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Diffusive Shock Acceleration (DSA), a well-established first-order Fermi mechanism, is widely recognized as
one of the most efficient astrophysical acceleration processes, capable of boosting charged particles to ultra-
high energies. For electron DSA to operate, however, seed electrons must exceed an energy threshold to cross
the shock front, and strong pitch-angle scattering is required to enable repeated shock crossings. To date,
laser-driven experiments at large facilities, including the National Ignition Facility (NIF), have demonstrated
only electron pre-acceleration in shock downstream, without achieving full DSA due to the lack of scattering
conditions. Here, we report the first laboratory realization of electron DSA, by pre-establishing a fully-
developed upstream magnetic turbulence that mimics the space and astrophysical scenarios. We show that
turbulent magnetic fluctuations can diffusively scatter low-energy electrons directly into the DSA process,
lowering the injection threshold to ~ 210 keV. Consequently, suprathermal electrons are smoothly injected
into the full DSA cycle, undergo up to 10 shock crossings and are boosted to relativistic energies (> 500
keV) with a power-law spectrum of index -3. Our findings highlight the crucial role of ambient turbulence
in enabling electron DSA, with profound implications for the space and astrophysical shock acceleration and

the origin of cosmic rays.

ollisionless shocks are ubiquitous in the Universe.
They form when astrophysical flows exceed the char-
acteristic wave speeds of the ambient medium, and dis-
sipate directional kinetic energy through microphysical
processes, heating the plasma and accelerating charged
particles'™3. For instance, the terrestrial bow shock can
boost solar wind electrons from thermal to relativistic
energies (up to 500 keV)?. Broadband synchrotron emis-
sion from radio to gamma rays observed in supernova
remnants (SNRs) further indicates the presence of ultra-
relativistic electrons with energies ranging from GeV to

1 These authors have contributed to this work equally.
* Corresponding author. e-mail: zhouwm@caep.cn, bqiao@pku.
edu.cn.

100 TeV® 7. How collisionless shocks accelerate electrons
to such high energies remains a fundamental open ques-
tion in modern astrophysics.

Diffusive shock acceleration (DSA)® !, a first-order
Fermi mechanism, is widely invoked to explain the high-
energy electrons observed in astrophysical settings, as
its predicted cutoff energies and spectral slopes agree
well with astronomical observations. In DSA, electrons
gain energy by repeatedly crossing the collisionless shock
front. For electron DSA to operate, however, two key re-
quirements must be met. First, seed electrons must either
already possess or be pre-accelerated to an energy above
the injection threshold - the minimum energy required
to traverse the shock in both directions. In a magne-
tized collisionless shock, this threshold is governed by the
condition that the electron cyclotron radius r.. exceeds
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the shock thickness L3, Second, the accelerated elec-
trons must experience sufficiently strong pitch-angle scat-
tering off magnetic irregularities in both upstream and
downstream plasmas', so that they can return to the
shock multiple times and their momentum distribution
becomes nearly isotropic in the fluid rest frame.

A number of laboratory experiments at large laser
facilities, including the National Ignition Facility, have
been carried out to simulate astrophysical collisionless
shock acceleration. Two experimental schemes are most
commonly investigated. The first involves the collision of
laser-driven counter-streaming plasmas'* 16, in which the
electromagnetic Weibel instability grows rapidly. This
leads to a kinetic, magnetized turbulent plasma with ele-
vated density and temperature at the center and, eventu-
ally, to the formation of a double-shock system on both
sides. However, owing to the lack of strong turbulent
scattering in the upstream, only pre-acceleration without
shock crossing - namely, first-order Fermi acceleration oc-
curring solely shock downstream!” - has been observed.
The second scheme employs a laser-driven supersonic
outflow impinging on a magnetized ambient plasma'®!?,
similar to the earlier magnetic piston concept?®. In
this case, the supersonic outflow strongly compresses
the upstream magnetized plasma, forming a shock on a
short timescale and accelerating particles via shock surf-
ing acceleration (SSA)'®2?! and shock drift acceleration
(SDA)?2:23_ However, because a shock propagating in
uniform magnetic field exhibits a pronounced overshoot,
particles can hardly gain enough energy within the shock
lifetime to freely traverse the shock front. Moreover,
even if a few pre-accelerated particles cross the shock and
enter the upstream, they quickly escape without pitch-
angle scattering. Consequently, full DSA has not yet
been achieved.

Recent in-situ observations of planetary bow shocks,
such as Earth*, Saturn®* and Jupiter?®, have recognized
that upstream ambient magnetic fluctuations (foreshock
transient, foreshock bubbles and hot flow anomalies, etc.)
can significantly lower the injection threshold and en-
hance shock electron acceleration, with energies reaching
the MeV level. For SNRs shock to accelerate cosmic rays
up to the knee, observations also show that scattering and
diffusion near the shock front has to be dramatically en-
hanced compared to that in the interstellar medium?®-27.
These imply that the ubiquitous but long overlooked am-
bient magnetic turbulence in space and astrophysics can
promote shock electron acceleration and even the DSA
process.

