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Abstract

The triggering of electromagnetic stochasticity in mag-
netized plasmas via high-power lasers is investigated
by sending a nanosecond-duration, multi-speckled laser
pulse into a low-density gas, coupled with a strong, ini-
tially homogeneous, external magnetic field perpendicu-
lar to the laser pulse. Detailed characterization of the in-
duced electromagnetic structures is realized through pro-
ton radiography, in addition to Thomson scattering mea-
surements for the background plasma heating. The ex-
periment is performed using an intense short-pulse laser
and several long-pulse lasers, at the Vulcan Target Area
West laser facility at the Rutherford Appleton Labora-

tory. Additionally, the energy spectrum of MeV pro-
tons propagated through the plasma is registered with
a Thomson parabola. This allows us to assess the im-
pact of the stochastic EM structures in the plasma on
the transport of the collisionless proton beam.

1 Introduction

Turbulence is the natural state of many space and as-
trophysical systems [1], such as the solar wind [2], in-
terstellar medium [3], [4], and galaxy clusters [5]. With
its ubiquitous prevalence, plasma turbulence is believed
to play an important role in the amplification of mag-
netic fields [6] and in the acceleration and transport of
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energetic particles [7].
Investigating plasma turbulence with high-power

lasers has become a hot topic recently, e.g., in the col-
lective interaction between intense proton beams and
unmagnetized plasma [8], the propagation of energetic
charged particles through laser-produced magnetized
plasmas [9], and the collision of laser-produced plasma
flows, without [10], or with [11] externally applied mag-
netic fields. Here we report on an experiment whereby
stochastic electromagnetic (EM) structures were gener-
ated in a plasma in a different manner than in previous
works. Indeed, the efforts discussed above investigated
how to seed and amplify turbulence in plasmas. Here,
we start from imposing a strong, homogeneous magne-
tization onto the plasma, and examine how to break it
down to a stochastic structure, while keeping local strong
fields. Stochastisation is here seeded by propagating a
multi-speckled laser (in contrast to a “single”-speckled
Gaussian one [12]) in the magnetized plasma.

2 Experiments

2.1 Setup

This experiment was carried out at the Vulcan Target
Area West (TAW) laser facility at the Rutherford Apple-
ton Laboratory (RAL), where we exploit its multi-beam
capability. As sketched in Fig. 1 (a), a long pulse multi-
speckled beam (propagating along the x-axis) was used
to ionize and heat a low-density gas (Neon), which was
injected from the gas nozzle located at the target cham-
ber center (TCC). The gas flow is along the z-axis. Addi-
tionally, a frequency-converted long-pulse laser (follow-
ing the same path as the main ionizing long-pulse laser),
was used to perform Thomson scattering (TS) measure-
ments. Fig. 1 (b) shows the experimental arrangement
near TCC. A short-pulse laser beam (red, along the y-
axis) was used to generate the energetic proton beams for
proton radiography via target normal sheath accelera-
tion (TNSA) [13], [14]. The broadband proton beam was
generated by a foil target placed at a distance of d = 2.4
or 17.4 mm from the peak of the pre-ionized gas jet. De-
tails of the foil are shown in the dashed circle below. Two
diagnostics were deployed at the end of the y-axis, i.e., a
Thomson parabola (TP) and radiochromic films (RCF),
to diagnose the TNSA-produced proton beam. The lat-
ter was located at a distance around 6.4 cm from TCC.
The whole setup was embedded in an external magnetic
field (yellow arrow), generated from the Helmholtz coil
system [15], [16], shown in Fig. 1 (a). This field was
along the y-axis, the same as the short pulse laser.
The ns laser was positioned at a height of h = 2 mm

above the gas nozzle. At this height, the gas jet had a
Gaussian density profile, characterized by a 2 mm full-
width-at-half-maximum (FWHM) and a peak density of
1018 cm−3/bar (for the neutral gas). Since the magnetic
field extends homogeneously over ∼5 cm longitudinally

[15], it can be considered uniform at the scale of the gas
jet. A magnetic as strong as 30 T can be applied to the
setup. We verified that, as expected, since the magnetic
field is aligned with the TNSA proton beam main axis,
the proton beam is not affected by the magnetization
(which starts a few µs before the short-pulse irradiates
the target). Note that, as shown in Fig. 1 (c), the multi-
speckled ns-laser has an elliptical focal spot 2 mm (along
y) × 200 µm (along z, these values are given foot-to-
foot), while each speckle is measured to be around 30
µm.

