shock front (induced by instabilities25, but too small at this early stage to be resolved

by our optical probing), these are obviously not required in the modelling to reproduce the

experimentally observed energization.

Aside from the solar wind, another interesting case of a shock similar to that investigated

here is that of supernova remnants (SNRs) interacting with dense molecular clouds, e.g.

the class of Mixed-Morphology SNRs32. A large fraction of these SNRs show indications

of low energy (MeV) cosmic rays (CRs) interacting with the cloud material and ionising

it33–35. These mildly relativistic particles are typically explained as CRs accelerated in the

past at the SNR shock front that escaped the remnant and reached the cloud36. However,

our results show that in-situ generation of low energy CRs (∼ MeV) could be at play, and

should also be taken into account33. The in-situ acceleration would be most likely generated

by the low-velocity, mildly super-critical (see Table 1) SNR shock interacting with the dense
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cloud; a scenario which is supported by our findings: since our analysis of the experiment

shows that SSA is most likely behind the observed proton energization, and since the plasma

parameters at play in the experiment are similar to those of the objects detailed in Extended

Data Table 1, we suggest that SSA is similarly effective in these objects.

In conclusion, our experiment provides strong evidence for the generation of super-critical

quasi-perpendicular magnetized collisionless shocks in the laboratory. More importantly,

non-thermal proton spectra are observed; in our kinetic simulations, they are recognized to

be produced by SSA alone. Such efforts for proton acceleration, together with those for

electrons37–39, will certainly shed new light on the “injection problem” in astrophysically-

related collisionless shocks40.

The platform we used can be tuned in the future to monitor the transition to DSA, which

should be favored by varying the magnetic field orientation, using even higher-strength

magnetic field41 or higher-velocity jets driven by short-pulse lasers as pistons42. Another

direction will be to test quantitatively the effect of intentionally rippling the shock front by

seeding the piston plasma with modulations43.
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FIGURE LEGENDS/CAPTIONS

Figure 1. Configuration and characterization of the laboratory super-critical shock. (a)

Cartoon of the setup of the experiment performed at JLF/Titan to characterize the shock. The

ambient gas is indicated by the grey color around the plasma plume, which is indicated by the

orange hemisphere. (b) Three-dimensional (3D) rendering of the ablated piston electron number

density (Ne in the unit of cm−3) interacting with the magnetized ambient gas at 4 ns from the

FLASH simulation (see Methods). The orange arrow represents the piston front, while the green

one the shock front. (c) and (d) Experimental density measurement (integrated along the line of

sight) 4 ns after the laser irradiation of the solid target (at t = 0) recorded in the two different and

complementary xy and xz planes in order to characterize in three-dimensions the overall plasma.

Each image corresponds to a different laser shot. More images at different times are shown in

Extended Data Fig. 1. The magnetic field direction is indicated in both panels with B (OUT) and

B (VERT), respectively, which is both along the z-direction. The black solid lines are the lineouts

for panel (e). (e) Lineouts obtained along the black solid lines from panel (c) and (d) (indicated with

the red and orange solid line, respectively), comparing to the unmagnetized case (the blue dashed

line with B = 0).(f) Evolution of the shock front position along the x-axis, and the corresponding

velocity. Each point corresponds to the average of the shock front of all relevant shots. The error

bars on the x position represent not only the maximum extent of the variation of the shock front

position as observed in relevant shots, but they also integrate the uncertainty of the initial target

surface (x = 0) as well as the width of the shock front. The error bars on the velocity correspond to

the propagation of the errors on the position. The small relative error attests to the reproducibility

of the overall experimental phenomenon.
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Figure 2. Laboratory characterization of electron and ion temperature in the shock.

The measurements are performed at LULI2000, using collective Thomson scattering (TS) on the

electron and ion waves in the plasma, in a fixed volume 4.3 mm away from the solid target surface,

and with B = 20 T applied (see Methods). Time 0, at which a jump is identified, here corresponds

to the time at which the shock is sweeping through the location of the measurement. Each data

point corresponds to a shot. Panel (a) illustrates the local electron temperature inferred from both

the measurements on the electron and ion waves. Panel (b) corresponds to the local ion temperature

inferred from the measurement on the ion waves. The vertical error bars reflect the variations of the

parameters when fitting the data with a theoretical fit, while still fitting well the data (see examples

in Extended Data Fig. 3 and 4). The horizontal bar reflects the duration (3 ns) of the laser beam

used to perform the measurement.

