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Formation of collisionless shocks driven by strongly magnetized relativistic electrons
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In experiments performed with the OMEGA EP laser system, proton deflectometry captured magnetic field dy-
namics consistent with collisionless shock formation driven by strongly magnetized relativistic electrons. During
laser-foil interactions, shocks can form as relativistic electrons and strong surface magnetic fields generated by a
short-pulse laser impinge on a cooler plasma produced by a longer-pulse laser. Three-dimensional particle-in-cell
simulations reproduce the magnetic draping and fast formation speeds measured in the experiment and reveal that
this relativistic-electron-driven shock forms at an interface that is unstable to shear and streaming instabilities.
The simulation results provide insight into the microphysics that may influence high-energy shocks observed in
extreme astrophysical environments.
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Collisionless shocks are a ubiquitous feature of many
astrophysical systems that act to rapidly change the plasma
properties in response to perturbations that move faster than
characteristic speeds (e.g., sound speed, Alfvén speed). They
form on a wide range of scales from the relatively low-energy
bow shock ahead of Earth’s magnetosphere with average up-
stream velocities of vus ∼ 450 km/s [1], to the high-energy
relativistic shocks (vus → c) in pulsar wind nebulae (PWNe)
[2]. While Earth’s bow shock can be measured in situ by
satellites [3], most astrophysical shocks can only be observed
through spectral signatures radiated from distant objects.
Modeling these systems is challenging due to the large scale
of the shocks relative to the microphysics governing formation
and evolution. Therefore, numerical studies are often limited
to small-scale idealized simulations. Laboratory experiments
can provide a rigorous method of exploring the microphysics
of astrophysical systems and can provide insight into phenom-
ena that cannot be resolved via in situ measurements as they
are often taken at limited points along the trajectories of or-
bits. In addition, experiments that create energetic conditions
can provide crucial benchmarking for the simulation tools
typically applied to extreme astrophysics.
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High-power lasers can drive shocks in high-energy-density
conditions with a broad range of applications, including ion
beam acceleration [4,5], compression of materials [6], and
laboratory studies of the underlying mechanisms govern-
ing astrophysical shock formation and particle acceleration
[7–10]. To date, experiments motivated by astrophysical
shocks have focused on the nonrelativistic regime.

In the highest-energy astrophysical systems, including
active galactic nuclei jets, gamma-ray bursts, and PWNe,
relativistic inflow velocities are expected [11]. Addition-
ally, shock formation can occur in the presence of extreme
magnetic fields, as in PWNe where the electron cyclotron
frequency ωce can exceed the electron plasma frequency ωpe,
σcold,e = ω2

ce/ω
2
pe = B2/μ0γ0menec2 > 1 [12]. Several theo-

retical and computational studies have been performed in the
astrophysics community for σ � 0.1 [13–16]. However, labo-
ratory exploration of shock formation in relativistic plasma
conditions has thus far been limited to ion acceleration by
laser-driven electrostatic shocks [5,17].

In this Letter, two laser pulses with very different in-
tensities and durations established plasma conditions for
collisionless shock formation driven by highly magnetized
(σcold,e > 1) relativistic electrons. A schematic of the exper-
imental setup at the OMEGA EP laser facility is shown in
Fig. 1.

First, a long-pulse laser (LP, nanosecond duration) is fo-
cused to a moderate intensity (ILP ∼ 1014 W cm−2, in an
819-µm spot) onto a 50-µm-thick plastic (CH) or 25-µm-thick
copper foil target. As the laser pulse ablates the surface, per-
pendicular temperature and density gradients in the plasma
plume spontaneously generate an azimuthal magnetic field
O(MG) via the Biermann battery mechanism ( ∂B

∂t = kB
ene

∇Te ×
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FIG. 1. (a) Schematic of the experimental setup. The high-
intensity SP laser arrives at the main target at t = t0 (after the
LP-produced magnetic fields had already evolved for 750 ps). The
overlaid image representing the radiochromic film (RCF) stack
shows the magnetic field conditions at t0. (b) A time series of proton
images using a Cu target show the fast field dynamics on picosecond
timescales. Snapshots from face-on and side-on imaging of the in-
teraction with a CH target are annotated in (c) and (d), respectively.
Axes are scaled by the probing magnification.

∇ne) [18,19]. The self-generated magnetic field expands ra-
dially with a velocity near the plasma sound speed (v ∼
105–106 m/s) [20,21]. Nernst advection confines the fields
to the high-density plasma near the target surface where
the plasma pressure dominates the magnetic pressure [β =
nkBT/(B2/2μ0) ∼ 1–100] [22–24].

