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Astrophysical shocks are commonly revealed by the non-thermal emission of
energetic electrons accelerated in-situ [1, 2, 3]. Strong shocks are expected to ac-
celerate particles to very high energies [4, 5, 6], however, they require a source of
particles with velocities fast enough to permit multiple shock crossings. Whilst
the resulting diffusive shock acceleration [4] process can account for observations,
the kinetic physics regulating the continuous injection of non-thermal particles

is not well understood. Indeed, this injection problem is particularly acute for



electrons, which rely on high frequency plasma fluctuations to raise them above
the thermal pool [7, 8]. Here we show, using laboratory laser-produced shock
experiments, that in the presence of a strong magnetic field, significant electron
pre-heating is achieved. We demonstrate that the key mechanism in producing
these energetic electrons is through the generation of lower-hybrid turbulence
via shock-reflected ions. Our experimental results are analogous to many astro-
physical systems, including the interaction of a comet with the Solar-wind [9],
a setting where electron acceleration via lower-hybrid waves is possible.
Lower-hybrid waves occur in a variety of laboratory and space environments.
They have been suggested to be an important electron-heating or energization
mechanism in different magnetized plasma environments [10, 11, 12]. These
waves propagate nearly transverse to the magnetic field lines and oscillate at
a frequency between the ion gyro frequency and the electron gyro frequency.
As a consequence lower-hybrid waves with frequency w and wavenumber k can
be in simultaneous Cerenkov resonance, w — k- v = 0 (where v is the particle
velocity) both with magnetized electrons propagating along the field lines and
unmagnetized ions moving perpendicular to the field. The lower-hybrid waves
have a high phase velocity along the field lines that resonate with the fast mov-
ing electrons as well as a low phase velocity across the field lines that resonate
with the slow moving ions, allowing for energy transfer between the two species
[13] (see Methods for further details). This convenient property of lower-hybrid
waves, as an efficient channel for the acceleration of electrons above the ther-
mal background, is well known in the magnetically confined fusion community
[14] where it has been exploited with considerable efficacy in past experiments
[15, 16]. Although a different mechanism is favoured in toroidal field configu-
rations, for highly oblique shocks such as might be created in the Solar wind

[9], supernova explosions [11], or during the formation of galaxy clusters [17], it



is thought that the modified two-stream instability [13] driven by reflected ions
from the shock front, excites broad-band lower-hybrid modes. By comparing
theoretical and numerical predictions with the experimental data on the modi-
fied two-stream instability, it may be possible to develop robust scaling relations
to apply to the fusion relevant parameters (see Methods for further discussion).
While electron acceleration by lower-hybrid waves in the Solar system has
been inferred from satellite measurements [18, 9], laboratory experiments pro-
vide reproducible and controllable conditions that can be used not only as
a means of supporting space observations, but also for validating multi-scale
transport predictions from simulation codes [19]. Here we show the results from
an experiment where a laser-produced plasma flow impacts on a magnetized
sphere (see Figure 1). This mimics, for example, the interaction of the Solar-
wind plasma with a comet [9], an environment where excess X-ray generation
by accelerated electrons has been observed. The scaling between the experi-
ment and the comet interaction with the Solar wind is determined by a set of
parameters shown in Table 1 of Methods. While both lower-hybrid turbulence
and charge exchange processes [20] are possible explanations, our experimental
results are compatible only with the former (see Supplementary Information).
The experiment was conducted at the LULI laser facility at Ecole Poly-
technique (France). Various diagnostics were implemented to probe the plasma
before and after the interaction with the sphere (see Figure 2 for details).
Streaked optical pyrometry (SOP) shows the optical plasma emission streaked
in time. SOP indicates that the plasma travels at a velocity of 70 km/s, im-
plying the fluorine ions have a kinetic energy ~ 500 eV. The interferometry
data shows that for the magnetized sphere, there is a bulk electron density of
~ 107 cm™3 upstream of the shock, rising to 10'® ¢cm™3 downstream of the

shock. Optical spectroscopy data gives a bulk plasma temperature of 3+ 1 eV.



