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We report a laser-plasma experiment that was carried out at the LMJ-PETAL facility and realized the
first magnetized, turbulent, supersonic (Maturb ≈ 2.5) plasma with a large magnetic Reynolds number
(Rm ≈ 45) in the laboratory. Initial seed magnetic fields were amplified, but only moderately so, and did
not become dynamically significant. A notable absence of magnetic energy at scales smaller than the outer
scale of the turbulent cascade was also observed. Our results support the notion that moderately supersonic,
low-magnetic-Prandtl-number plasma turbulence is inefficient at amplifying magnetic fields compared to
its subsonic, incompressible counterpart.
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Understanding the evolution of magnetic fields in
supersonic plasma turbulence is a challenge that has an
intrinsic interest in fluid dynamics and plasma physics, as
well as important applications in astrophysics and space
science. The intrinsic interest derives from the wide range
of physical processes that can arise in magnetized, super-
sonic plasma turbulence, promising an exceptionally rich
collection of complex phenomena for study. As for the
applications, magnetic fields are believed to play a signifi-
cant role in the turbulent, supersonic dynamics of the
interstellar medium (ISM); understanding the complex
interactions between the fields, shocks and vortices present
in such an environment is a necessary component of a
comprehensive picture of the ISM, encompassing impor-
tant topics such as star formation [1–4]. Magnetized,

moderately supersonic plasma turbulence is also thought
to emerge in solar and stellar convection zones [5,6].
One key question concerning the relationship between

magnetic fields and supersonic plasma turbulence is
the conditions under which the fields attain dynamical
strengths (as, for example, observed in the ISM). The
equivalent question in subsonic plasma turbulence has
been studied in depth, mostly within the framework of
magnetohydrodynamics (MHD). Analytical theory [7–11],
simulations [12–16], liquid-metal experiments [17–19],
and laser-plasma experiments [20–23] give a consistent
picture, showing that chaotic bulk motions of magnetized
fluid (with characteristic scale L and velocity urms) can
amplify any small seed magnetic field initially present
in that fluid provided themagnetic Reynolds number Rm≡
urmsL=η is greater than a certain critical value Rmc (here, η
is the plasma resistivity). This critical value is usually
significantly larger than unity [24]. For 1 ≪ Rm≲ Rmc,
the magnitude δB of the magnetic field postamplification
is related to the magnitude B0 of the initial seed field via
δB ∼ Rm1=2B0 [15]. However, if Rm > Rmc, magnetic-
field amplification of seed fields proceeds unabated until
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the magnetic-energy density of the amplified field reaches
equipartition with the kinetic-energy density of the sto-
chastic motions responsible for the amplification; this field-
amplification mechanism is known as the fluctuation
dynamo. Another important parameter for magnetic-field
amplification is the magnetic Prandtl number Pm≡
Rm=Re (where Re is the fluid Reynolds number): dynamo
is generally less efficient for Pm ≪ 1 than for Pm≳ 1 (e.g.,
Rmc increases as Pm decreases [10,15,25–27]).
There exist far fewer theoretical and numerical studies of

magnetic-field amplification in supersonic plasma turbu-
lence as compared with the subsonic case, and no exper-
imental observations in the supersonic regime. The latter is
an unfortunate omission, because numerical studies of
supersonic MHD turbulence [28–31] indicate that, while
the fluctuation dynamo is still capable of operating, the
efficacy of the mechanism, both in terms of the characteristic
growth rates of magnetic fields and saturated magnetic to
kinetic energy ratios, is lessened when the turbulent Mach
number Maturb ≡ urms=cs (where cs is the plasma’s sound
speed) is increased to order unity. Physically, this has been
attributed to various factors: reduced energy available to the
solenoidal stretching motions necessary for dynamo action
on account of some of the driving kinetic energy flux being
directed towards compressive motions, irrespective of the
driving mechanism [28,29,32–34]; a steepened turbulent
velocity spectrum [35]; and enhanced dissipation of mag-
netic fields in shocks [36]. Laboratory investigations of the
supersonic regime that test these expectations have been
limited by the impossibility of its realization in liquid-metal
dynamo experiments, which are all in the subsonic regime
[37]. As for laser-plasma experiments, there has only been
one previous experiment that successfully realized
boundary-free, supersonic plasma turbulence [38]; however,
Rm achieved in that experiment was much smaller than
unity, prohibiting significant magnetic-field amplification.
In this Letter, we report a new laser-plasma experiment

that managed to create supersonic, high-Rm plasma turbu-
lence for the first time in the laboratory. The experiment
was performed on the Laser Megajoule (LMJ) facility in
Bordeaux [39]. The platform employed for the experiment
is depicted in Fig. 1. Similarly to previous laser-plasma
experiments investigating the fluctuation dynamo in sub-
sonic plasma [22,23], a turbulent plasma was created by
colliding inhomogeneous, asymmetric, counterpropagating
rear-side-blow-off plasma jets. Spatial inhomogeneity is
introduced by placing grids in the paths of each jet prior
to their collision; the jet asymmetry follows directly from
using asymmetric grids. In order to reach the supersonic
regime, several major design modifications to a previous
experiment [23] were introduced. The thickness of the foils
irradiated by the LMJ drive beams was reduced, and the
beam energy per foil increased fourfold: both changes led
to increased initial jet velocities. In addition, aluminium
rather than plastic foils were used in the experiment; the

resulting enhancement in radiative cooling reduced the
plasma’s temperature both before and after jet collision.
Both modifications were anticipated to increase Maturb, a
claim supported by three-dimensional, three-temperature
radiation-MHD simulations performed concurrently to the
experiment using the FLASH code [40,41].
The primary diagnostic on the experiment, CRACC