After the LP-produced plasma has evolved for 750 ps,
a short-pulse (SP) laser is focused to high intensity [a0 ≈√

Iλ2
μm/1.4 × 1018(W cm−2 µm2) ≈ 6] onto the same target

with a focal spot center-to-center separation of 1.25 mm. At
these intensities, the laser accelerates electrons within the
focal volume to relativistic velocities. The rapid expansion
of a relativistic surface current establishes a target-normal
sheath electric field [25] and generates an azimuthal magnetic
field surrounding the focal spot. The magnetic field gener-
ated by the SP can be orders of magnitude stronger than
the Biermann fields in the LP-produced plasma O(100 MG)
[26,27]. Indeed, the SP magnetic fields can be so strong that
the magnetic energy density exceeds the energy density of
the plasma electrons (σcold,e > 1). Previous experiments have
applied these fields to study magnetic reconnection [28–30].
Here, the neighboring LP-produced plasma is effectively a
quasistatic obstacle to the flow of relativistic electrons and the
associated magnetic field.

Proton deflectometry captured the ultrafast magnetic field
dynamics and images were recorded on radiochromic film
(RCF) stacks. Key experimental results are summarized by
snapshots in Figs. 1(b)–1(d). Included in Fig. 1(a) (repre-
senting the RCF stack) is a proton image of the undisturbed
Biermann battery fields at the onset time of SP-driven fields,
t = t0. At this time, the LP-produced plasma has already
evolved for 750 ps and the self-generated Biermann battery
magnetic fields deflect protons inward to create a ring-shaped
feature of proton accumulation.

Features associated with the SP evolve over picosecond
timescales. Figure 1(b) shows a time series of proton images
from a single shot with a copper target in the face-on probing
geometry (illustrated by the setup schematic). As described in
Sarri et al. [27], the SP-driven fields produce a central spot
surrounded by an expanding ring in the proton image. This
is evidence of a competition between the focusing magnetic
field orientation generated on the front-surface (spot) and
defocusing orientation on the rear-surface fields (ring). While
the rear fields do not directly interact with the LP-produced
plasma, the ring feature helps delineate the extent of the rela-
tivistic electron flows which sweep across both surfaces with
similar speeds [26,27]. Consistent with Ref. [27], tracking the
ring-feature expansion yields an estimated initial flow velocity
of ∼0.5c, which slows to ∼0.1c as the ring reaches a radius
exceeding 1 mm.

After t0 + 5 ps, the two plasmas collide and a conelike
feature develops at the interface as the SP fields are driven
into the Biermann battery fields. Note that the image resolu-
tion for the shot with a copper foil is degraded due to probe
proton scattering in the target. In addition, the image contrast
is impacted by a nonuniform background signal of protons
emitted by the main target itself. As shown in Fig. 1(c), using
a CH foil for the main target improved the image resolution.
This enabled further analysis of the magnetic field profiles
(summarized in Fig. 2). The face-on images of the CH foil
also exhibit spokelike features in the SP fields likely caused
by azimuthal perturbations due to the resistive filamentation
instability in the cold and dense parts of the insulating target
[31] (this effect is not considered in the forward modeling of
the field dynamics shown in Fig. 2).

In Fig. 1(d), the probing geometry was rotated 90◦ to
enable side-on imaging of similar times during the system
evolution. This measurement is most sensitive to the sheath
electric fields generated by target charging during the SP
interaction. Nevertheless, the proton images also capture the
disruption of the sheath field at the interface, as well as ev-
idence of an expanding front moving back away from the
interface (−x̂ direction) at later times. A description of the
probing geometry and a full time series of side-on images is
included in the Supplemental Material [32].

To elucidate the magnetic field dynamics measured in the
face-on geometry, a forward modeling method was employed
(the Supplemental Material contains additional details [32]).
For each time slice in Fig. 2(a), the panel is split to compare
experimental data (left half) with synthetic proton images
generated using analytic expressions to describe the magnetic
fields. Key features of the experimental proton images can
be reproduced, including the cone feature at the discontinuity
between the two plasmas. Figure 2(b) shows the horizontal
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FIG. 2. (a) A time series of experimental proton images (left half
of each time slice) from a single shot with a CH foil are compared to
corresponding forward modeling results (right half). (b) An example
field map from the forward modeling analysis for t = t0 + 9 ps.
Streamlines of a path-integrated magnetic field are overlaid on a map
of the horizontal field component. (c) Lineouts taken at z = 0 from
the field profiles for each time slice in (a) demonstrate the ultrafast
temporal evolution of the magnetic fields and the modulation of the
LP-produced Biermann fields at the interface. Rear-surface fields are
excluded from (c) to emphasize the front-surface dynamics. Dashed
vertical lines indicate the zero-crossing point between the SP- and
LP-produced fields. Shaded areas show the modulated field region
caused by the draped magnetic fields at the discontinuity. The inset
plot in (c) shows an isolated 2D view of the draped magnetic field
feature from the dashed box region in (b).