2.2 Proton radiography results

An example of raw data of proton radiography is shown
in Fig. 2. Without the external magnetic field, the RCF
shows a very clean proton source, on top of which we
can also clearly recognize the long pulse laser path, as
can be seen in panel (a). Note that the blue arrow on
the right shows the ionizing laser direction. The pattern
observed on the RCF is caused by the ponderomotive
electric field of the laser envelope [17]. Furthermore, the
pattern also indicates self-focusing and filamentation of
the laser pulse, as expected in such conditions [18].

When applying a magnetic field of 30 T, it is clear
that the simple pattern becomes complex, with a large
dark pattern in the middle, surrounded by several “net”-
shaped structures, as shown in panel (b). We have
scanned the magnetic field strength from 5 T up to 30
T, and found that with the increase of the magnetic field
strength, the “net”-shaped structure becomes more vis-
ible and chaotic. Such “net”-shaped structure likely re-
sults from a distributed EM structure within the plasma.

We will further analyse the proton radiography results
with the code PROBLEM [19], in order to better charac-
terize the magnetized plasma quantitatively, i.e., to find
the values of the following important parameters and
understand the regime the plasma is in:

1. the turbulent Mach number Maturb ≡ urms/cs,
where cs is the sound velocity of the plasma, and
urms is the velocity of the bulk motion of the mag-
netized plasma;

2. the magnetic Reynolds number Rm ≡ urmsL/η,
where L is the characteristic length scale of the mag-
netized plasma and η is the plasma resistivity;

3. the magnetic Prandtl number Pm ≡ Rm/Re, where
Re ≡ urmsL/ν is the fluid Reynolds number and ν
is the kinematic viscosity of the fluid.

The velocity urms could be extracted from the RCF
results [20], while the plasma’s viscosity and resistivity
will be estimated following a similar procedure detailed
in the supplementary material of [20]. The temperature
and density are extracted from the TS diagnostics de-
tailed below.
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Figure 1: Experimental setup. (a) Side view of the overall experimental arrangement inside the assembly
of the coil generating the pulsed magnetic field (the x − z plane). A long-pulse, multi-speckled beam (70 J, 1
ns square shape, 1 µm wavelength, with an elliptical focal spot of 2 mm × 200 µm, at an intensity of around
1.1× 1013 W/cm2) is sent, along the x-axis to ionize and heat the gas jet. A 0.5 µm wavelength TS probe beam,
co-propagating with the ns-ionizing laser, is used to characterize the density and temperature of the heated gas,
and the Thomson scattered light is collected at 90° by a set of spectrometers and streak cameras. (b) The detailed
experimental arrangement around the TCC in the y − z plane. A low-density gas jet is injected around the TCC
along the z-axis. Neon is used for the gas, under various pressures (2/5/10/25 bars). The colormap (from blue to
red) represents the gas density profile (from low to high). A strong magnetic field (5/10/20/30 T) is applied along
the y-axis. A short pulse beam (150 J, 1 ps Gaussian duration FWHM, with a focal spot diameter of 40 µm, at
an intensity of around 1.2 × 1019 W/cm2) irradiates a foil target, along the y-axis, to generate energetic protons.
Details about the foil are shown in the dashed circle below. (c) An example of the gas-ionising, multi-speckled
laser focal spot.
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Figure 2: Proton radiography results (a) without
and (b) with external applied magnetic field. In both
cases the gas pressure is 25 bars, and the time delay
(between the long, ionizing beam and the short pulse
beam that drives the probing protons) is 0.7 ns.

2.3 Thomson scattering results

TS measurements allow us to characterize the back-
ground plasma conditions. By fitting the TS raw data
of Fig. 3, we can infer the electron plasma density
ne = 4× 1018 cm−3, the electron temperature Te = 200
eV, the ion temperature Ti = 140 eV, and the ionization
state Z⋆ ∼ 8 (consistent with the ionization state pre-
dicted by FLYCHK [21] for such temperatures). These
measurements have been used as input to the numerical
simulations presented below.

Figure 3: Example raw data of the TS ion mea-
surement. The three spectra correspond to sampling
those different locations along the x-axis. Preliminary
fitting of the signal averaged along the x-axis between
the two red horizontal lines gives an estimate of Te = 200
eV, Ti = 140 eV, ne = 4× 1018 cm−3, and Zi = 8. The
colormap represents the normalized signal intensity.

