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Astrophysical collisionless shocks are among the most power-
ful particle accelerators in the Universe. Generated by violent 
interactions of supersonic plasma flows with the interstellar 
medium, supernova remnant shocks are observed to amplify 
magnetic fields1 and accelerate electrons and protons to 
highly relativistic speeds2–4. In the well-established model of 
diffusive shock acceleration5, relativistic particles are accel-
erated by repeated shock crossings. However, this requires a 
separate mechanism that pre-accelerates particles to enable 
shock crossing. This is known as the ‘injection problem’, which 
is particularly relevant for electrons, and remains one of the 
most important puzzles in shock acceleration6. In most astro-
physical shocks, the details of the shock structure cannot be 
directly resolved, making it challenging to identify the injec-
tion mechanism. Here we report results from laser-driven 
plasma flow experiments, and related simulations, that probe 
the formation of turbulent collisionless shocks in conditions 
relevant to young supernova remnants. We show that elec-
trons can be effectively accelerated in a first-order Fermi 
process by small-scale turbulence produced within the shock 
transition to relativistic non-thermal energies, helping over-
come the injection problem. Our observations provide new 
insight into electron injection at shocks and open the way for 
controlled laboratory studies of the physics underlying cosmic 
accelerators.

Most astrophysical shocks are collisionless, meaning that they 
are formed by plasma instabilities that dissipate flow energy via 
magnetic field amplification, plasma heating and particle accelera-
tion6,7. Particle injection is thus closely related to the shock forma-
tion mechanism and the properties of the turbulent magnetic field 
produced at the shock. These processes are generally controlled 
by the shock Mach number (the ratio of the shock velocity to the 
ambient Alfvén or sound speed) in ways that are not yet well under-
stood. In situ spacecraft measurements of Earth’s bow shock have 
long shaped our understanding of collisionless shocks at moderate 
Alfvén Mach numbers, MA ≈ 3−10 (ref. 8). However, our knowl-
edge of the very-high-Mach-number regime (MA ≫ 10) relevant to 
supernova remnant (SNR) shocks is much more limited, given the 
poorly constrained local conditions at these exotic, distant shocks, 
and has mostly been gained from numerical simulations9–12.

In the past decade, there has been substantial effort in using 
kilojoule-class lasers to produce supersonic, superalfvenic plasma 

flows in the laboratory13–20 that would enable controlled studies 
of collisionless shocks in conditions that can be directly scaled to 
astrophysical environments21 and help validate numerical and theo-
retical models. Several studies have focused on pre-magnetized 
or piston-driven plasmas, where the ambient magnetic field com-
presses the incoming plasma flows but no turbulence is present18,19, 
or on low-Mach-number shocks where particle acceleration is less 
efficient20. The study of high-Mach-number turbulent shocks in 
conditions relevant to young (<1,000 year old) SNRs, where the 
ambient magnetic field is not dynamically important and the shock 
is mediated by electromagnetic instabilities, has so far remained 
elusive given the need to drive the plasma interaction for much 
longer times22. Important progress towards this goal was made by 
experiments at the OMEGA laser facility that demonstrated the 
development of strong magnetic fields by Weibel-type filamenta-
tion instabilities15,16; yet, for the available 1−10 kJ laser energy, the 
formation of collisionless shocks could not be observed. Here we 
report on laboratory astrophysics experiments at unprecedented 
megajoule laser energy that probe the formation of high-MA turbu-
lent collisionless shocks and the acceleration of electrons to relativ-
istic energies that exceed by a factor of more than 100 the electron 
thermal energy at the shock.