Here we report the first laboratory demonstration of
full electron DSA at the Shenguang-II series laser facili-
ties. This milestone is achieved by creating a realistic, as-
trophysically relevant scenario: a piston-driven collision-
less shock propagating into a pre-established, fully devel-
oped magnetic turbulence. As we show below, owing to
the strong magnetic scattering in this fully developed tur-
bulence, especially in the shock upstream, the electrons
over a broad energy range undergo diffusive-convective

motion?829. We find that strong turbulent scattering

leads to a substantial lowering of the injection thresh-
old (~ 210 keV in our experiment), and electrons can
gain energy by crossing the shock repeatedly over many
cycles (up to 10 cycles), thereby reaching relativistic en-
ergies (> 500 keV) and producing a power-law spectrum
with an index of -3. Our results highlight the overlooked
role of ambient magnetic turbulence in enabling electron
DSA and provide the first laboratory evidence, with pro-
found implications for the space and astrophysical shock
acceleration and the origin of cosmic rays.

RESULTS
Experimental setup

The experiments were conducted at the Shenguang-IT
(SG-II) and Shenguang-II Upgrade (SG-II-U) laser facil-
ities. Figure 1(a) shows a schematic of the experimental
setup, see “Methods” for details. The experimental con-
figuration consists of three parts: one for establishing
magnetic turbulence, another for driving a collisionless
shock into the turbulence, and the third for diagnostics.

Upstream magnetic turbulence is generated by col-
liding two laser-driven, counter-streaming plasma flows
along the +y and -y directions at the center. The nov-
elty of this scheme lies in the use of perforated CH
foils, which enhance the transverse density gradient Vn,
and temperature gradient VT, of the laser-driven plasma
flows. This produces a large number of strong, small-
scale toroidal Biermann magnetic structures with field
strength > 25 T (see Fig. S1 in Supplementary Mate-
rials). The subsequent interaction of the two counter-
streaming flows shears and compresses these magnetic
structures, giving rise to fully-developed magnetic turbu-
lence that satisfies the magnetization condition required
for shock formation!®!?, similar to the earlier magnetic
piston shock concept?%39,

The collisionless shock is formed by injecting a laser-
driven supersonic piston outflow from an ablated CH foil
into the pre-established magnetic turbulence (along the
+x direction); the shock subsequently accelerates elec-
trons via DSA. By adjusting the relative delay between
two groups of laser pulses, we can control the state of
the turbulence that interacts with the piston outflow, en-
abling us to explore the influence of turbulence properties
on electron acceleration.

A suite of diagnostics is employed to probe the dynam-
ics of turbulence-mediated collisionless shock formation
and the associated electron acceleration. A laser-driven
proton beam (propagating in the -z direction) is used
to diagnose the turbulent magnetic field and the shock
front evolution. The interaction region is also monitored
by time-gated and time-integrated X-ray detectors, while
the accelerated high-energy electrons are measured by an
electron magnetic spectrometer. Additionally, the elec-
tron density n. of the turbulent plasma is diagnosed by
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Fig 1. Experimental demonstration of electron DSA at SG-II and SG-II-U laser facilities: setup and char-
acterization of pre-established magnetic turbulence. a, Schematic of the experimental setup, comprising three main
components: magnetic-turbulence generation, collisionless-shock driving and evolution, and diagnostics. Turbulence is produced
by colliding two counter-streaming plasma flows (along +y and —y) generated by ablating through two opposing perforated CH
foils (separated by 6 mm) using the first group of CPP-smoothed nanosecond lasers (total energy 1000 J). After a controlled
time delay, a second group of Gaussian nanosecond lasers (total energy 1000 J) ablates a 10-um-thick CH foil located at x = —5
mm (mounted in front of a copper washer with a 300-um-diameter central hole), producing a piston plasma flow that drives the
shock into the turbulent region. At the SG-II facility, time-gated and time-integrated X-ray detectors, together with optical
diagnostics, monitor turbulence formation and shock evolution. At the SG-1I-U facility, a laser-driven proton beam (propagat-
ing along —z, generated by a 400J picosecond relativistic laser) probes the turbulent magnetic field in the upstream and shock
regions. b,c, Proton radiography image of upstream magnetic turbulence and the reconstructed path-integrated magnetic field
¢ at t = 16 ns. d,e, same as b,c, but at ¢t = 20 ns. f, Power spectra of the upstream turbulent magnetic field derived from ¢
and e, fitted with a -5/3 power law. The vertical dashed lines mark the injection and dissipation scales, respectively.