Figure 3. Evidence for the energization of protons picked up from the ambient medium.

Proton energy spectra of both the experiment (red dots, averaged over five shots, as measured at

LULI2000) and of two PIC simulations (the black solid line for the high-velocity case with v = 1500

km/s and the yellow dashed line for the low-velocity one with v = 500 km/s, both are measured at

t = 2.6 ns in the simulations). The horizontal axis (Ep) represents the kinetic energy of the protons,

while the vertical axis represents the number of protons per bin of energy (dN/dE), divided by

the solid angle (dΩ) subtended by the entrance pinhole of the spectrometer (in the case of the

experimental spectrum). The red dash-dot line is the thermal proton spectrum of 200 eV. The blue

error bars correspond to one sigma deviation from the average (shown by the red dots), the noise

level on the diagnostic is materialized by the cyan dotted line. Note that the absolute scale in

proton numbers applies only to the experimental spectrum, which is represented by the red dots;

the simulated spectrum is arbitrarily scaled to the experiment one.

METHODS

Experimental setup

The experiment was performed at the JLF/Titan (LLNL, USA) and LULI2000 (France)

laser facilities with similar laser conditions but using complementary diagnostics, which
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Figure 4. Dynamics of the shock surfing proton energization from PIC simulations. (a)

Trajectories of two protons (P1 and P2, energized from the ambient gas to > 40 keV at t=2.6 ns,

representing 108 out of 5000 tracked particles with the “surfing/reflection/gyromotion” trajecto-

ries) in x − t diagram, overlaid on the proton density map in the reference frame of the contact

discontinuity. The colormap on the top represents the proton energy E in the unit of keV; while

the colormap on the right represents the proton number density ni in the unit of 1018 cm−3. (b)

Zoom of the black dashed rectangle region in (a), showing the “surfing & reflection” of P1 along the

forward shock. (c) Lineout of density (ni in black dashed line) and electromagnetic fields (Bz in red

solid line, Ey in blue dashed line, and Ex in purple solid line) (normalized by each of their maximum

value respectively) at the red dashed line in (a) (t = 1.5 ns, 0.4 < x < 1.2 mm). Note that we

also show them separately with their units in SI in Extended Data Fig. 9. (d) The corresponding

proton x − vx phase space diagram where the colorbar represents the normalized particle number

N in logarithm scale. (e) The vx − vy diagram of P1 and P2. The grey shaded area corresponds to

the “surfing & reflection" stage in (b).

Mms λmfp/rL,i

Our experiment 3.1 12.2

Bow Shock 2.8 1.2× 108

Term. Shock 4.9 7.4× 107

Mixed-morphology

SNR
≥ 3.2 ≥ 2.0× 102

Table 1. Parameters of the laboratory shocks and three natural ones. The three natural

events are: the Earth’s bow shock, the solar wind termination shock, and low-velocity interactions

of mixed-morphology SNRs with dense molecular clouds. The listed parameters for each plasma

are: the Magnetosonic Mach number (Mms, see text), and the ratio of the collisional mean free

path (λmfp) over the ion Larmor radius (rL,i). The first shows that all shocks are super-critical, the

second shows that all shocks are collisionless, i.e. electromagnetic forces dominate over collisions

since the collision mean free path is always much larger than the ion Larmor radius. Details on the

parameters and how they are derived are given in Extended Data Table 1.
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was mostly linked with the availability of different auxiliary laser beams at each facility.