The experiments were conducted at the National Ignition 
Facility (NIF). Symmetric and counterstreaming plasma flows are 
produced by laser ablation of two deuterated carbon (CD2) targets 
separated by Lsystem = 2.5 cm. Each target is irradiated by 84 laser 
beams, delivering 0.455 MJ of 351 nm light to a surface area of 
0.5 cm2. The interaction of the plasma flows is characterized using a 
suite of diagnostics that includes optical Thomson scattering (OTS) 
of a probe beam, X-ray self-emission from the plasma and electron 
spectrometers (Fig. 1 and Methods). In Fig. 2, we present OTS mea-
surements of the evolution of the electron density (ne) and tempera-
ture (Te) of the plasma in the midplane region between the targets 
obtained in the time interval 6−30 ns from the beginning of laser 
irradiation. The properties of a single, independent flow are char-
acterized by irradiating only one target. Its electron density varies 
between ne ≈ 2 × 1019 and ne ≈ 5 × 1019 cm−3 and its electron tempera-
ture is kBTe ≈ 0.5 keV (where kB is the Boltzmann constant) over the 
span of the 24 ns measurement. When the two flows are allowed to 
interact (by irradiating both targets), their plasma properties change 
profoundly. Between 6 and 12 ns, a strongly compressed zone with 
plasma density ≳4× the single-flow density is formed near the  
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midplane. During the same time, the plasma electrons are heated in 
this region to 3 keV. Measurements of the X-ray self-emission from 
the plasma confirm that when the two flows interact, a strongly 
compressed and heated zone is formed, consistent with the OTS 
data, with a transverse radius of ~0.5 cm (Fig. 1c, Extended Data 
Fig. 1 and Supplementary Table 1).

The measured density compression demonstrates the formation 
of high-Mach-number collisionless shocks, for which the hydro-
dynamic jump conditions predict a compression factor23n2/n1 ≈ 4, 
consistent with our observations (n2 and n1 are the downstream and 
upstream densities). Note that if the two flows would freely inter-
penetrate, the resulting density would simply double. The velocity 
of the laser-produced plasma flows at the midplane distance is given 
by the self-similar expansion theory24, vflow = cS1 + Lsystem/(2t) ≈ 200 
+ 12,500/t [ns] km s−1, as verified in previous experiments14, with t 
being the time from the laser irradiation and cS1 the upstream sound 
speed. At t ≈ 8 ns, when the shock compression is observed, the 
unperturbed flow velocity is vflow ≈ 1,800 km s−1, corresponding to a 
ion–ion collisional mean free path25 Lm.f.p. ~ 80 cm, which is much 
larger than our system, clearly indicating that the shock is collision-
less (see Supplementary Information for detailed discussion on col-
lisionality). The magnetic field carried by the laser-produced plasma 
flows is very weak (~20 kG) and from the measured plasma param-
eters, we infer that the shock sonic and Alfvén Mach numbers are 

MS ≈ 12 and MA ≈ 400, respectively (Supplementary Information). 
Our experiments thus probe shock conditions relevant to young 
SNRs (for example, Tycho, SN 1006 and Cas A), with typical shock 
velocities of a few thousand kilometres per second and MA ≫ 10, as 
illustrated in Table 1, for which shock formation must be mediated 
by electromagnetic fields produced during the interpenetration of 
the plasma flows.

The formation of collisionless shocks in the weakly magne-
tized regime of our experiments is mediated by the Weibel insta-
bility26,27. This is confirmed by large-scale two-dimensional (2D) 
and three-dimensional (3D) particle-in-cell (PIC) simulations 
of the interaction of the flows for our experimental conditions 
(Methods), as illustrated in Fig. 3. The ion Weibel instability grows 
due to the velocity anisotropy of the counterstreaming flows, 
producing flow-aligned filamentary currents in the plasma 
threaded by magnetic fields. At the beginning of the interaction 
(t ≈ 6 ns, vflow ≈ 2,200 km s−1), the instability growth time is τW ≈ c/
(vflowωpi) ≈ 0.02 ns, where ωpi ¼ ð4πniZ2e2=miÞ1=2