optical diagnostics, and the plasma temperature 7, is 1, reconstructed using the “PROBLEM” code®!32. Both
measured using a flat-field grating spectrometer. the raw radiographs and the reconstructed fields reveal

abundant magnetic fluctuations generated at the collid-

ing center, which exhibit no preferred orientation and
Characterization of the upstream magnetized turbulence are approximately isotropic. Under the assumptions of
isotropy and homogeneity®>34, the magnetic energy spec-
trum can be recovered as Egp(k) = kEy(k)/(47%lpatn),
where Ey(k) is the normalized 1D spectrum of ¢ and
lpatn denotes the proton path length. The resulting spec-
tra Eg(k), shown in Fig. 1(f), display a fully-developed

Figures 1(b) and 1(d) show proton radiography im-
ages of the upstream magnetic turbulence at ¢t = 16 ns
and ¢ = 20 ns, respectively, while Figs. 1(c) and 1(e)
present the corresponding path-integrated magnetic field



magnetic turbulence with a -5/3 power law, spanning
from an outer scale of ~ 1500 um down to a dissipation
scale of ~ 200 pum. Moreover, the close overlap of the
spectra at the two times (f = 16 and 20 ns) confirms
that the turbulence is in a quasi-steady state, likely sus-
tained by a balance between dynamo amplification and
resistive dissipation.

Quantitatively, the in-plane magnetic field strength is
estimated as B2 = (2/7lpatn) [ dkk Ey(k). Assum-
ing lpath ~ 1 mm, we obtain Byys ~ 8.1 T at t = 16
ns and ~ 7.8 T at ¢ = 20 ns. The turbulent mag-
netic field strengths here are comparable to or slightly
weaker than those in previous experiments'®?2. Those
experiments, however, relied on an externally applied
uniform magnetic field (about 5-20 T), which is fun-
damentally different from the self-generated magnetic
turbulence here. As shown in Figs. S3 and S4 of
the Supplementary Materials, the plasma density mea-
sured by optical interferometry is n, ~ 10'° cm™3 and
the electron temperature characterized by the flat-field
grating spectrometer is T, =~ 74 eV. Therefore, the
magnetization parameter of the turbulence® is . =
weeTe & 0.6(B/1T) (/10 cm=3) " (T,/1 eV)*? ~
3.06, where w, is the electron cyclotron frequency and
7. is the electron collision time. This confirms that the
upstream turbulence is fully magnetized and can provide
the sufficient pitch-angle scattering required for DSA, as
analyzed above.

Shock formation in the pre-established magnetized
turbulence

Following the development of upstream turbulence, a
supersonic piston outflow, with an estimated velocity
Vfiow ~ 500 to 700 km/s, launched from the laser-ablated
CH foil, is injected into the turbulent region to drive a
collisionless shock. The magnetized condition (y. > 1)
facilitates the rapid formation of this shock?%:3°. Multi-
ple pieces of experimental evidence confirm the formation
of a collisionless shock and the influence of the upstream
turbulence on its dynamics.

Firstly, the emission images recorded by a time-gated
X-ray detector in Figs. 2(a) and 2(b) reveal the mor-
phologies of the shocked downstream plasma, as the emis-
sion intensity scales as Ix_ray o< Z?’n?Te1 /2 (assuming
Bremsstrahlung dominates’). We see that an early (t =
20 ns) bow-shaped structure evolves into a broadened and
fragmented structure at a later time ¢t = 22 ns, indicating
that the shock continuously sweeps through the upstream
turbulent plasma. Time evolution of the vertically aver-
aged X-ray profiles is shown in Fig. 2(c), from which the
entire shock formation process can be clearly observed:

the downstream plasma densities (n; I;(/f ray) undergo
a transition from piling-up to dissipation, accompanied
by a maximum 9-fold enhancement in emission (compar-
ing the blue and yellow line peaks), corresponding to a

maximum density compression ratio R = Ndown/Mup ~ 3.

This estimate is also consistent with the optical interfer-
ometry image shown in Fig. S3 of the Supplementary
Materials, and together they indicate the formation of
a moderately strong shock. From temporal evolution of
the emission peak, the shock velocity is measured to be
vsh A~ 350 £ 50 km/s, and we list the relevant param-
eters characterizing the turbulence and the collisionless
shock in Table I. It is particularly noteworthy that the
ion—ion mean free path A; &~ 6.2 cm is much larger than
the characteristic system scale Lgys ~ 0.4 cm, confirming
that the shock is indeed collisionless.