In the experiment at JLF/Titan, we used a high-power laser pulse (1 µm wavelength, 1

ns duration, 70 J energy, 1.6× 1013 W/cm2 intensity on target) to irradiate a solid target

(Teflon, CF2). We used this material in order to exploit the x-ray emission from ionized F

ions in the expanding piston plasma in order to diagnose, through x-ray spectroscopy (as

detailed below), the properties of the laser-ablated plasma. The laser irradiation induced

the expansion of a hot plasma (the piston) that propagates along the x-axis, as is shown in

Fig.1a of the main text. Prior to the shot, a large volume gas jet is pulsed from a nozzle,

so that the whole scene is homogeneously (i.e. over larger scales than that shown in Fig.1

of the main text and in Extended Data Fig. 1) embedded in an H2 gas of low density (1018

cm−3). Further, the whole assembly is embedded in a strong magnetic field (20 T) oriented

along the z-axis, which is created by a Helmholtz coil system21,44. The created magnetic

field in our experiment is spatially uniform within 5% at the scale of shock acceleration

(i.e. within 5 mm distance from the initial target surface)45. Also note that the created

magnetic field in our experiment typically varies by less than 1% from shot-to-shot21. The

collisionless shock is formed as a consequence of the plasma piston propagating in the

magnetized ambient gas. The plasma electron density is recorded by optically probing

the plasma (using a mJ, 1 ps auxiliary laser pulse) and using an interferometry setup, as

detailed in45. It allows to measure electron plasma densities in the range 1017 cm−3 to a

few 1019 cm−3 (limited by the refraction of the optical probe beam in the steep density

gradients close to the initial solid target surface). Since the system is three-dimensional

and does not present an axis of symmetry, due to the presence of the magnetic field along

the z-axis that breaks the symmetry of the system, we probe the plasma along two different

axes (x and y). This allows us to measure plasma density maps (integrated along the line

of sight) in the xy and xz planes, as shown in Fig.1. A complete time sequence of such

maps is shown in Extended Data Fig. 1.

The experiment performed at LULI2000 had similar laser conditions (1 µm wavelength, 1

ns, 100 J, but we kept the same on-target intensity, i.e. 1.6 × 1013 W/cm2, by adjusting

the laser spot size on target). At LULI2000, a second high-energy auxiliary (0.5265 µm

wavelength, 1 ns, 15 J, focused over ∼ 40 µm along the z-axis and propagated throughout

the plasma) was available, allowing us to perform Thomson scattering (TS) off the electron

and ion waves in the plasma. To accommodate the laser beams inside the narrow space
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within the magnetic field generation coil, the target had to be tilted by 45° around the

z-axis and lifted up (along y). This led to the target surface to be outside the optical

probing field of view of the probe beam, but allowed to see the similar development of the

piston and shock wave as at JLF/Titan, and then to perform TS. TS was used in a mode

where the plasma was sampled in a collective mode46, the collection of the scattered light

being performed at 90° (along the y-axis) from the incident direction of the laser probe

(the z-axis). With TS, we could access spatially and temporally resolved measurements

of the plasma density and temperatures (electron and ion) in the upstream (US), as well

as in the downstream (DS) region. Note that the Thomson scattering laser probe induces

some heating in the hydrogen ambient gas. The electron temperature resulting from such

heating through inverse Bremsstrahlung absorption can be analytically estimated (see

caption of Extended Data Fig. 2 for details). For this, we estimate the in-plasma intensity

of the Thomson laser probe as 1.5 ×1013 W·cm−2, based on the fact that we see it being

defocused to at least 200 microns diameter. The result is shown in Extended Data Fig. 2.

It suggests that the upper limit of the TS laser probe-induced heating is around 60 eV, i.e.

consistent with the values we actually measure prior to the passing of the shock front in

the observation location. Note that such value is also significantly smaller than the level

of temperatures we observe induced by the shock.

The light scattered off the ion (TSi) and electron (TSe) waves in the plasma was ana-

lyzed by means of two different spectrometers, set to different dispersions (3.1 mm/nm

for TSi and 7.5 × 10−2 mm/nm for TSe), and which were coupled to two streak-cameras

(Hamamatsu for TSe, and TitanLabs for TSi, both equipped with S-20 photocathode to

be sensitive in the visible part of the spectrum, and both with typical 30 ps temporal

resolution), allowing us to analyze the evolution of the TS emission in time.

The central openings of both streak-cameras and spectrometers were imaging at the same

location in the plasma (located 4.3 mm away from the solid target surface) within the

magnetic field coil, in order to ensure that the value of the electron density obtained from

the TSe analysis corresponds to the same region of the plasma that was observed in the

corresponding TSi spectrum.