I
 is the ion plasma 

frequency, Ze is the ion charge, mi is the ion mass and c is the speed 
of light. Within just 0.2 ns, this instability produces filamentary 
magnetic fields that reach 1 MG, with a transverse wavelength of 
50 μm (about ion skin depth c/ωpi, as expected from linear theory). 
Such strong fields correspond to ~1% of the flow kinetic energy  
(Fig. 3c). This is consistent with the basic scaling laws21 for the  
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Fig. 1 | Laser-driven collisionless shock experiments. a, Sketch of the experimental setup with shock density structure (in blue) obtained from numerical 
simulation. b, Thomson scattering data provide measurement of the electron density and temperature at the central region (marked by red dot in a) for 
a single flow (top) and two colliding flows (bottom). c, Comparison of the X-ray self-emission from the plasma between a single flow (top) and colliding 
flows (bottom) indicates strong compression and heating of the shocked plasma. d, Spectrometer measurements of fast electrons (>30 keV) produced in 
a single flow (top) and two colliding flows (bottom) demonstrate acceleration of electrons to relativistic energies.
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magnetic field amplification observed in previous experiments 
under similar geometry but lower laser energy drive15,16, which 
indicate that megagauss-level magnetic fields must be produced in 
our experiments. After the saturation of the Weibel instability, the 
current filaments can be subject to secondary instabilities, merging 
towards larger scales28 and breaking29, leading to the onset of mag-
netic turbulence. Our simulations indicate that the characteristic 
spatial scale of the turbulent magnetic field grows to LB ≈ 200 μm 
(Fig. 3b), which is comparable to the ion gyroradius rgi ≈ 300 μm. 
The flows can then be efficiently compressed within a few ion gyro-
periods (τgi = 0.2 ns). Fully formed shocks are observed at 9 ns, con-
sistent with experimental measurements (Fig. 3d).

Shock formation is accompanied by the observation of very 
energetic non-thermal electrons. Electron spectrometer measure-
ments indicate that when the two flows collide, electrons are accel-
erated up to 500 keV (Fig. 4a), which exceeds by more than a factor 
100 the thermal energy of the shocked plasma (kBTe ≈ 3 keV). When 
only one of the flows is produced, the measured electron spectrum 
is vastly different, showing a much lower number (<8%) and energy 
(<3%) of electrons above 30 keV, when compared to the double-flow 
case. These lower-energy electrons observed in a single flow are 
produced by the laser–plasma interaction, and their number should 
simply double in the case of two plasma flows (Supplementary 
Information). Therefore, our measurements indicate that a different 
acceleration mechanism is present for the interpenetrating plasmas 
and that the bulk plasma distribution, which dominates at energies 
below those observed in the spectrometer, should act as a seed for 
the large number of high-energy electrons measured.

The simulations of the experimental interaction confirm the 
ability of the shocks to accelerate electrons from the thermal pool 
to >100kBTe on the timescale of the experiment (Fig. 4b). The 
non-thermal electron distribution in the shocked plasma region 
evolves towards a power-law energy tail ϵ−p with spectral index p ≈ 3. 
However, we note that the detailed shape of the non-thermal spec-
tra obtained in simulations (Fig. 4b) cannot be straightforwardly 
compared with experiments (Fig. 4a) given that the latter measure 
the time-integrated spectrum of only the escaping electrons, which 
is modified by the energy-dependent escape time associated with 
electron diffusion (Supplementary Information). To further elu-
cidate the electron acceleration process, a random sample of 200 
electrons is chosen from the non-thermal tail obtained in the simu-
lation at 13 ns and their acceleration history is analysed in detail. 
We observe that electrons are rapidly accelerated—on a nanosecond 
timescale—as they are trapped within one shock transition layer 
and suffer multiple reflections by the turbulent fields produced by 
the Weibel instability (Fig. 4c). The average fractional energy gains 
experienced upon each reflection are Δϵ/ϵ ≈ vflow/v, with v the elec-
tron velocity, consistent with a first-order Fermi process (Fig. 4d 
and Methods).