component of the path-integrated field profile at t0 + 9 ps.
The LP-produced Biermann battery fields are located in the
upper half of the image, and the path-integrated field strength
is consistent with previous experimental measurements [33].
The fields associated with the SP expand from the lower
half of the target into the LP plasma obstacle. While the
path-integrated amplitudes appear similar between the LP-
and SP-produced fields, the SP fields are generated in a thin
layer along the surface (�ySP � �yLP), and the fields are
significantly stronger (BSP > 10BLP). The narrow spot feature
caused by the front surface SP-produced fields may indi-
cate caustic formation or proton trajectory crossing. Although
the forward modeling method can reproduce the amplitude
and width of the spot without any trajectory crossing, the
result may still underestimate the peak SP-produced field
strength.

Lineouts plotted in Fig. 2(c) show the temporal evolu-
tion of the interacting fields (excluding rear-surface fields
for clarity). Over the picosecond timescale, the SP fields
grow and expand, driving modulation and reduction of the
path-integrated Biermann magnetic field at the interface. An
isolated two-dimensional (2D) projection of the field fea-
ture required to reproduce the conelike modulation [inset in
Fig. 2(c)] suggests a pileup and draping of SP-driven mag-
netic fields at the interface and formation of a tangential
discontinuity. The projected discontinuity region thickness is
70–90 µm along the x̂ direction, which is comparable to the
ion skin depth (di), where di = c/ωpi ∼ 10–100 µm along
the LP-produced plasma plume [estimated from extended-
magnetohydrodynamics (MHD) simulations, and comparable
to values listed in Ref. [34]]. This measurement represents an
upper bound, and the region may be thinner if the interface is
tilted with respect to the proton probing path.

The field dynamics yielding the conelike feature evolve
over supersonic and super-Alfvénic timescales with respect
to LP-produced plasma. The zero-crossing point between the
SP- and LP-produced fields [marked with vertical dashed
lines in Fig. 2(c)] moves with v ∼ 0.1c, similar to the SP-
field expansion speed. The modulation caused by pileup at
the tangential discontinuity develops over 6–9 ps, giving an
estimated formation speed of 0.8–1.2 × 107 m/s [based on
the region width described above and shown as shaded areas
in Fig. 2(c)]. Both are fast compared to the characteristic
LP Alfvén speed vA = 5 × 104 m/s and sound speed cs =
2 × 105 m/s, calculated for fully ionized CH ions using nom-
inal values of BLP = 1 MG, Te = 1 keV, and ne = Zni = 1 ×
1021 cm−3 (the critical density for the SP laser frequency).
The uncertainty in characterizing speeds is due to the ∼3 ps
temporal spacing between RCF layers. After ∼10 ps, features
in the face-on probing results are quasistatic, however, the
side-on probing captures late-time expansion from the discon-
tinuity region.

While face-on proton imaging is typically most sensitive
to magnetic fields [35], the observed features may also cor-
respond to electric fields generated at the discontinuity. The
forward modeling interpretation is informed by simulations
(discussed below) that predict a pileup and draping of mag-
netic fields at a tangential discontinuity, driving the formation
of a collisionless shock that propagates into the LP-generated
plume. The simulations also show electric fields that would
contribute to the formation of the modulation. By attributing
all deflections to the magnetic fields, the forward modeling
results give an upper bound for the path-integrated magnetic
field.

The thin discontinuity region (δx � di) indicates that
electron-scale physics could influence the dynamics below the
spatial resolution of the proton source (∼15 µm). In addition,
the proton images are path-integrated measurements. Informa-
tion about fast dynamics driven by relativistic electrons could
be lost during the relatively slow transit of protons across the
fields, or due to the intrinsic ∼ps temporal resolution.

To study the details of the relativistic electron-driven mi-
crophysics, a reduced scale 3D simulation was performed
using the fully relativistic particle-in-cell (PIC) code OSIRIS

4.0 [36,37]. A convergence tested, full-scale 3D PIC simula-
tion of the interaction with box dimensions O(mm) and time
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FIG. 3. A 3D surface of electron density at t = 2667ω−1
0 is plot-

ted with a cutout to show SP-driven magnetic field lines draped
around the LP plume. The fields are highly perturbed due to the
unstable interface which results in strong regions of Bz (slice plotted
on the −z wall) and complex structures in Bx (slice on the +x wall).

duration O(ns) is not possible on currently available super-
computers, therefore several simplifications were made. The
LP-generated plasma plume was initialized in OSIRIS based
on fits to extended-MHD simulation results at t = 750 ps.
The peak magnetic field strength, temperature, and density
of the LP-generated plume near the interaction region were
maintained to preserve β, but the spatial scale and SP duration
were reduced by 25 times. Collisions were neglected because
the electron-ion collision time predicted by the extended-
MHD model was comparable to the entire PIC simulation time
O(1–10 ps).