Thin strips of black filters were positioned at the entrance slits of both streak cameras to

block the Rayleigh scattered light at the wavelength of the probing laser, for both TSi and

TSe. The scattering volumes sampled by the instruments were: 120 µm along the x-axis,
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120 µm along the y-axis 40 µm along the z-axis for TSi; 150 µm along the x-axis, 100 µm

along the y-axis, 40 µm along the z-axis for TSe.

The analysis of the TS was performed by comparison of the experimental images (recorded

by the streak cameras) with the theoretical equation of the scattered spectrum for coherent

TS in unmagnetized and non-collisional plasmas, with the instrumental function taken

into an account. Examples are shown in Extended Data Fig. 3 and Extended Data Fig. 4.

Such analysis allowed us to yield the electron density, as well as the electron and the ion

temperatures of the plasma in the probed volume46,47.

The x-ray emission was measured by a Focusing Spectrometer with high Spatial Resolution

(FSSR)48 at both laser facilities. It was based on a spherically-bent mica crystal, with

2d = 19.9149 Å and R = 150 mm, to detect H- and He-like spectral lines of fluoride ions

(of the piston) in the range 750–1000 eV. The spectrometer was installed in the direction

transverse to the plasma propagation, having a spatial resolution (∼ 100 µm) over more

than 10 mm along the plasma expansion axis. Fluorescent detector Fujifilm Image Plate

TR covered by an aluminized Mylar filter against emission in the visible range was used

as a detector. The spectral resolution λ/∆λ better than 1000 was achieved. The signal is

time-integrated.

Similarly to the electron density data measured by optical interferometry (shown in the

main text), the x-ray spectrometer demonstrates a spatial profiles of spectral lines con-

firming the spatial compression of the piston when the magnetic field in applied, compared

to the case of the non-magnetized ambient gas jet (see Lyα emissivities in Extended Data

Fig. 5). The presence of He-like spectral lines of Fluorine allowed us to measure the pa-

rameters of the piston, using the quasi-stationary method described in details in49. This

is complementary to the Thomson scattering measurements, which characterize the shock

in the hydrogen plasma.

Last, an ion spectrometer, having a permanent magnet of 0.5 T and equipped with a

pinhole, was deployed along the axis of the magnetic field (the z-axis) in an alternate

mode to perform TS. The ions were detected using absolutely calibrated imaging plates

as detectors50. Having the spectrometer collection axis aligned with that of the magnetic

field allows to measure the ions energized out of the plasma44, which otherwise could not

be recorded, as they would be deflected away by the 20 T large-scale B-field. We used

filters in order to eliminate the possibility that the signal observed in the dispersion plane

18



of the spectrometer was originating from heavy ions others than protons from the ambient

gas. No signal above the noise level (marked by the cyan dashed line in Fig. 3 of the main

text) was recorded in the spectrometer in the absence of the ambient hydrogen gas, neither

when no magnetic field was applied.

Magneto-hydrodynamics simulations performed using the FLASH code

The experiment was modeled with the 3D Magneto-Hydrodynamic (MHD) code FLASH51,

to study the dynamics of the plasma plume expansion and shock formation in the ambient

gas jet medium and in the presence of the strong magnetic field. We performed the simu-

lations in 3D geometry, using 3 temperatures (2 for the plasma, and one for the radiation)

with EOS and radiative transport, in the frame of ideal MHD and including the Biermann

battery mechanism of magnetic field self-generation in the plasmas52.

The initial configuration of the simulations, modelled after that of the experiment, is the

following: the laser beam is normal to a Teflon target foil and has an on-target intensity

of 1013 W/cm2. The generated plasma plume expands in the hydrogen gas-jet having an

uniform density of 1018 cm−3. Moreover, the plasma plume expands in the uniform external

magnetic field of 20 Tesla (aligned along the z-axis, as in the experiment).

Since the shock condition is dominated by kinetic effects, there are discrepancies between

the hydrodynamic simulations and the experiments in the shock temperatures, especially

for the ions. This is why we have resorted to using PIC simulations, the initial conditions

of which are taken from the experimental measurements. Nevertheless, we can still observe

that the FLASH simulations reproduce well the dynamics of the piston that induces the

shock.

Extended Data Fig. 6 shows the magnetic field configuration of the expanding plasma.