The measurement of non-thermal electrons with up to 500 keV 
from colliding plasma flows is indeed consistent with electron accel-
eration by magnetic turbulence produced at the shock transition 
layer. The gyroradius of 500 keV electrons in megagauss magnetic 
fields is ~30 μm, which is much smaller than the shock transition 
Lsh ≳ rgi ≈ 300 μm. Thus, the observed high-energy electrons could 
not have accessed standard diffusive shock acceleration via multiple 
shock crossings. For electrons trapped in the shock transition region, 
the maximum electron energy is limited by the transverse size of the 
shock, Rsh ≈ 0.5 cm, and corresponds to the largest potential differ-
ence a particle can experience in the shock before escaping trans-
versely (known as the Hillas limit30) ϵmax ¼ eERsh  eBRshvflow=c

I
, 

where E ≈ Bvflow/c is the electric field associated with the turbulent 
magnetic field (B) advected by the flows into the shock. For the con-
ditions of our experiments (B ≈ 1 MG, vflow ≈ 1,000 km s−1), we obtain 
ϵmax � 500
I

 keV, consistent with the experimental measurements.
Our results provide compelling evidence that magnetic tur-

bulence produced in high-Mach-number shocks can acceler-
ate electrons to relativistic non-thermal energies, and thus help 
overcome the injection problem. These findings are relevant to 
high-Mach-number astrophysical shocks, such as those found in 
young SNRs, and will stimulate the development of better injec-
tion models for those systems. In the future, the developed experi-
mental platform can be adapted to different shock configurations, 
including those with an ambient external magnetic field of variable 
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Fig. 2 | thomson scattering measurements indicating shock formation. 
a, Evolution of the electron density at the central region of the experiment 
for single flow (n1, dashed blue line) and two colliding flows (n2, solid red 
line). The compression ratio (solid black line) between downstream (n2) 
and upstream (n1) densities reaches n2/n1 ≳ 4 at early times (<10 ns) 
indicating shock formation. b, Evolution of the electron temperature for 
single flow (Te1, dashed blue line) and colliding flows (Te2, solid red line) 
shows substantial heating of the shocked (downstream) electrons to 3 keV. 
As the shocked plasma expands in the transverse direction (Fig. 1a), the 
compression ratio and plasma temperature slowly decrease over time. 
The error in the measurements is indicated by the shaded regions and 
corresponds to the standard deviation of the fit of the Thomson scattering 
spectrum to the plasma parameters.

Table 1 | Comparison between plasma parameters in NiF 
experiments and young SNR shocks

Parameter NiF experiments typical young SNR 
(for example, SN 
1006)

Shock velocity (km s−1) 1,000−2,000 3,000−5,000

Ambient magnetic field (G) 2 × 104 3 × 10−6

Ambient plasma density (cm−3) 5 × 1019 0.2

Ambient plasma temperature 
(eV)

500 1

System size (cm) 2.5 3 × 1019

Collisionality (Lsystem/Lm.f.p.) 0.03 0.01

Sonic Mach number (vsh/cS) 12 400

Alfvén Mach number (vsh/vA) 400 400
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strength and orientation. This opens a path for controlled studies of 
shocks in regimes that can greatly complement both astrophysical 
observations and spacecraft measurements and help validate par-
ticle acceleration models.
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Methods
Experimental setup. Experiments were conducted at the NIF at the Lawrence 
Livermore National Laboratory. Double-flow experiments used a pair of 
counterfacing targets (consisting of 1-mm-thick, 8-mm-diameter CD2 disks) 
separated by 25 mm. The central facing surface of each disk was heated by 84 laser 
beams with 3 ns square top duration and 351 nm wavelength, delivering a total of 
0.455 MJ per target. Standard NIF phase plates were used, and the beams were tiled 
and defocused over the surface of the target disks to produce an approximately 
flat-topped intensity distribution over the ~7-mm-diameter central region of the 
surface, resulting in an average intensity of ~4 × 1014 W cm−2. The surfaces of the 
heated targets expand rapidly, producing high-velocity ablation-plasma outflows. 
In double-flow experiments, the two targets are irradiated simultaneously to 
produce two symmetric counterstreaming plasma flows that interact near their 
midplane. In single-flow experiments, only one target is used and irradiated 
with the same laser conditions. The plasma properties are characterized near 
the midplane between the two targets using a suite of diagnostics. The main 
diagnostics are temporally resolved OTS of a 351 nm probe beam, time-gated 
X-ray self-emission from the plasma (gated X-ray detector (GXD)) and an electron 
spectrometer (NIF Electron Positron Proton Spectrometer (NEPPS)), which are 
positioned along the midplane as indicated in Supplementary Fig. 1.