(Cassette de Radiographie au Centre Chambre) [55],
provides time-resolved proton imaging [56], which was
used to measure magnetic fields and the electron number
density in the plasma, as well as to determine the character-
istic velocities of the initial jets. The proton imaging beam
was generated by irradiating a gold foil with the high-
intensity PETAL beam (see Fig. 1) [57]; via the target
normal sheath acceleration (TNSA) mechanism [58], this
irradiation results in a highly directed proton beam with a
thermal (∼3 MeV temperature) spectrum. The beam passed
through the plasma generated by the LMJ drive beams, and
subsequently was detected using a calibrated radiochromic
film (RCF) stack [42,55]. The RCF stack was designed in
such a way that protons with distinct energies were detected
in separate layers of RCF (∼0.5 MeV energy resolution);
this allowed for time-resolved measurements on each

FIG. 1. Experimental setup. Upper panel: annotated photograph
of one of the targets used in our experiment. The main target is
rendered partially transparent, in order to show the location of the
turbulent plasma (the yellow-purple region). The targets’ tech-
nical specifications are given in [42]. Lower panels: 8.5 MeV
proton images (obtained from different experimental shots) at
15.7 ns (left), 19.7 ns (middle) and 22.7 ns (right) after the
initiation of the drive beams. The proton flux normalization is
defined relative to the mean of the regions enclosed by red-dashed
lines in each image.
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experimental shot, because slower beam protons passed
through the plasma at later times than faster ones. The
Δtp ≈ 300 ps time delay between the fastest and slowest
detected protons (8.5 MeV vs 4.7 MeV) was too small to
capture the full dynamical evolution of the plasma turbu-
lence; to capture this evolution, we repeated our experi-
ment, but with three different relative offsets between the
LMJ and PETAL beams. The resulting proton images (for
the 8.5 MeV protons) are shown in Fig. 1.
Detailed quantitative information about the magnetic

fields present in the turbulent plasma can be obtained by
analyzing the proton images. The theoretical basis for such
analysis comes from the proton beam’s high velocity and
low density compared to that of the plasma with which it
interacts prior to reaching the RCF stack; inhomogeneities
in the detected proton flux can therefore be attributed to
the action on the beam protons of the Lorentz forces
arising from spatially varying magnetic fields present in the
plasma [59]. This being the case, recent work [60] has
shown that the two components of the path-integrated
magnetic field that are perpendicular to the proton beam’s
direction can be reconstructed directly from these inho-
mogeneities, provided the proton beam, on account of its
nonuniform distortion, does not self-intersect before reach-
ing the detector. Further technical details about this analysis
are given in [42].
The velocity ujet of the supersonic plasma jets prior to

their collision can be determined from the time evolution of
the path-integrated magnetic field that we reconstructed
from the 8.5 MeV proton image of the jets (given in Fig. 2,
top left). The dominant component of the path-integrated
field (characteristic magnitude∼0.4 kG cm) inside the main
bulk of each jet is aligned with the jets’ predominant
direction of motion, and oscillates strongly in the direction
normal to it. To extract the velocity of the left-hand jet,
we compare the path-integrated field recovered from
4.7 and 8.5 MeV proton images generated on the same
experimental shot (see Fig. 2, top right), corresponding to
imaging times of 15.7 and 16.0 ns, respectively. While the
morphology of both images is very similar, the character-
istic extent in the parallel direction of the oscillatory path-
integrated field structure is slightly greater at 16.0 ns (see
Fig. 2, bottom left). We attribute this finding to the motion
of the magnetic fields inside the jet: these fields are frozen
into the bulk flow provided the jet’s magnetic Reynolds
number Rmjet ≡ ujetL=η (where L ¼ 0.04 cm is the grid
periodicity) just after its interaction with the grid satisfies
Rmjet ≫ 1 (an assumption supported by theoretical expect-
ations concerning the initial jet properties [42]). The mean
jet velocity ujet is obtained as follows: we calculate average
lineouts for five different regions of width L (depicted in
Fig. 2, top right) for the path-integrated fields measured at
each time (two sample lineouts are shown in Fig. 2, bottom
right); then we determine the mean spatial offset Δxp
between each temporal pair of lineouts; finally we estimate

ujet via ujet ≈ Δxp=Δtp. We find ujet ¼ 290� 40 km=s, a
value that is consistent with heuristic estimates [42].
Once collision between the jets has occurred, x-ray