Secondly, the proton radiography images of the shock
formation region at ¢ = 18 and 22 ns in Figs. 2(d) and
2(e) reveal the magnetic field compressions and discon-
tinuities at the shock front. The distortion of the shock
front, marked by the black arrow in 2(d), clearly demon-
strates the role of upstream turbulence in modulating
the shock front shape as the turbulent magnetic field is
compressed and amplified. The left part of Fig. 2(e)
shows that at a later time the shocked downstream region
becomes broadened and more chaotic, where the ripple
structures trailing the shock front indicate the amplified
turbulent field downstream (see the region marked by
the red dashed line). The reconstructed path-integrated
magnetic field ¥ at ¢ = 22 ns is shown in the right half
of 2(e); the value at the shock front, ¢ > 2.0 T - mm, is
larger than the upstream turbulent ¢,y,s ~ 1.5 T - mm
[Figs. 1(c) and 1(e)], revealing considerable magnetic
field amplification. To further characterize the spatial
properties of nonstationary structures in the shocked
downstream, we extract lineouts of the proton dose and
the reconstructed field along the red-dashed bow-shaped
line from top to bottom in Fig. 2(f). Both lineouts ex-
hibit multiple peaks and valleys with spatial scales about
300 ~ 400 pm, which fall within the inertial range of
the original upstream turbulence [see Fig. 1(f)]. There-
fore, turbulence not only provides the magnetization con-
ditions necessary for shock formation, but also gener-
ates abundant turbulent fluctuations of comparable scale
across the shock. Such fields enable electrons to be re-
peatedly reflected back and forth at the shock and to
enter the diffusive acceleration regime, thereby prevent-
ing the premature escape that would otherwise be caused
by sharp variations in scattering conditions.

2D3V PIC simulations for reproducing the
turbulence-mediated collisionless shock

The experimental features of the turbulence-mediated
collisionless shock are reproduced and further elaborated
using 2D3V particle-in-cell (PIC) simulations. As de-
tailed in “Methods”, the measured power spectra of the
turbulent magnetic fields [Fig. 1(f)] are used to initialize
the turbulent field in the PIC simulation.

The spatial distributions of the in-plane magnetic field

By, = \/BZ+ B2 (normalized by the upstream field

strength Byyo) at t = 19 and 22 ns are shown in Figs. 3(a)
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Fig 2. X-ray emission and proton radiography of collisionless shock formation in pre-established magnetized
turbulence. a,b, X-ray self-emission images (logarithmic color scale) of the shock region at ¢ = 20 and 22 ns. ¢, Time
evolution of the vertically averaged X-ray emission profiles from ¢ = 16 to 24 ns. d,e, Proton radiography images of the shock
region at t = 18 and 22 ns; the reconstructed path-integrated magnetic field ¢ is also shown (overlaid in e). f, Lineouts of the
proton dose (blue) and the reconstructed field (red) along the red-dashed bow-shaped line from top to bottom in panel (e).
The vertical dashed lines mark the spatial separations between multiple peaks, which are approximately 300 ~ 400 pm.

and 3(d), respectively. The vertically averaged x-axis
profiles of B, (green) and By (blue), together with the
electron density profiles of the piston flow (red-dashed)
and the ambient turbulence (red-solid), are plotted in
Figs. 3(b) and 3(e). Consistent with the experimental
observations in Fig. 2, Fig. 3(a) shows that as the su-
personic piston flow is injected into magnetic turbulence,
electron density piles up and turbulent field is amplified,
yielding a maximum density compression ratio R ~ 3,
matching the experiment. Moreover, the electron densi-
ties of the piston and the turbulence in 3(b) are clearly
separated, confirming that the shock is driven predomi-
nantly by the upstream turbulent magnetic field rather
than by fields generated through the Weibel instability
from interpenetrating plasma flows.

At t = 22 ns, the rich small-scale field structures devel-
oped in the downstream region [3(d)] are in close agree-
ment with the radiograph in Fig. 2(e), confirming the in-
tricate interaction between the collisionless shock and the
magnetic turbulence. Furthermore, the shock front de-
taches completely from the piston front, and the shocked
plasma broadens to millimeter scales [3(e)], where the
conventional Foot—-Ramp—Overshoot shock structure is
no longer discernible®® and the field is dominated by
multi-scale meandering structures. Finally, the fully ki-
netic nature of the PIC simulation allows us to identify in
Fig. 3(c) the characteristic phase space signature of up-
stream CH?'%* ions reflected by the collisionless shock?”.

In DSA, strong pitch-angle scattering of magnetic
turbulence drives the electron momentum distribution

f(t,x,p) to evolve via diffusive-convective motion in
the fluid rest frame?®29. The evolution is governed
by the Parker transport equation'®:3® % = of 4

= —u%
6% [E(x,p)%} + gi—gg—i, where the three right-hand

terms represent convection, diffusion, and adiabatic com-
pression, respectively. The quasi-steady diffusion coeffi-
cient D(z,p) depends on the magnetic field irregularities
(both fluctuating and mean components) in turbulences.
Using the turbulent magnetic field from our PIC simu-
lations [Figs. 3(a) and 3(d)], we perform a large num-
ber of small-scale test-particle simulations®”-3°. The local
D(z,p) is obtained by statistical averaging over a small
spatial domain and taking the asymptotic steady-state
value. To sample D(x,p) at different positions [e.g., the
14 blue and 14 red points in Fig. 3(f)], we have performed
28 test-particle simulations for electrons of 210 keV, each
in a small domain of size 0.125 mm. Details are provided
in Section III of Supplementary Materials, which includes
a specific example for the green triangle data point in Fig.
3(f), see Fig. S5. Note that, because proton radiography
yields only the 2D topology B, (with no B, informa-
tion) and has limited spatial resolution, D, (t) cannot be
accurately derived from the experimental data. Never-
theless, a crude estimate of the transport characteristics
is provided in Fig. S6 of Supplementary Materials.
Figure 3(f) shows that the diffusion coefficient D, de-
creases markedly from the upstream region (e.g., the
blue and red diamond points) to the shock front (yel-
low circle and green triangle points) at both ¢ = 19 and