Thomson scattering measurements. The parameters of the plasmas produced 
in the experiments were characterized using the NIF OTS diagnostic, at a point 
12.5 mm from the surface of the target, both in the case of a single flow and double 
flow. In the double-flow experiments, this position corresponds to the centre of 
the experiment. Two 351 nm f/20.6 NIF beams were used to supply the Thomson 
scattering probe. The beams enter the system from a (polar, azimuthal) angle 
(137.8, 13.2) and scattered light is collected along (90, 315) giving a scattering angle 
of ~71°. The Thomson probe beams (24 ns, 8 kJ per beam) used 400 μm phase 
plates to reduce the size of the scattering volume. Beam spots were tiled side by side 
to reduce the required pointing tolerance for the OTS diagnostic, so that the probe 
intensity was 6.6 × 1013 W cm−2. The diameter of the spectrometer collection cone at 
focus is 50 μm, defined by a pinhole aperture at the entrance to the spectrometers. 
The OTS volume therefore takes the form of a cylinder, with a dimension of 50 μm 
in the direction of the flows and 50 μm and 400 μm in the transverse directions. 
The resulting probed k-vector, shown in green in Supplementary Fig. 1, lies at an 
angle 49.3° from the vector of approach between the two ablation flows. Scattered 
light was collected at f/12 using an off-axis Schwarzschild objective and fed into an 
optical grating spectrometer. The linear density of the reflective diffraction grating 
is G = 1,200 mm−1, the spectrometer focal length is f = 0.15 m and the spectrometer 
resolution is ∆λ = 1 nm). The spectrum is recorded using a Ross optical streak 
camera, with a sweep window of 30 ns and a temporal resolution ∆t ≈ 30 ps. The 
spectrometer has a bandwidth of ~65 nm; the central wavelength was 300 nm for 
the single-flow measurement and 290 nm for the double-flow experiment. The 
OTS probe beam had a pulse duration of 24 ns and was turned on at 6 ns.

We observe the electron plasma wave (or Langmuir) feature of the Thomson 
scattering spectrum, for which the electron temperature (Te) and density (ne) 
affect the spectrum in different ways. The wavelength shift for the peak of the 
electron plasma wave feature is dominated by the electron density and only weakly 
sensitive to Te. However, an increase in temperature broadens the peak due to 
Landau damping. This can substantially constrain the combination of density 
and temperature capable of matching the measured spectrum and allows for 
these properties to both be determined simultaneously31. The plasma parameters 
were inferred by fitting the measured OTS spectrum with the theoretical OTS 
scattering cross-section S(k, ω) = (2π/k)fM(ω/k)/∣ϵ(k, ω)∣2, where ϵ(k, ω) is the 
longitudinal plasma dielectric function evaluated at the probed k-vector k and 
frequency ω of the electron density fluctuations, and fM(ω/k) is the 1D electron 
Maxwellian distribution function projected on the direction of k and evaluated 
at the resonant velocity corresponding to the phase velocity of fluctuations. This 
calculated cross-section was corrected using a spectrometer response calibration 
curve, which was measured before the shot. The plasma was modelled as a 
deuteron/carbon plasma with a single Maxwellian electron distribution. The 
amplitude, d.c. background, Te and ne were varied to achieve the best fit possible. 
To determine the errors in ne and Te, we used a Newton–Gauss fit with parameter 
errors determined by the shape of the χ2 value as a function of the fit parameters. 
This includes the covariance of the system in the parameter errors. The error in 
density and temperature obtained from this analysis ranges between 3% and 10%. 
Supplementary Fig. 2 illustrates the results of this procedure, including examples 
of the best fits to our data and how they change for different combinations of ne 
and Te. The error bars indicated in the measurements of Fig. 2 take into account 
the errors in the fitting of the OTS spectrum, an absolute error in the central 
wavelength (offset error) of 1 nm, and a magnification error of 2% introduced by 
the streak camera electron optics.