In particular, Extended Data Fig. 6a shows the plasma piston which expels the magnetic

field, creating a bubble that is void of the magnetic field25. This piston launches a shock

inside the ambient gas, with the magnetic field upstream of the shock being compressed

because of magnetic flux conservation. This is clearly shown in Extended Data Fig. 6b,

where the magnetic field lines are plotted. Because of the three dimensional nature of the

plasma flow and of the magnetic pressure, the piston and the shocked ambient plasma are
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more compressed by the magnetic pressure along the y-axis than along the z-axis.

From the density map at 10 ns (after the laser irradiation) of the FLASH simulation, we

can still clearly see the continuously expanding plasma plume (and the compressed Teflon

target) because once the laser energy is deposited on the target surface, the heat wave and

the shock propagation inside the target (due to collisional effects) can last for much longer

time (tens of ns)53. Such heat wave drives continuous ablation after the laser irradiation.

Particle-In-Cell simulations performed using the SMILEI code

The microscopic particle dynamics is modelled with the kinetic PIC code SMILEI54. Since

the scale of the shock front interaction with the ambient medium is much smaller across

the shock (a few hundreds of microns) than along the shock (a few mm), i.e. the in-

teraction is quasi one-dimensional (1D), we use the 1D3V version of the code, and ini-

tialize our simulation box to be Lx = 2048de = 11 mm, with the spatial resolution

dx = 0.2de = 1.1 µm, where de = c/ωpe = 5.3 µm is the electron inertial length, and

ωpe = (ne0q
2
e/me/ε0)

1/2 = 5.6 × 1013 s−1 is the electron plasma frequency. Here, c is

the speed of light, ne0 = 1.0 × 1018 cm−3 is the electron number density of the ambient

plasma, and me, qe and ε0 are the electron mass, elementary charge, and the permittiv-

ity of free space, respectively. With the above simulation units, the ion mean-free-path

is λmfp ≈ 1800de, which is larger than the interaction scale. The Debye length is small

compared to the spatial resolution, i.e. λDe = (ε0kTe0/ne0q
2
e)

1/2 ≈ 0.01de = 0.05dx, with

the initial low temperature of the ambient plasma (Te0 = 50 eV). However, with a series

of cases using different temperatures, it is proved that the shock dynamics is robust. The

magnetic field is homogeneously applied in the z-direction with Bz = 20 T (ωce/ωpe = 0.06,

where ωce = qeB/me), leading to a Larmor radius rLi = 0.8 mm and a proton gyro-period

τLi = 3 ns (for the high-velocity case of 1500 km/s in the upstream).

For each cell, we put 1024 particles for each specie. The simulation lasts for 1.5×105ω−1
pe ∼

2.5 ns. Fields are absorbed, while particles are removed at the boundaries, and enough

room is left between the boundary and the shock, so that the boundary conditions do not

affect the concerned physics. The ambient plasma lies in the right half of the simulation

box, while the left half is for the shocked plasma, flowing towards the right with an initial

velocity of v1 = 1500 km/s (high-velocity case) or v1 = 500 km/s (low-velocity case). The
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shock width is initialized as one ion inertial length di ∼ 200 µm in between the ambient

plasma and the shocked plasma.

Other parameters of the shocked plasma flow are: the electron number density is ne1 =

2ne0 = 2.0×1018 cm−3, and the temperature is Te1 = 100 eV and Ti1 = 200 eV, all inferred

from the TS characterization (see Fig. 2 of the main text). Note that in our simulation,

the ion specie is proton with its real mass (mp/me = 1836). We have also tested a series

of 1D and 2D simulations with varying resolutions (0.1 ∼ 0.5de), particle-per-cell numbers

(512 ∼ 2048), and ion-to-mass ratio (400 ∼ 1836), all reaching similar shock behavior as

detailed in the main text, which proves the robustness of the observed behavior of the

quasi-perpendicular, super-critical magnetized collisionless shock investigated here.

The phase space evolution of the shock interaction with the ambient is shown in Extended

Data Fig. 7 for the considered two cases having different flow velocities. The first row

corresponds to dynamics of the high-velocity case (v1 = 1500 km/s), from the formation of

both the forward (FS) and reverse (RS) shocks at t = 0.5 ns in (a), to the FS reformation

at t = 1.5 ns in (b), when protons within the downstream region start to gyrate within

the compressed B-field. At last, while the FS shock remains picking up protons from the

ambient gas, the downstream RS becomes highly nonlinear.