N
In-plane magnetic field
(Bxy/BxyO)

4 b 19ns p c
—B, — Ambiente |
o x "
o Shock — B, - Pistone" £ 50 100
= (]
3 v 2
T3 S 3
c 3 (] 2
2 Q@ T = Ambient ions
I £ e R
=) S X
158 £
o <<
e
< Upstream turbulence
0
X (mm)
e f
22ns M 0.625
4 —Bx —— Ambiente” -
—By --- Pistone"

Amplitude ratio

2
X (mm)

1.875 2.75 3.625

Fig 3. Results of 2D3V PIC simulations reproducing the turbulence-mediated collisionless shock. a, Spatial
distributions of the in-plane magnetic field B,y = /B2 + B2 (normalized by the upstream field strength Bay0) at t = 19 ns.
b, Vertically averaged x-axis profiles of B, (green) and By (blue), together with electron density profiles of the piston flow
(red-dashed) and the ambient turbulence (red-solid) at ¢ = 19 ns. ¢, Phase space distribution in (z—v,) plane of the ambient
CH?*®* jons. d, same as a but at a later time ¢ = 22 ns. e, same as b but at t = 22 ns. f, Local diffusion coefficient D, at
various x-positions near the shock region, obtained from a series of supplementary test-particle simulations. The inset shows
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22 ns. This reduction is attributed to amplification of
the magnetic field strength and development of small-
scale turbulent field structures near the shock front, as
evidenced by their corresponding magnetic power spec-
tra (insets). For instance, comparing the red diamond
value (D, ~ 9.76 ¢?/w,.) and the green triangle value
(D, =~ 1.02 ¢?/wy.) yields a reduction factor of more
than 9. This is substantially larger than that expected for
a collisionless shock in a uniform magnetic field, where
the reduction factor should be only 3 according to the
maximum density compression ratio (or magnetic field
amplification ratio) R = 3. Thus, the critical role of the
pre-established upstream turbulence is clearly identified.

More importantly, at ¢t = 22 ns, the reduction of D,
down to values below 2.0 ¢?/wp. extends over a broad
spatial region of 0.6 mm in the turbulent upstream and
downstream regions near the shock front, further con-
firming that diffusion governs electron transport and ac-
celeration. This strong suppression of D, implies a sig-
nificant decrease in the characteristic DSA acceleration
time, since tac(z) ~ Dy (z)/v327. With the experimen-
tal shock velocity vs, &~ 400 km/s, the characteristic
acceleration time is estimated as only ~ 0.46 ns (for
D, ~ 2.0 ¢?/wye). Given that the collisionless shock per-
sists for about 8 ns in the experiment, electrons undergo
DSA for more than 10 cycles, thereby enabling them to
reach relativistic energies of approximately 500 keV?2S.

Full DSA of electrons

The measured time-integrated electron energy spectra
for different experimental cases are plotted in Fig. 4(a).
For the case with only upstream turbulence (no piston
flow injection), the yellow spectrum decays rapidly and
shows a rather low cut-off energy, as no collisionless shock
forms and thus no effective acceleration occurs. For the
case with only a supersonic piston outflow (without pre-
establishing magnetic turbulence), the black line exhibits
a suprathermal tail with a cut-off energy of FE. =~ 350
keV, indicating the absence of electron DSA. For the fidu-
cial case, in which a supersonic piston flow is injected
into fully-developed magnetic turbulence (with a delay
of At = 10 ns after the turbulence-driving lasers, see
“Methods”), the red line displays a clear DSA power-law
spectrum with an index of about -3 and a cut-off ex-
tending into the relativistic regime (E. > 500 keV), con-
firming that full DSA is achieved. The number of acceler-
ated high-energy electrons is also substantially enhanced.
This power-law spectrum is reproduced by our 2D-PIC
simulations. In Fig. 4(b), instead of the time-integrated
spectrum, the temporal evolution of the transient elec-
tron spectra is shown. Through DSA, the spectrum
evolves from a thermal distribution to an E—2 power-law
within about 6 ns (from 16 to 22 ns), in good agreement
with the experimental measurement.