The optical data indicates that the interaction of the plasma with the sphere is
different for the magnetized and non-magnetized cases (see e.g., [21]). For the
non-magnetized sphere, there is less pronounced plasma build up in front of the
sphere.

Near the axis of the flow and close to the surface of the sphere a shock with ~
1 mm stand-off distance can be seen. In the magnetized case, the perpendicular
field lines constrain the flow, making it more difficult for the plasma to fully flow
around the sphere. Consequently, there is a larger pressure build up in front
of the sphere, generating a shock at ~ 2.5 mm stand-off position, larger than
that of the non-magnetized case. Balancing the ram pressure of the plasma flow
with that of the compressed magnetic field gives an estimation for the expected
stand-off distance in the magnetized case of ~ 1 mm, similar to the experimental
value.

To further understand the flow dynamics and its interaction with the sphere,
2-dimensional radiation-magnetohydrodynamics (MHD) simulations were per-
formed using the FLASH code (see Supplementary Information). The simula-
tions agree qualitatively with experimental measurements, as shown in Figure 2,
while providing additional estimates of bulk plasma properties. The magnetic
field carried by the ablated plasma is weak, and from the measured plasma
parameters we infer the shock formed to be highly super-critical with a fast
magneto-sonic Mach number of 5.7 + 0.2, necessitating a significant reflected
ion component [22]. The electric field influencing the plasma near the shock can
be estimated using the magnetic field and ion density calculated in FLASH (see
Supplementary Information).

For the shock to reflect incoming ions, the cross-shock electric potential must
exceed the kinetic energy of the incoming ions. FLASH simulations predict an

electric field of ~ 70 MeV/m at a distance of 0.5 mm from the sphere at 300



ns, increasing as the simulation progresses. Assuming a shock thickness on the
order of the electron skin-depth L ~ 10 pm results in a cross-shock potential
~ 700 eV, sufficient to reflect incoming Fluorine ions, with kinetic energy of
~ 500 eV. These reflected ions produce the counter-streaming ion flow, which
are necessary for generating lower-hybrid turbulence, an effect not captured in
FLASH simulations.

We have probed the plasma emission in the soft X-ray range (630-770 eV)
with an X-ray spectrometer that spatially resolved along the flow axis (see
Supplementary Information). The integrated intensity of the observed Fluorine
X-ray line can then be plotted as a function of position along the flow axis (see
Figure 3). When the magnetized sphere is present an excess in X-ray intensity
is observed close to the sphere compared with the non-magnetized sphere. This
excess in soft X-rays suggests that electrons of energies significantly greater than
3 eV must be present. As lower-hybrid turbulence requires the reflected ions to
move perpendicularly to the field lines, we have have also considered the case
when the sphere was rotated to have the magnetic dipole moment aligned with
the flow, mimicking a parallel field line configuration. In the latter configuration,
we found no appreciable increase in X-ray intensity close to the sphere relative
to the non-magnetized case.

To investigate further the lower-hybrid origin for the excess X-ray emission
near the magnetized sphere and the possible presence of a suprathermal elec-
tron population, we have performed 2D particle-in-cell (PIC) simulations of the
plasma flow collision with the dipolar magnetic object (see Figure 4) using the
massively parallel, fully relativistic code OSIRIS (see Supplementary Informa-
tion).

OSIRIS simulation results indicate, in agreement with our previous FLASH

simulations, that as the plasma impacts the sphere (of typical size larger than



the ion Larmor radius), a bow shock develops [23]. The counter-propagating
ion flow is unstable and excites plasma waves in the lower-hybrid range ahead
of the shock front (see Figure 4). These waves are then amplified and break,
resulting in a turbulent, compressed plasma region. In fact the ratio between
the parallel (k) and perpendicular (k1) wavenumber of these modes is consis-
tent with the idealised dispersion relation for lower-hybrid waves of % ~ \/zj
[9], as highlighted in Figure 4 (m. and m; are the electron and ion masses,
respectively). OSIRIS simulations also show that when crossing the shock, the
upstream plasma is significantly heated The observed downstream wave spec-
trum is thus consistent with the hypothesis of a resonant interaction between
electrons and ions being driven by lower-hybrid turbulence.