Electron spectrometer measurements. NEPPS records electron spectra in the 
range 30−900 keV by deflecting electrons incident through a 1-mm-diameter 
aperture by a permanent magnetic field onto a BAS-SR image plate. The diagnostic 
is identical to that described in ref. 32 with the exception of a reduced peak 
magnetic field strength at 280 G. The dispersion relation was simulated by using 

finite element (COMSOL) analysis to calculate the 3D magnetic field and electron 
trajectories in the detector, and was calibrated using benchtop measurements 
of the peak field strength. The NEPPS spectrometer was fielded along a line of 
sight perpendicular to the axis of flow, with the aperture positioned 55 cm from 
the target axis. Data were analysed by integrating the signal perpendicular to the 
dispersion direction over the data region, and accounting for calibrated image plate 
response and solid angle to evaluate the number of electrons per kiloelectronvolt 
per steradian. We note that the accelerated electrons in the shocked region are 
expected to have an isotropic distribution and this has also been confirmed in 
our simulations of the experiment. However, the escape of electrons is expected 
to be energy dependent, as discussed in the Supplementary Information, and 
could be anisotropic. A spatially dependent background was evaluated by 
averaging in the non-signal region and was subtracted from the data. The peak 
signal to background ratio in the signal region was about six in the double-flow 
experiments. The two double-flow spectra shown in Fig. 4a illustrate the typical 
results obtained. In single-flow experiments, the signal measured was close to the 
background level. In Fig. 4a, we show the single-flow spectrum with the largest 
signal among the single-flow experiments. The order-of-magnitude increase in 
both the number and energy of electrons observed in the double-flow spectra 
compared with the single-flow spectra was reproducible in all experiments. The 
largest uncertainty in the analysis is a systematic error in the image plate response, 
which is approximately 25% across the energy range used33, as indicated by the 
shaded region in Fig. 4a.

X-ray detector measurements. A GXD images the self-emitting X-rays from 
the interacting plasma flows using an array of pinholes and differential filters. 
It has four strips of time-resolving areas such that the timing on each strip can 
be independently controlled. The magnification is set to ×2.02 and the pinhole 
diameter is 100 μm. Two filters are used in each strip—0.5 μm nickel (1/3 of strip 
area) and 2 μm vanadium (2/3 of strip area) backed by 8 μm acrylic. This setting 
is sensitive to 5−7 keV emission. The timing for each strip was set to 5, 12, 15 
and 20 ns, respectively. Each strip spanned ~600 ps integration time. The same 
exact filtering and timing were used for both single- and double-flow experiments 
to compare their relative brightness. Extended Data Fig. 1 shows examples of 
lineouts (averaged over a 900 μm width) of X-ray emission along the midplane 
region of the experiment at 15 ns. The measured ratio of X-ray signal between 
double- and single-flow experiments has been compared with the ratio expected 
from the Thomson scattering measurements. We consider the bulk plasma in 
the measurement region (central region of the interaction) to have a Maxwell–
Boltzmann distribution, which results in a bremsstrahlung emission power per 
unit energy and volume that scales as T�1=2

e n2ee
�ϵγ=ðkBTeÞ

I
 (ref. 34), with ϵγ the photon 

energy. The Thomson scattering measurements provide local, time-resolved 
electron density and temperature information in a small volume at the centre of 
the region viewed by the GXD. Using these measured values, the bremsstrahlung 
spectrum can be calculated for each X-ray measurement time in each experiment. 
The framing camera response is calibrated to 20 keV and transmission data for 
the Kapton, nickel and vanadium filters in front of the GXD are available through 
CXRO. Convolving the calculated bremsstrahlung emission, the filter transmission, 
and the GXD response curve, relative signal levels through each filter configuration 
have been estimated for each experiment. Supplementary Table 1 shows the 
comparison of the X-ray signal ratio predicted from OTS data and the ratios 
measured from GXS for both the vanadium and nickel filter channels at 15 and 
20 ns. In both cases, analysis of the OTS data indicates that the double-flow X-ray 
signal should be ~100 times brighter than the single flow and this is consistent 
with the measured X-ray ratios. The X-ray signal ratios cannot be confidently 
measured at 5 and 12 ns because at 5 ns the lasers had just turned off and the strip 
is saturated, and at 12 ns there is substantial signal bleed from the 5 ns strip of the 
framing camera, which affects primarily the single-flow measurement.