To investigate the influence of magnetic-turbulence
properties on electron DSA, experiments with various
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Fig 4. Electron energy spectra measured in the experiments and obtained from PIC simulations. a, Measured
time-integrated electron energy spectra (along 42 direction) for different experimental configurations: turbulence only (yellow),
piston only (black), and piston-turbulence interactions with different delays between the piston driving and the turbulence
driving laser of At = 6 (green), 10 (red, fiducial shot), 14 (blue), and 18 ns (purple). b, Time evolution of the transient electron
energy spectra obtained from the PIC simulation corresponding to the fiducial shot. ¢, Trajectories and corresponding energy
evolutions of representative DSA electrons overlaid on the in-plane magnetic field strength. The inset shows the trajectories of
two additional DSA electrons. d, Statistical variation of the electron energy gain AFE. as a function of the electron energy FE.
per DSA cycle. The dashed line represents a linear fit, and the error bar indicates one standard deviation.

time delays At are carried out. When the piston flow
is injected either too early [At = 6 ns, green line in
Fig. 4(a)] before the turbulence is fully developed, or
too late [At = 18 ns, purple line] after the turbulence
has dissipated, no effective DSA is observed. For an in-
termediate delay At = 14 ns (blue line), although a well-
defined power law is not obtained, a significant increase
in the number of electrons above 210 keV is evident.

Another important feature in the measured electron
spectra is the break point at Fhreax ~ 210 keV [marked
by the vertical dashed line in Fig. 4(a)], where the spec-
tral index changes from nearly suprathermal to -3. This
indicates that only electrons with energies above 210 keV
undergo DSA; in other words, the injection threshold
for electron DSA in our experiment is Eiy; ~ 210 keV.
This value is much smaller than the classical threshold of
about 790 keV derived from the condition r.. > L,. In
a turbulence-mediated collisionless shock, however, the
injection criterion is expressed in terms of the turbulence
diffusion length lgg > Ls. Assuming that the dissi-
pation scale k; ! of upstream turbulence sets the min-

imum effective scale for the diffusion approximation?®,

the injection threshold can be derived as pinj/meVa >
(mi/me)(ked;)™1, where pij, Va and d; are the elec-
tron injection momentum, Alfvén speed and ion inertia
length, respectively?®29. Substituting the measured val-
ues Bims ~ 8 T, d; ~ 98 pm, (k,)~! ~ 200 pm yields
Ein; =~ 190 keV, which agrees well with the observed
break point of 210 keV in Fig. 4(a).

The detailed electron diffusion acceleration process is
clearly illustrated by tracing typical DSA electron tra-
jectories in PIC simulations, shown in Fig. 4(c). The
trajectories reveal that electrons are initially trapped and
pre-accelerated at the shock front, and subsequently gain
energy through repeated shock crossings - a hallmark
of DSA*?. The energy gain per upstream-downstream-
upstream cycle is shown in Fig. 4(d), yielding AE./E, ~
Vfiow /Ve ~ 0.033, where v, ~ 0.7¢ is taken as the typical
electron velocity. This value is consistent with the predic-
tion of the first-order Fermi acceleration. Both the exper-
imental measurements and theoretical estimates support
the conclusion that these electrons enter the DSA regime,



facilitated by pitch-angle scattering off turbulence.

DISCUSSION

In summary, we have presented the first labora-
tory demonstration of electron diffusive shock acceler-
ation, one of the most efficient astrophysical accelera-
tion processes, achieved at the SG-II series laser facil-
ities. By creating an astrophysically relevant scenario
in which a piston-driven collisionless shock propagates
into a pre-established, fully-developed magnetic turbu-
lence, we have realized full DSA of electrons. The critical
roles of the pre-established turbulent environment have
been identified: providing strong pitch-angle scattering
that substantially lowers the electron injection thresh-
old, enabling multiple shock crossings, and facilitating
momentum isotropization. Such effects were absent in
previous experiments, which relied either on colliding
counter-streaming plasmas'4 6 or on driving supersonic
outflow into uniformly magnetized ambient plasmas'®!9.
Our measurements show that electrons above 210 keV
smoothly enter the full DSA cycle, undergo more than
10 shock crossings, and are accelerated to relativistic en-
ergies (> 500 keV) with a power-law spectrum of index
-3, in excellent agreement with first-order Fermi acceler-
ation predictions.

Our findings provide new insights into the injection
and acceleration mechanisms operating in space and as-
trophysical environments, and could be applied to un-
derstand recent observations. For example, the broad-
band waves in the foreshock transients of Earth’s bow
shock can facilitate electron scattering, lowering the in-
jection threshold to 1-5 keV and allowing multiple shock
crossings, which result in reinforced acceleration and a
canonical spectral index of -2%. Similarly, the quasi-
parallel portion of Saturn’s bow shock, characterized by
large-amplitude magnetic fluctuations (6B/By ~ 10),
can efficiently accelerate electrons to MeV energies®*. In-
terstellar turbulence with 6 B/Bg ~ 1 also has the poten-
tial to promote electron DSA in SNRs shock by enhanc-
ing spatial diffusion, provided that the dissipation scales
approach the ion inertial scale*'. Our results provide
the first experimental evidence that, in addition to con-
ventional shock parameters such as the Alfvénic Mach
number and the magnetic obliquity, the upstream turbu-
lence plays a pivotal role in governing shock acceleration
and its efficiency, which could also provide guidance for
future observations, such as the Magnetospheric Multi-
scale mission and Juno.