The SP was injected from the positive y boundary and
focused to a0 = 5 on a target consisting of electrons and fully
ionized carbon. The simulated temporal and spatial scales
are normalized by the SP laser frequency ω0. The particle
density is normalized to the SP critical density (ncrit). Addi-
tional details about the simulation setup can be found in the
Supplemental Material [32].

Consistent with the experimental measurements, strong
SP-driven magnetic fields [∼0.3 (meω0/e) or 3 kT) initially
expand radially at ∼0.2–0.4c. Magnetic field streamlines plot-
ted with a 3D surface of electron density in Fig. 3 show how
the fields drape after the magnetized relativistic electrons flow
against the LP-produced plume. The draped fields are highly
perturbed, or rippled, due to interfacial instabilities between
the SP-driven electrons and LP-produced plume. The cold
electron magnetization parameter σcold,e varies in the draped
region (downstream side of the shock) with values exceed-
ing 1 in regions of strong magnetic field.

Slices of Bz and Bx plotted on the figure walls demonstrate
how the instabilities influence the magnetic field configura-
tion, including producing regions of high magnetic flux (Bz)
perpendicular to the shock direction (+x̂). The instabilities
form on electron kinetic scales and are likely driven by large
velocity shear as SP-driven electrons flow up the face of the

FIG. 4. Lineouts are taken from the 3D simulation at y ≈
95(c/ω0), z = 0 at several time steps to form space-time plots of
ion charge density Zni, magnetic field Bz, and electric field Ex . Lines
are plotted over the electric field that follow the initial compression
and late-time shock propagation with velocities vc and vsh and sonic
Mach number M shown beside the respective lines. See Supplemen-
tal Fig. 2 for 2D slices of ion charge density showing the shock
structure [32].

LP plume, creating conditions that are unstable to the mag-
netized electron-scale Kelvin-Helmholtz instability and the
lower-hybrid drift instability [38,39]. Although not resolved
in the presented proton deflectometry, the instabilities will be
the subject of future work.

In Fig. 4, a time series of lineouts taken at y ≈ 95(c/ω0)
and z = 0 are plotted for the ion charge density (Zni), per-
pendicular magnetic field (Bz), and shock-normal electric field
(Ex). At t ≈ 1000(c/ω0), the magnetic field begins to pile up
at a tangential discontinuity that travels a velocity of ∼0.024c
in the +x direction. For t � 2800ω−1

0 the compression slows
to ∼0.008c and a density jump is formed in both the electron
and ion densities. The downstream-to-upstream electron den-
sity ratio is small, 
 ∼ 1.2–1.4. A temperature ratio of � ∼
2–3 is also seen in the electrons with an upstream temperature
of ∼3–4 keV. This gives a sound speed cs ≈ 4.5 × 105 m/s
corresponding to approximate sonic Mach numbers of 16 and
5.3 for the compression and shock speed, respectively. The
downstream is small at the end of the simulation time, there-
fore these downstream values have been taken near the peak
of the density jump. The maximum Mach number for these
conditions can be calculated using Eq. (3) reported by Sorasio
et al. [40]. This gives Mmax ∼ 4.6–6 which is consistent with
the simulated shock Mach number. Additionally, the initial
compression velocity is similar to the modulation formation
speed estimated from the experimental proton images.

At late times, the unstable interface begins to decom-
press, and there is a backward (−x̂) expansion of magnetic
field and electric field. This effect likely produces the
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backward propagating feature observed in the side-on proton
images labeled “expanding front” in Fig. 1(d). In general,
the simulations predict similar dynamics to the experimen-
tal measurements despite the reduced spatiotemporal scales,
including reasonable agreement on the speed of field evolution
in the discontinuity region.

This work demonstrates that collisionless shocks driven by
strongly magnetized relativistic electrons can be created in the
laboratory. The experiment captured ultrafast magnetic field
dynamics consistent with shock formation. Large-scale PIC
simulations elucidate how this laser-driven platform can pro-
duce shocks in conditions relevant to extreme astrophysical
environments. As in situ measurements are currently unattain-
able, laboratory experiments can provide critical insights
into the microphysics of such shocks. Future experiments
may focus on the electron-scale instabilities at the tangential
discontinuity, using fast optical probes to measure the instabil-
ities and a modified experimental setup that aids in generating
and diagnosing the instabilities. Plasma instabilities driven by
shear flows are expected to play an important role in energy
dissipation and particle acceleration in relativistic jets found
around active galactic nuclei or gamma ray bursts [41]. Next-
generation ultraintense laser facilities may also extend this
experimental platform to much more energetic interactions
where inflowing particle energies and fields are larger and

quantum electrodynamics processes may become important
to shock physics.

The data that support the findings of this Letter are avail-
able from the corresponding author upon reasonable request.
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