2.4 Proton Spectra

As detailed in Fig. 1 (b), the TNSA-produced proton
beam, which serves to radiograph the EM fields in the
plasma, could alternatively be sent to a TP in order to
analyze finely its spectrum after propagation through the
plasma.

Figure 4 shows two proton spectra recorded in the ex-
periment. When the proton beam propagates through
the unmagnetized plasma (created by the ns laser), we
see a typical TNSA spectrum with a ∼ 8Me cutoff en-
ergy. This spectrum is similar to that recorded in the
absence of the dilute plasma, as is expected given the
negligible stopping power of the plasma. However, when
applying a 20 T magnetic field, a clear “bunching” of the
spectrum can be seen, i.e., the cutoff energy reduces to
∼ 4MeV and a peak appears at ∼ 0.7MeV.

Figure 4: Proton spectra recorded with (green) or
without (black) magnetic field.

Since we do not expect significant energy losses in the
plasma, the reduced cutoff energy could be simply re-
lated to angular scattering. Since the highest energy
part of the TNSA proton is associated with a narrow
cone [22], the scattering could make them miss the en-
trance into the TP.

We will now turn to numerical simulations in order to
interpret these results.

3 Simulations

To understand the prominent feature observed in the
experiment (the presence of strong EM chaotic struc-
tures, inducing scattering of propagating protons), we
will perform numerical investigations, using a set of com-
plementary codes, e.g., magneto-hydrodynamic (MHD),
hybrid, and kinetic, allowing us to investigate the under-
lying physics. Numerical results using the hybrid code
HECKLE [23] (i.e. treating electrons as a fluid and ions
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Figure 5: Simulation results, using the Heckle code, of
the interaction of a streaming proton beam (having ini-
tial v∥ = 55, in unit of Alfvén speed, i.e. 300 keV)
within a 20 T magnetized plasma (having initial v∥ = 0),
as a function of time (in the unit of the inverse of the
Lamor gyro-frequency Ω−1

C ). This shows the progressive
isotropisation of the incoming proton beam. The col-
ormap represents the normalized number of particles.

as particles), using conditions close to that of the exper-
iment, are displayed in Fig. 5. This simulation indeed
predicts a strong isotropisation of the initially directed
proton beam, which translates into a reduced cutoff en-
ergy of the ion distribution collected by the the spec-
trometer. We will investigate this in more detail and
compare it to the experimental results shown in Fig. 4.

In addition, to better understand the RCF results,
we are in the process of performing MHD simulation
with the code GORGON [24]. Taking advantage of a
test-particle module, we can generate synthetic proton
radiographs by sending an energetic proton source into
the simulation box, whose trajectories will be deflected
by the electromagnetic fields induced by the laser-gas
interaction.

Figure 6: Simulation results of (a) mass density and (b)
electric field strength, using the GORGON code with
test particles, of the interaction of a multi-speckled ns-
duration laser beam with the Neon gas (having the same
laser parameters and gas profile) and in the presence of
a 20 T magnetic field. The ionizing laser is directed out-
of-plane along y.

To this goal, we need to calculate the electromag-
netic field generated within the plasma during the multi-
speckled laser-plasma interaction. Mimicking the multi-
speckled laser used in the experiment, preliminary simu-
lation results are shown in Fig. 6. We see that the multi-
speckled laser creates density cavities inside the gas jet,
which also results in hot spots with higher temperatures.
More importantly, under a homogeneous magnetic field
of 20 T, there are chaotic electric field structures associ-
ated with the density cavities (or the hot spots), which
could form the seed for the “net”-shaped structure seen
from the RCF.

Note that for now, the code only describes the induc-
tion electric fieldE = u×B. Once the Biermann battery
term [25] is also treated, we will better model the field
dynamics within the plasma. We will keep digging into
this with better calibrated beam-plasma conditions from
TS and also more advanced modelings [26].

4 Conclusion

To conclude, here we report the first attempt in trigger-
ing and probing EM stochasticity in a plasma, using a
magnetized plasma irradiated by a multi-speckled laser.
Various diagnostics are fielded in order to measure the
plasma condition. RCF results exhibit strong chaotic
structures but more analysis is needed to characterize
the degree of EM stochasticity in the plasma. In addi-
tion, kinetic studies of the interaction between charged
particles and the stochastic plasma are underway.
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