Moreover, we have established a robust laboratory
platform for studying shock acceleration. In the present
experiment, only kilojoule-level laser energy was used,
and a moderate-Mach-number collisionless shock was
formed, yet it was sufficient to drive electron DSA. Look-
ing ahead, the use of higher-energy lasers (e.g., 100 kJ)
could generate stronger shocks and larger-scale upstream
turbulence, where enhanced spatial diffusion may initiate

DSA of protons, opening a new frontier for laboratory as-
trophysics.

METHODS

Details of experimental setup

As shown in the above schematic Fig. 1(a), the experiments were
conducted at the SG-IT and SG-II-U laser facilities of the Shang-
hai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences. The SG-II-U facility additionally provides a picosecond
relativistic laser beam that enables proton radiography.

In the SG-II experiment, eight nanosecond laser beams at the
wavelength of 351 nm are used, each delivering approximately 250
J of energy in a 2 ns square pulse. These beams are split into two
independent groups of four, with an adjustable delay between them.
The first group drives two counter-streaming plasma flows along the
+vy and -y directions by ablating through two opposing perforated
CH foils with a separation of 6 mm. Each foil is irradiated by
two nanosecond laser beams with a 300 pm spot size, shaped by
continuous phase plates (CPPs), and a total energy of 500 J. The
perforated foil is patterned with a 7 x 7 array of 60 pm-diameter
holes spaced by 120 pum in the z—z plane, and has a thickness
of 5 pm with 3% Cl doping. The subsequent interaction of the
two counter-streaming flows at the center (y = 0) results in the
formation of fully developed magnetic turbulence.

After specific delay times of 6, 10, 14 and 18 ns, the second group
of four nanosecond laser beams, focused to 150 pm Gaussian spots
with a total energy of 1000 J, is used to drive the piston plasma
flow along the x-direction. This piston flow is generated by ablation
through a 10 pm-thick CH foil (also doped with 3% Cl) located 5
mm away at £ = —5 mm, which is mounted in front of a copper
washer with a 300 pm-diameter central hole. Reference shots with
only the piston flow or only turbulent flows are also performed for
comparison.

On the SG-II facility, time-gated and time-integrated X-ray de-
tectors together with optical diagnostics, are used to monitor the
formation of the magnetic turbulence and the subsequent shock.
The plasma electron density n. is diagnosed by interferometry, and
the plasma temperature T, is measured with a flat-field grating
spectrometer. The accelerated high-energy electrons are character-
ized by an electron magnetic spectrometer covering an energy range
of 20-600 keV, placed 20 cm away at = 20 cm. The detailed setup
of these diagnostics is shown in Fig. S2 of the Supplementary In-
formation.

In the SG-II-U experiment, four nanosecond laser beams are
used, where, by contrast, each beam delivers 500 J of energy in
a 2 ns square pulse. To match the laser conditions of the SG-
II experiment, each perforated foil is ablated by a single CPP-
smoothed nanosecond laser beam with the same 500 J energy, and
the piston flow is driven by two focused nanosecond laser beams
with the same total energy of 1000 J. All target parameters are
kept identical. A unique capability of the SG-II-U facility is the
picosecond relativistic laser beam, which delivers approximately
400 J in a pulse duration of ~1.5 ps, focused to a spot size of
~ 30 pm. This beam irradiates a 10 pm-thick gold foil to generate
protons via target normal sheath acceleration. An additional 10
pm-thick aluminum foil is placed 0.8 mm in front of the target to
mitigate the preheating effects from the nanosecond laser ablation.
The resulting proton beam, propagating along the -z direction, is
used for proton radiography of the turbulent magnetic fields and
the shock front evolution.



RMHD simulations performed using FLASH code

The radiation-magnetohydrodynamic (RMHD) simulations in
this work are carried out by using the code “FLASH”%2, which
has been extended to include many high energy density physics
modeling capabilities including laser energy deposition, multi-
temperature (Te # T; # Trqq), anisotropic electron thermal con-
ductivity, and radiation transport, etc. We have also further aug-
mented the code with self-consistent magnetic field modeling, in-
corporating the Biermann battery, Nernst convection, resistive dif-
fusion, Righi-Leduc effects and so on, that is the reason why we
called it “RMHD”.