Radiation–hydrodynamic simulations. The radiation–hydrodynamics code 
HYDRA35 is used to model the laser absorption and plasma ablation of a single 
foil. The laser irradiation follows the experimental setup by including individual 
lasers with accurate beam pointing, incident angles, pulse durations and focal spot 
sizes to obtain the expected on-target intensity. A multiplier of 0.6 on the total laser 
energy (corresponding to the laser absorption efficiency) is used, based on the 
benchmarks of HYDRA simulations with previous experimental data on OMEGA. 
The obtained velocity and density profiles are shown in Supplementary Fig. 3. The 
velocity of the expansion is found to fit well with self-similar theory24 with peak 
velocities above 2,000 km s−1. The obtained density profile is in good agreement 
(within 20%) with the experimental Thomson scattering measurements.

PIC simulations. Two-dimensional and three-dimensional PIC simulations of 
the plasma flow interaction are performed with the fully electromagnetic, fully 
relativistic and massively parallel PIC code OSIRIS 4.036,37. The PIC simulations 
are initialized using the laser-ablated plasma profiles obtained from HYDRA 
before the interaction of the flows. The interaction starts at 6 ns from the laser 
irradiation and it is described fully kinetically. Given the computational expense 
of kinetic simulations for the large temporal and spatial scales of the experiments, 
the majority of the simulations performed were 2D3V and used a reduced 
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ion-to-electron-mass ratio in the range mi/(meZ) = 32−512. A 3D3V simulation 
with mi/(meZ) = 32 was performed to test the overall impact of 3D effects. The 
initial flow velocity was scaled up from the experiment by a factor 30 (that is, an 
experimental flow velocity of 1,000 km s−1 corresponds to 0.1c in the simulation). 
This is based on the fact that for the conditions of our study, the physics of the 
electromagnetic instabilities that mediate the shock formation and particle 
acceleration is independent of the flow velocity, provided it is non-relativistic. 
The evolution of two systems, S1 and S2, dominated by electromagnetic processes 
and with flow velocities v1 and v2 is the same at times t2 = t1v1/v2 (ref. 21). This 
scaling is used to convert the simulation time into the experimental time. The 
reference simulation uses mi/(meZ) = 128 (Figs. 3 and 4). The simulation box 
size is Lx = 972c/ωpi0 ≈ 3.1 cm by Ly = 71c/ωpi0 ≈ 0.23 cm, where ωpi0 is the ion 
plasma frequency corresponding the reference plasma density n0 = 1020 cm−3 
(approximately the density of the shocked plasma). This domain is resolved by 
31,500 × 2,300 cells, corresponding to a resolution of 0.35c/ωpe0. Each plasma 
flow is modelled using 50 macroparticles per cell with cubic particle shapes for 
improved numerical accuracy. The 3D simulation used the same resolution and 
particle shape with 4 macroparticles per cell. The boundary conditions for both 
particles and fields are open along the flow direction and periodic transversely. We 
have tested the numerical results in 2D by varying the resolution (0.07−0.35c/ωpe0), 
the number of particles per cell (18−200) and the ion-to-electron-mass ratio 
(32−512), observing overall agreement on the shock structure. We have also 
checked that the dominant electron acceleration mechanism discussed in this 
work does not depend substantially on the ion-to-electron-mass ratio, for the large 
ratios used in our simulations. In particular, we observe that when normalized to 
the thermal energy of the shocked electrons, the non-thermal electron spectrum 
is identical for the range of mass ratios tested (Supplementary Fig. 4). On the basis 
of this observation, the simulated electron energy in Figs. 4c,d is converted into 
experimental units according to the measured electron temperature at the shock 
kBTe = 3 keV. The simulation used to illustrate the experimental setup in Fig. 1a has 
a larger transverse box size of 3.1 cm, a reduced mass ratio mi/(meZ) = 32, and open 
boundaries transversely. This simulation captures the finite transverse size of the 
plasma flows and shock structure. Additional PIC simulations using the measured 
single-flow plasma profile have been performed and compared with those using 
the HYDRA predicted plasma profile (maximum 20% variation), showing a similar 
shock structure. Finally, a 1D PIC simulation using a Monte-Carlo Coulomb 
collision operator was performed for the same plasma profile of the reference 
simulation. This simulation does not capture the Weibel instability (which is 
a transverse instability) and can thus isolate the role of Coulomb collisions in 
the slow down and compression of the flows. It includes collisions between all 
plasma species (electrons and ions) and indicates that collisional effects only start 
impacting the flow interpenetration after 22 ns, and thus after the timescale of the 
shock physics studied in this work.