While the OSIRIS simulation indicates a significant heating of the plasma,
because of finite computational resources, these are performed with an electron-
ion mass ratio and plasma velocity different from that of the experiment. Thus,
to apply the OSIRIS results to the measured data, the simulation conditions
need to be properly re-scaled to those occurring in the experiment.

The average energy of electrons accelerated by lower-hybrid waves can be
estimated [9] by

1/5
E, = a?/® (me) miu?, (1)

m;
where « is an efficiency factor on the order of a few percent and w is the ion
velocity (see Supplementary Information). Since OSIRIS simulations predict
that lower-hybrid turbulence heats electrons to EF’¢ ~ 75 keV, the rescaling

to the laboratory conditions immediately follows from Equation 1:
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where we have assumed the same efficiency factor both in the laboratory and




in OSIRIS simulations. For the predicted average electron heating in the lab-
oratory is ~ 45 eV, this electron energy can then be used in Equation 1 to
determine an efficiency factor of & ~ 0.1. Our OSIRIS simulation suggests that
these accelerated electrons have a nearly Gaussian spectrum. The high energy
tail of this distribution is then responsible for the observed X-ray excess.

The collisional-radiative code PrismSPECT was used to calculate the X-ray
emission from the predicted hot electron population of lower-hybrid electrons
(see Supplementary Information). When no hot population was present, no
Fluorine X-rays were obtained. As the efficiency factor « increases, the X-
ray intensity of the observed Fluorine line also increases (See Figure 5). The
PrismSPECT results show that an average hot electron energy of at least 30 eV
is sufficient to produce the X-rays observed within the laboratory.

In the experiment, the counter-streaming Fluorine ions have a collisional
mean-free-path of ~ 5 mm (See Supplementary Information), to be compared
with their gyroradius ~ 2 cm. This does not affect the growth of the lower-
hybrid instability [13].

Our results provide compelling evidence that lower-hybrid waves play an im-
portant role in energizing electrons and thus provide a potential mechanism for
overcoming the injection problem for perpendicular shocks. We infer the pres-
ence of this electron energization by the observation of excess X-ray emission
from the plasma when a magnetized sphere is present. The magnetized sphere
permits the generation of lower-hybrid waves through a shock-reflected ion in-
stability, thus allowing these waves to energize the electrons by energy transfer
from the ionic motion. Whilst this electron energization process has been in-
ferred in many astrophysical environments, it is not fully understood and so
makes our experiment an important platform for the validation of the parti-

cle acceleration models frequently invoked to explain the high energy electrons



observed at strong astrophysical shocks.

Methods

Lower-hybrid waves and modified two-stream instability. Lower-
hybrid waves are electrostatic ion waves that propagate quasi-perpendicularly
to an external magnetic field. Lower-hybrid waves have a frequency between
the ion and electron gyro frequency and can be generated through a plasma
instability, namely the modified two-stream instability (MTSI) [13]. The MTSI
is similar to the two-stream instability in the sense that it is formed through
counter-streaming flows, however unlike the classic two-stream instability, the
MTSI requires an external magnetic field oriented quasi-perpendicularly to a
counter-streaming ion flow [6].

This instability excites lower-hybrid waves which have the following disper-

sion relation [24]:

1
CL)Q
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1

where wp g is the lower-hybrid frequency,

WL =

and x is defined by

k2 2\
o (1 n ,ji) 7 )
and wp, is the electron plasma frequency, k| and k. are the components of
the wave vector k parallel and perpendicular to the magnetic field, w,. and w,;
are the electron and ion cyclotron frequencies and m; and m, are the ion and

electron masses.