Three-dimensional (3D) RMHD simulations are carried out to
investigate the generation of Biermann magnetic fields from laser
ablated planar and perforated CH foil targets, with initial condi-
tions matching those of the experiments. The simulation domain
is 2 x 8 x 2 mm? in the (z,y, z) directions. Two opposing perfo-
rated CH foils, each 2 mm in diameter, are attached to a copper
washer (1 mm inner diameter, 0.25 mm thickness) and are placed
separately at y = +3 mm and y = —3 mm. The CH foil density
is pcg = 1.02 g/cm? and the thickness is 5 pm, consistent with
the experiments. Each foil is irradiated by two nanosecond laser
beams with a 300 um CPP-smoothed spot size and delivering a
total energy of 500 J. The copper density is pcy = 8.92 g/cm3,
The equation of state (EOS) and opacity of CH and Cu come from
the code “BADGER”%3 and “IONMIX”44, respectively. All initial
temperatures are set to be uniform at room temperature Ty =~ 290
K. Fully implicit electron thermal conductivity is adopted, and the
flux limiter is selected as a typical 0.06.

PIC simulations using WarpX code

The kinetic particle-in-cell (PIC) simulations are performed us-
ing the WarpX code® in a 2D3V configuration (two spatial di-
mensions in the (z,y) plane and three velocity components). To
model the turbulent magnetic fields observed in the experiment,
we initialized all three components of the magnetic field by invert-
ing the magnetic power spectrum [Fig. 1(f)] inferred from proton
radiography above the dissipation scale. The resulting field is gen-
erated using a matrix operator derived from a Gaussian random
field, which enforces the divergence-free condition in 2D Fourier
space k - F[B(r)] = 0.

In the simulations, the ion species of the CH plasma is assumed
to be CH3-5% and the ion-to-electron mass ratio is set to the re-
alistic value m;/me = 11934. The corresponding ion and electron
densities are initialized based on the measured experimental value
ne = 1019 cm—3, assuming quasi-neutrality. In order to simulate
the full DSA evolution and acceleration process over the several-
nanosecond timescale, we increase the initial electron temperature
from the measured value T, = 74 eV to 7.4 keV, i.e., a scaling factor
of fr, = 100, which corresponds to a thermal velocity scaling factor
fvee = 10. Consequently, 100 ps in the PIC simulations corresponds
to approximately 1 ns in the experiments, giving a temporal scaling
factor f; = 10. The scaled simulation domain spans 12 x 4 mm? in
the (x,y) directions, from z = —6 mm till z = 6 mm. It consists of
12288 x 4096 cells, yielding a spatial resolution of 0.0098 d;, where
d; is the ion inertial length. We use 32 macro-particles per species
per cell with third-order shape functions. Open boundaries are ap-
plied along z, while periodic boundaries are used along y. The right
half of the domain (z € [0,6] mm) is initialized with the turbulent
magnetic field and a uniform ambient plasma density, while the left
half (z € [—6,0] mm) is initialized with a uniform piston plasma
flow of the same density and with a velocity of 0.023c (scaled by
the same factor of 10, i.e. 10 times higher than the experimental
value of 700 km/s).

Because it is difficult to obtain time-integrated escaping elec-
tron energy spectra directly from 2D3V PIC simulations, we define
a moving window that follows the upstream region, extending from

the shock front xg, to zgn + 2 mm. The transient electron en-
ergy spectra are then calculated within this window as a function
of time. This approach excludes the primary piston-induced heat-
ing and allows us to study the temporal evolution of the electron
spectrum from a thermal distribution to non-thermal features.

To trace the typical DSA electron trajectories, we additionally
initialize 10° electrons with unique tracers, randomly placed in the
right half of simulation domain. Corresponding tracer ions are also
injected to maintain initial charge neutrality.

DATA AVAILABILITY

All data that support the findings of this study are available
from the corresponding author upon reasonable request.

CODE AVAILABILITY

The FLASH code is publicly available at
https://flash.rochester.edu, the WarpX code is publicly avail-
able at https://github.com/BLAST-WarpX/warpx, and the
PROBLEM code is publicly available at https://github.com/flash-
center/PROBLEM.
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TABLE I. Derived parameters for turbulent upstream and collisionless shock
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Parameters Definition Value
Magnetization parameter weeTe 6x10'°Bn, 17,32 WeeTe = 3.06 > 12
Ion-ion mean-free-path Ay 6.7x10° A*v,* /(Z*(24)*n; In A) 6.2 cm
Collisionality Leys/ i 0.065

Mach number M, Ush/Cs 5.3

Alfvénic Mach number M4 Ush/VA 9.7
Turbulence-mediated injection threshold kirce ~ 1 Einj ~ 190 keV

@ Derived parameters describing the experimental platform are based on the flow conditions, including: upstream electron density
ne = Zn; ~ 101 em™3, A = 6.5, Z = 3.5, upstream magnetic field B ~ 8 T, turbulence dissipation scale ks« ! & 200 pm,

Vr = Vflow = 700 km/s, vg, &~ 400 km/s, and plasma temperature Te =~ 74 eV.
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