Comparing the first row of Extended Data Fig. 7 with the second row, which corresponds

to the low-velocity case (v1 = 500 km/s), it is clear that the reflected protons are much

less in the latter case due to the low Magnetosonic Mach number Mms = v/
√
v2A + C2

s .

1.0 < Mc = 2.7. Although there is also shock reformation at t = 1.5 ns in (e), at last

in (f), the downstream region is just heated a little bit and the FS remains in its linear

stage, where even the magnetosonic wave pattern can be seen traveling forward (because

Mms . 1). This sub-critical result of the low-velocity case is in accordance with the results

of experiments performed at the Gekko XII laser facility55.

As shown in Extended Data Fig. 8a, the energy spectrum from our experimental data can

be fitted by a power-law function ∝ Ep with index p = −4.28. This is quite smaller than

the usual index of shock acceleration (e.g. for DSA, p ∼ −2.3; while for SDA, p ∼ −1.516).

The reason is because the shock in the experiment is short lived. We can speculate that if

the shock would have been longer lived (e.g. if the laser driving the plasma ablation would

have been longer), the protons could have been accelerated to higher energy and the index

could have reached higher values. We confirm the above by doing a simulation that lasts
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for twice longer time (see the green simulated spectrum in Extended Data Fig. 8a), and

it is clear that at t = 5.1 ns, the energy spectrum gets flatten and the index reaches

p = −2.27, which is getting closer to the index inferred from the analysis of astrophysical

observations56.

As a check, we have verified that the shock and the overall dynamics that we are inves-

tigating is collisionless by verifying that we obtained almost identical energy spectra in

simulations performed with and without ion-ion collisions (see Extended Data Fig. 8b).

In order to further verify the robustness of our mechanism, we have done a series of cases

with different B-field strength, as is shown in Extended Data Fig. 8c. It shows that the

acceleration efficiency is larger with higher strength of B-field, which is in accordance with

the SSA.

Since the density and EM fields are each normalized by their respective maximum value in

Fig. 4c of the main paper (in order to compare their relative values in a single plot), here

we also show them separately with their units in SI. This is shown in Extended Data Fig.

9a-e (to clearly demonstrate their values). In addition, we also have simulations that last

for longer time (twice of the former simulation, i.e. around 5.3 ns, with twice the former

simulation box size, i.e. around 22 mm). As is shown in Extended Data Fig. 9f, in this

case, the protons have time to complete several gyro cycles, and we can observe that this

does not change the physical picture we could infer from the shorter duration simulation,

the one shown in the paper.

Astrophysical relevance

Table 1 of the main paper as well as the detailed version of it presented in the Extended

Data Table 1 show that the shock in our experiment has a relevance with those of the Earth

bow shock, of the solar wind termination shock, and of the low-velocity SNRs interacting

with dense molecular clouds.

To begin with, all systems are collisionless due to the fact that the collision mean free

path (λmfp) is much smaller than the ion Larmor radius (rL,i), which leads to the system

being dominated by electromagnetic forces rather than collisions. Additionally, all systems

have Magnetosonic Mach numbers over 2.7, indicating that the plasma is qualified as

super-critical12, i.e. the plasma then is subject to additional dissipation in the form of
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ions extracting energy from the shock front from which they are reflected and accelerated.

Besides, since all systems have Reynolds numbers much larger than unity, we can ensure

that all systems are dominated by turbulence. Also, the magnetic Reynolds number is

much larger than unity in all cases, indicating that for all systems magnetic advection

dominates over magnetic diffusion. In addition, since we have the Peclet number much

larger than unity in all cases, we can ensure that the flow itself is dominated by advection

rather than diffusion. Last but not least, in the case of the low-velocity SNRs interacting

with dense molecular clouds, e.g. W44, the ion Larmor radius is only in the order of 105

cm (see Extended Data Table 1), whereas its shock width has been measured to be much

larger, i.e. in the order of 1017 − 1018 cm57. This further supports that SSA can be more

efficient than SDA in these cases.

Data availability All data needed to evaluate the conclusions in the paper are present

in the paper. Experimental data and simulations are respectively archived on servers at

LULI and LERMA laboratories and are available from the corresponding author upon

reasonable request.