These lower-hybrid waves can accelerate electrons through Cerenkov reso-



nance. Since the lower-hybrid waves travel mostly perpendicularly to the mag-
netic field, this wave-vector component is much larger than that of the wave-
vector parallel to the magnetic field. As a consequence, the lower-hybrid waves
have a high phase velocity along the field lines that resonate with fast mov-
ing electrons as well as a low phase velocity across the field lines that resonate
with the slow moving ions. Consequently energy can be transferred via the
lower-hybrid waves from the ions traveling perpendicular to the magnetic field
to electrons traveling parallel to the field. In this manner, counter-streaming
ions in an external magnetic field can accelerate electrons to large energies and
so produce high energy X-rays.

Within the laboratory experiment described here, a counter-streaming ion
flow is set up by reflecting ions off of the shock created at the sphere. The
reflected ions and remaining incoming ions can then produce the MTSI, and so
generate lower-hybrid waves. Lower-hybrid waves have been previously observed
both astrophysically [10, 11, 25, 12] and in the laboratory, mostly within fusion
devices [26, 27, 28].

Lower-hybrid waves in Space Plasmas.

Turning to astrophysical environments, in the passing of a comet through
the Solar-wind, as described in Ref. [9], lower-hybrid waves have been invoked
to explain cometary X-ray emission. In this scenario, which is equivalent to
what is described in the main paper by our experiment, the interaction of the
incoming Solar-wind ions with the ions reflected by the cometary bow shock
excites waves within the LH frequency range. Here, the photo-ionized cometary
ions are accelerated by the v x B electric field, where B is the magnetic field of
the Solar wind and v is the relative velocity of cometary ions and Solar wind,
these so called pick up cometary ions form a beam in the Solar wind. Electrons

are heated by LH waves, producing a suprathermal electron population. This
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hot electron population is estimated to have an average energy ~ 100 eV and
maximum energy ~5 keV. These suprathermal electrons are then capable of
generating bremsstrahlung and K-shell radiation from excited ions, mostly C,
N and O [29].

An alternative explanation of the observed X-ray emission is offered by con-
sidering charge exchange processes [30]. In this scenario, the heavier ions in the
Solar wind exchange charges with the neutral gases in the comet [20], result-
ing in stronger line emission. This is also supported by laboratory experiments
using a beam ion trap [20].

While both lower-hybrid turbulence and charge-exchange can explain the
X-ray emission in comets, only the former can account for the observed X-ray
excess in our experiment. The charge exchange mechanism can be ruled out as
the dominant mechanism in our experiment since it places no restriction on the
presence of a magnetic field. The laboratory data shows a large excess in X-ray
production only in the presence of a magnetic field perpendicular to the flow.

Comparison between the Laboratory, Space and Simulation. Whilst
the properties of plasmas in laboratory and space environments are often vastly
different, through appropriate scaling of the relevant parameters involved, a
comparison between the two environments can be made. In Table 1 the relevant
plasma parameters for this experiment, a comet interacting with the Solar-wind,
and the OSIRIS simulations performed for this experiment are compared. Since
the properties of greatest interest are those relating to the production of lower-
hybrid waves via the MTSI, the fluorine ions only have been considered. The
parameters shown in Table 1 for the interaction of a comet with the Solar-
wind were chosen with the following considerations in mind. The expanding
gas cloud surrounding a comet is mostly comprised of water and some carbon

dioxide, meaning that the majority of the cometary ions involved are photo-
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Table 1: Laboratory, Space and Simulation Parameters. Here m,,
m. are the proton and electron mass, respectively, e is the electron charge,
Wpe = y/Ne€? /M€ is the electron plasma frequency, ¢, = \/eZT/M + 3eT/M
is the sound speed and V4 = B/\/Mo (Mn; + men,) is the Alfven velocity. The
length scale, L, is the minimum of the ion-beam mean free path (see Plasma
Collisionality above), V7;. and the ion gyro-radius.