Analysis of non-thermal electron acceleration from the simulations. To 
understand how the non-thermal electrons observed in the simulations are 
accelerated, we track the detailed trajectories and energy gains of a representative 
sample. We randomly choose 200 electrons from the non-thermal tail (ϵ > 30kBTe) 
at 13 ns (shown in Fig. 4b) and then repeat the exact same simulation tracking 
the evolution of these electrons from thermal to non-thermal. We observe that 
electrons are accelerated primarily as they are trapped in the transition layer of 
one shock and experience large energy gains from reflections along the flow axis, 
as illustrated in Fig. 4c. We calculate the energy variation from reflections in 
the x direction (identified by the change in the sign of the electron velocity vx), 
including both energy-gaining and energy-losing reflections, for electrons with 
energies above the thermal energy (ϵ > kBTe). By probing the electron trajectory 
with a period ≳τge (with τge the electron gyroperiod), we can properly capture 
the individual reflections and we have verified that the results do not change 
substantially by changing this period in the range 1−5τge. We bin the electrons by 
energy and calculate the average energy change Δϵ for bins with more than ten 
reflections. We find that the majority of reflections are energy gaining and that 
the average fractional energy change per reflection is Δϵ/ϵ ≈ vflow/v (Fig. 4d), with 
vflow the average flow velocity in the shock transition region. This indicates that 
electrons are accelerated via a first-order Fermi process.

Comparison between laboratory shock parameters and young SNRs. Despite 
the enormous difference in physical scale and density between laboratory and 
astrophysical systems, the similarity of the dimensionless plasma parameters 
indicates that the dominant plasma processes can be directly scaled between both 

systems21. A comparison between the parameters of our laboratory experiments 
and those of typical young SNRs (for example, Tycho, SN 1006 and Cas A) are 
presented in Table 1. The shock sonic and Alfvén Mach numbers are calculated 
as MS = vsh/cS1 and MA = vsh/vA, where vsh = vflow/(1 − n1/n2) is the shock velocity 
measured in the frame of the upstream flow, cS1 ¼ ðγZkBTe=miÞ1=2

I
 is the upstream 

sound speed, and vA ¼ B=ð4πnimiÞ1=2
I

 is the upstream Alfvén speed, with γ = 5/3 
the adiabatic index, ni the ion density of the flow and Z the ion charge number.

Data availability
The data represented in Fig. 2, Fig. 3c,d and Fig. 4 are provided with the paper 
as source data. All other data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon  
reasonable request.

Code availability
The PIC code OSIRIS36,37 used in this study can be obtained from the OSIRIS 
Consortium, consisting of UCLA and IST (Portugal).
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Extended Data Fig. 1 | X-ray self emission from the plasma. Lineouts of the X-ray signal along the mid-plane between the two targets for a) single  
flow and b) double flow experiments at 15 ns from the laser irradiation. The gated X-ray detector uses Vanadium (V, left) and Nickel (Ni, right) filters.  
The measured signal ratio between double flow and single flow experiments is ~100−200, consistent with predictions based on the plasma density  
and temperature from Thomson scattering measurements.
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