Code availability The code used to generate Fig. 1b is FLASH. The code used to generate

part of Fig. 3 and Fig. 4 is SMILEI. Both codes are detailed in the Methods section.
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Extended Data Figure 1. Time sequence of experimental density measurement (inte-

grated along the line of sight) recorded in the two different and complementary xy and xz planes in

order to characterize in three-dimensions the overall plasma. Each image corresponds to a different

laser shot. Specifically, the first column is for the case without the external magnetic field; the

second and third column are for the case with the external magnetic field in the xy- and xz-plane,

respectively. The color scale shown at the bottom applies to all images. The corresponding lineouts

along the thin dark lines shown in each image are shown on the fourth column. From top to bottom,

each row represents a different time, i.e., 2/4/6/8 ns. Magnetic field directions are indicated at the

top of each column. Orange and green arrows indicate the piston and the shock front, respectively.
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Extended Data Figure 2. Temporal evolution of the electron temperature obtained from

the solution of 1.5nedtTe = νBI0e
−t2/τ2 . Here, ne = 1018 cm−3, νB is the inverse Bremsstrahlung

absorption coefficient from the NRL formulary (p.58/Eq.32). The laser energy is 15 J, with duration

τ = 3 ns, defocused focal spot d = 200µm and wavelength λl = 528 nm, leading to an maximum

intensity of I0 = 1.5 × 1013 W·cm−2, and the initial electron temperature Te0 = 10 eV (left axis,

blue). The intensity evolution of the laser (ITS) is superimposed as a red line (right axis).
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Extended Data Figure 3. Examples of plasma density and temperature measurement

of the shock downstream (DS). (a) Schematic diagram of the collective Thomson scattering (TS)

diagnostic deployed at LULI2000. The measurement is performed, in a fixed volume (see Methods)

through which the shock is sweeping, 4.3 mm away from the solid target surface. Panels (b) and (c)

show TS measurement on the ion waves in the plasma, allowing to retrieve the local electron and

ion temperatures, as stated. Both measurements are performed 3 ns after the shock has passed, but

(b) corresponds to the case without external B-field, while (c) corresponds to the case with B = 20

T applied. Solid lines – experimental data profiles; dashed lines – theoretical spectra. The stated

uncertainties in the retrieved plasma parameters represent the possible variation of the parameters

of the theoretical fit, while still fitting well the data, as well as the shot-to-shot variations observed

in the same conditions.

30



a

DS US

To TS diagnostic

S
ho

ck
 fr

on
t

TS
probe
laser

S
ho

ck
 fr

on
t

DS US

To TS diagnostic

TS
probe
laser

0

1

In
te

ns
ity

 [a
.u

.]

λ [nm]

exp.
theor. ne = (3.0+/-1.0) x 1018 cm-3

Te = 130+/-20 eV

B = 20 T

#83

b

c d

Density jump in the shock (electron Thomson scattering)

exp.
theor. ne = (1.0+/-0.2) x 1018 cm-3

Te = 80+/-20 eV

#74
0

1

In
te

ns
ity

 [a
.u

.]

500 550
λ [nm]

475 525 575

B = 20 T

500 550475 525 575

Extended Data Figure 4. Examples of plasma density and temperature measurement

upstream (US) and downstream (DS) of the shock. (a) and (c) Schematic diagram of the collective

Thomson scattering (TS) diagnostic deployed at LULI2000. The measurement is performed, in a

fixed volume (see Methods) through which the shock is sweeping, 4.3 mm away from the solid target

surface. Panel (b) illustrates a TS measurement on the electron waves in the plasma, allowing the

retrieve the local electron density and temperature, as stated. The measurement is performed 3 ns

before the shock sweeps through (as illustrated in (a)). Panel (d) corresponds to the measurement

performed at the same location, 1 ns after the shock has passed (as illustrated in (c)). Solid lines