’ Quantity ‘ Expression ‘ Experiment ‘ Comet-SW OSIRIS
Ion Mass, M - 19 m,, 16 m,, 100 m,
Ton Charge, Z - 2 1 1
Electron Density, n. ( cm™3) - 5/3 x 1017 10 5 x 1017
Electron and Ion Temperature, T (eV) - 3 0.1 3
Flow Velocity, V (m/s) - 70 x 10? 100 x 103 3 x 107
Magnetic Field, B (T) - 0.5 10~8 28
Electron cyclotron frequency, we. (rad/s) eB/m, 8.8 x 1010 1.8 x 10° | 4.9 x 10*?
Ion cyclotron frequency, we; (rad/s) ZeB/M 5.0 x 106 0.060 4.9 x 1010
Electron Larmor radius, rge (m) m.V/ (eB) 8.0 x 1077 57 6.1 x 10~
Ion Larmor radius, rg (m) MV/(ZeB) 0.014 1.7 x 106 | 6.1 x 1074
Sound Mach number V/es 8.0 65 200
Alfven Mach Number V/Va 8.0 5.8 8.0
Plasma beta 2 x 10%n.Tepuq/B? 0.80 4.0x1073 | 7.7 x 107*
Lower-hybrid frequency, wyy (rad/s) Equation 4 6.7 x 108 10 4.9 x 101
Average electron energy (eV) Equation 1 45 85 7.5 x 10%
Tae/ (¢]we) . 0.061 0.037 0.81
Tgi/ (¢/wpi) - 8.1 5.8 8.1
WL HTie - 13 1.8 x 107 7.5 % 10°
V/(Lwr) L = Min(VTe,7gi) 0.078 0.0058 0.10

ionized oxygen ions. The temperature of the ions varies between ~ 0.02 — 0.2
eV, and so a value of 0.1 eV seems appropriate. The Solar-wind comprises of a
slow mode with speed ~ 100 km/s. The Solar-wind contains a magnetic field of
~ 10 — 200 pG and has ion temperatures of ~ 1 —10 eV with electron densities
of 1 — 10 em™3. The parameters in the OSIRIS simulations are scaled to an
electron density which matches the electron density in the experiment.

Table 1 shows that whilst many of the parameters such as cyclotron frequen-

cies and gyro radii are very different between the laboratory and astrophysical

cases, scaled quantities such as the ratio of gyro-radii to skin depth, are con-
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versely quite similar. The product of the lower-hybrid frequency, wr, g, and the
ion-beam collision time, 7;. is one way of comparing the growth of the instabil-
ity. Clearly in collisionless situations such as space and in OSIRIS simulations,
the large time-scale between collisions makes this quantity much greater than
in the mildly-collisional laboratory case. On the other hand, a comparison be-
tween the period of the lower-hybrid wave oscillations and the time it takes for
an ion to interact with a lower-hybrid wave (either V/ry; or 7., depending on
which quantity is smaller), is similar for all three cases.
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Figure 1 — Illustration of a magnetized plasma-sphere interaction.
a) Interaction of a comet with the Solar-wind. The relative motion between the
incoming Solar-wind ions and cometary pick-up ions, across the Solar-wind’s
magnetic field, result in the formation of the modified two-stream instability
(MTSI) which, in turn, can excite waves within the lower-hybrid frequency
range. The lower-hybrid waves can transfer energy from the counter-streaming
ions traveling perpendicular to the magnetic field into accelerating electrons
parallel to the magnetic field and so produce a suprathermal electron population.
b) Schematic of the experimental setup. 1 kJ, 1.5 ns laser drive at 527 nm with
a spot size of 200 ym diameter is impacted onto a 50 um PVDF (CoHyF5)
foil target producing an expanding plasma jet from the back surface as shown
in the overlaid image of the 550-800 nm optical emission of the plasma. A
12 mm diameter sphere is placed 15 mm from the target foil. The sphere is
either a dipole magnetized Neodymium sphere with ~ 7 kG surface field or a
non-magnetized soda glass sphere of the same diameter. Optical diagnostics
(interferometry and SOP) have ~ 25 mm field of view, 250 ps gate time and
look perpendicularly to the laser axis, similarly to the view above. An X-ray
spectrometer spatially resolves along the laser axis with an RbAP crystal and

spectrally resolves within the region of 630-770 eV.
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Figure 2 — Optical Data and Radiation-hydrodynamic Simulations.
a) SOP data for a non-magnetized sphere. The plasma emission in the optical
band 550-800 nm along the flow axis is streaked in time for 500 ns. Vertical
dashed lines indicate the position of the target and sphere; horizontal lines indi-
cate the time at which the interferometry data and FLASH simulation snapshot
were taken. The plasma reaches the sphere in 200 ns indicating a flow velocity
of 70 km/s. b) Same as a) but for a magnetized sphere. c) Transverse optical
interferometry data taken at 300 ns for a non-magnetized sphere. The inferred
electron density colour plot is overlaid (see Supplementary Information). d)
Same as c¢) but taken at 290 ns for a magnetized sphere. e) Snapshot of a
radiation-hydrodynamic simulation with no external field after 400 ns, symmet-
ric about the laser-axis. Pseudocolour plots of electron temperature (top) and
electron density (bottom) are shown. f) Same as e) but with a constant 5 kG
field perpendicular to the flow axis. Colourbars are the same for both e) and
f). g) Optical emission spectra of the plasma (dark blue solid line) at 300 ns,
12 mm from the target along the flow axis for the non-magnetized sphere case.
Different spectra predicted by the code PrismSPECT (dashed lines) are overlaid
and give a temperature best fit of 3+ 1 eV (see Supplementary Information).

Figure 3 — X-ray data. a) Integrated X-ray intensity of the Fluorine He-«
line as a function of position along the laser axis. Data for magnetized sphere
shots (blue diamonds) has an increased intensity close to the sphere when com-
pared with data for non-magnetized sphere shots (red circles). The error bars
represent that standard deviation for each data point (see Supplementary Infor-
mation for further details). b) Normalized X-ray signal, showing the Fluorine
He-«a line for the non-magnetized (left) and magnetized (right) shots. For both
cases, a white rectangle and an additional plot have been overlaid. The white

rectangle indicates the region where the spatial lineouts were taken. The over-
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laid plots show the average spatially-integrated spectral line shape within the
white rectangle (i.e. close to the sphere). The normalization for all the X-ray
data has been chosen such that the peak intensity of the spectral line shape for
the magnetized sphere in case b) is set to unity.

Figure 4 — OSIRIS PIC Simulations. a) injected ion density, b) elec-
tron temperature and c) wave spectrum. The wave spectrum is calculated by
performing a Fourier transform on the ion density to gain information on the
parallel and perpendicular k-numbers. The black dashed lines indicate modes
that have a ratio in k-number consistent with the lower-hybrid dispersion re-
lation for ions reflected horizontally off of the shock. The black dotted lines
indicate modes that have a ratio in k-number consistent with the lower-hybrid
dispersion relation for ions reflected on the flanks of the bow shock. All figures
are taken at the same time of 6 ion cyclotron periods.

Figure 5 — Atomic transition simulations. Results from PrismSPECT
(purple line) indicate that as the hot electron population is increased in both
fraction and average energy according to the efficiency factor a from Equation
1, the logged intensity of the Fluorine He-« line also increases (the average
electron energy for a given value of « is shown in the top horizontal axis for
reference). When no hot electron population is present, no Fluorine He-« line
is generated. There is minimal contribution from bremsstrahlung. The average
hot electron energy (E, ~ 45 eV) and efficiency factor (o ~ 0.1) for laboratory

conditions is indicated with the black dashed line.
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