– experimental data profiles; dashed lines – theoretical spectra. The stated uncertainties in the

retrieved plasma parameters represent the possible variation of the parameters of the theoretical

fit, while still fitting well the data, as well as the shot-to-shot variations observed in the same

conditions.
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Extended Data Figure 5. X-ray emissivity of Lyα line measured by the FSSR. The

red curve represents the piston plasma emission in the range 0–10 mm in the case when the un-

magnetized piston expands in the ambient gas. The black curve represents the same but when

additionally, the transverse external magnetic field was applied.
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Extended Data Figure 6. Maps of the magnetic field in the MHD simulations, 2 ns

after the start of the plasma piston expansion inside the magnetized ambient medium. Shown are

two-dimensional cross-section in the (a) xy and (b) xz planes, the latter with the corresponding

magnetic field lines. The target is located on the left side of the box and the laser comes from the

right side, as in the experiment. The colormap represents the strength of Bz in the unit of Tesla.
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Extended Data Figure 7. Proton phase space evolution in the PIC simulations. The

horizontal axis (x) is the proton position and the vertical axis (vx) is the proton velocity along the

x-direction. The first row corresponds to the high-velocity case with initial velocity of 1500 km/s,

while the second row is for the low-velocity one with initial velocity of 500 km/s (see text for more

details), at (a) & (d) 0.5 ns, (b) & (e) 1.5 ns, and (c) & (f) 2.5 ns. The colorbar represents the

normalized particle number N in logarithm scale.
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Extended Data Figure 8. Extended proton energy spectra. (a) Energy spectrum from the

experiment represented by red dots (averaged over 5 shots) with blue error bars (correspond to one

sigma deviation from the average), fitted by a power-law function (purple dashed line); together

with PIC simulated spectra at t = 2.6 ns (black solid line) and t = 5.1 ns (green solid line). The

horizontal axis (Ep) represents the kinetic energy of the protons, while the vertical axis represents

the number of protons per bin of energy (dN/dE), divided by the solid angle (dΩ) subtended by

the entrance pinhole of the spectrometer (in the case of the experimental spectrum). Note that the

absolute scale in proton numbers applies only to the experimental spectrum; the simulated spectra

are adjusted to the experimental one. The latter is also fitted by a power-law function (green dashed

line). (b) The same experimental data, as well as the simulations with and w/o collisions (green

dashed line and black solid line, respectively). (c) Energy spectra of protons in cases of different

B-field strength, overlaid on the same experimental data. The B-field strength is varied by varying

the angle between the B-field direction (along z) and the on-axis shock propagation direction (along

x) in the xz-plane.
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Extended Data Figure 9. Extended PIC simulation results. (a)-(e) Lineouts of density (ni)

and EM fields (Bz, Ey, and Ex), as well as the corresponding phase-space distribution (Vx) at the

same position and time as in Fig.4c in the main paper, i.e., from 0.4 mm to 1.2 mm at 1.5 ns, in SI

units. (f) Trajectories of six randomly selected protons energized from the ambient gas in the x− t

diagram, overlaid on the proton density map in the contact discontinuity reference frame; all this

for a simulation run over 5.31 ns, i.e., over longer time than the simulation shown in the paper.
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Figure 1. Configuration and characterization of the laboratory super-critical shock.
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Figure 2. Laboratory characterization of electron and ion temperature in the shock.
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Figure 3. Evidence for the energization of protons picked up from the ambient medium.

37



0.4 0.6 0.8
x [mm]

1.0 1.2

0

1

-0.5

1.5

v x
 [A

. U
.]

A
. U

.

Bz
Ey

ni
Ex

0.4 0.6 0.8
x [mm]

1.0 1.2

E [keV]
0 40 80

0.0

0.5

1.0

1.5

2.0

2.5

t [
ns

]

-1.0 0.0 1.0
x [mm]

1

2

3

4

5

6

n i
 [1

018
 c

m
-3
]

0.4 0.6 0.8
1.0

1.2

1.4

1.6

1.8

2.0

x [mm]
t [

ns
]

-2 0 2 4
vx [106 m/s]

-2

-4

0

2

4
v y

 [1
06  m

/s
]

a

1

2

3

lo
g 10

(N
)

foot
rampsovershoot

reflection

su
rfi

ng
 &

 re
fle

ct
io

n

su
rfi

ng

gyromotion
gyromotion

su
rfi

ng

gyro
motio

n

b

c
e

d

P1 P2 P1

P1
P2

Figure 4. Dynamics of the shock surfing proton energization from PIC simulations.
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