imaging data from related experiments on other laser
facilities [22,23] indicates that a turbulent plasma with
higher characteristic temperatures and densities quickly
coalesces. The burst of self-emitted x rays that coincides
with this coalescence can be used to measure the turbulent
plasma’s temperature, T. The spectrum of these x rays was
measured in our experiment using the DMX diagnostic
[61,62]; DMX is an absolutely calibrated, time-resolved
broadband spectrometer with high temporal resolution
(≃100 ps). The brightness temperature of the 10 lower
energy channels allow for T to be extracted: T ¼ 100�
30 eV (with the uncertainty mostly coming from the
uncertainty in the emitting surface area of the plasma).
The characteristic electron number density ne of the

interaction-region plasma can be determined concurrently
by quantifying the effect of collisional scattering on
the resolution of the sharp, large-amplitude proton-flux
inhomogeneities (“caustics”) present in the 4.7 MeV proton

FIG. 2. Jet-velocity measurement. Top left: magnitude of
perpendicular path-integrated magnetic field reconstructed from
the region denoted in the 15.7 ns proton image shown in Fig. 1.
The procedure used to extract this quantity is described in [42]
(see also [60]). Top right: axial component of the path-integrated
magnetic field determined at 15.7 ns and 16.0 ns by analyzing
8.5 MeV and 4.7 MeV proton images, respectively. Bottom left:
�0.2 kG cm contour plots of the axial path-integrated magnetic
field components at 15.7 ns (solid) and 16.0 ns (dotted). Bottom
right: lineouts of axial path-integrated magnetic-field component,
calculated from the regions “A” and “B” shown above.
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images [42]. We find ne¼ð4�1Þ×1019 cm−3 at t¼19.7 ns
and ne ¼ ð7� 2Þ × 1019 cm−3 at t ¼ 22.7 ns, values
which are consistent with measurements from related
experiments [22,23].
Given our measurement of ujet, the characteristic turbu-

lent velocity uturb in the interaction-region plasma can be
estimated as follows. X-ray measurements from previous
experiments [23] and FLASH simulations [41] indicate that,
while the jet velocities are close to being uniform trans-
versely, the density of either of the plasma flows is much
larger at transverse spatial positions coincident with the
locations of the grid holes through which that flow has
passed than the density at the analogous position in the
opposing flow. When the two plasma flows collide,
conservation of momentum therefore dictates that the flow
velocity in these transverse spatial locations will be close
to the higher-density plasma flow’s incident velocity.
Taking into consideration the two-dimensional periodic
reversals in the flow direction, and assuming that this
flow profile is efficiently randomized by nonlinear inter-
actions and/or Kelvin-Helmholtz instabilities, we conclude
that uturb ≈ ujet=

ffiffiffi
2

p ¼ 200� 30 km=s.

The sound speed in the plasma is cs¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γðZþ1ÞT=mi

p
≈

80�10 km=s, where γ is the adiabatic index, Z the plasma’s
ionization state, and mi the ion mass. Therefore, the
turbulent Mach number is Maturb ¼ 2.5� 0.5, so the turbu-
lence is supersonic.
Using all this information, the plasma’s viscosity and

resistivity—and thus the fluid and magnetic Reynolds
numbers—are determined via known expressions for trans-
port coefficients in a collisional, aluminium plasma [42].
We find that Re ¼ ð1.2� 1.0Þ × 106, a Reynolds number
which (irrespective of the significant uncertainty on its
exact value) is certainly large enough to allow for the
formation of a developed turbulent cascade. The magnetic
Reynolds number is also significantly larger than unity,
but is much smaller than Re: Rm ¼ 45� 20, so
Pm ∼ 10−5–10−4. Much smaller values of Pm are obtained
in this experiment compared with previous experiments
that created turbulent laser plasmas with similar
kinetic-energy densities [22,23] because of the distinct
material composition of the plasma; the comparatively
higher charge of aluminum ions, as well as the lower
temperatures arising from enhanced radiative cooling of an
aluminum plasma, both act to reduce Pm, which scales as
Pm ∝ Z−4T4 at fixed ne [42].
The seed magnetic fields initially present in the inter-

action-region plasma, and the stochastic field structures
arising from the interaction of those seed fields with the
supersonic plasma turbulence, can both be characterized
using the path-integrated magnetic-field maps extracted
from 8.5 MeV proton images after the jet collision. The
seed fields, which are generated at the laser spots by the
Biermann battery [63] and subsequently advected into

the interaction region, have a characteristic transverse
scale comparable to that of the interaction region
(ln⊥ ≈ 0.25 cm), while the correlation length of the sto-
chastic fields is significantly smaller (lB ≈ 150 μm). We
take advantage of this scale separation to extract distinct
path-integrated field maps for the seed and stochastic
magnetic fields in the experiment (see Fig. 3). The
extraction procedure is explained in [42].
We estimate the characteristic magnitude B0 of the

seed magnetic fields via a simple relation [59]: B0 ≈
10½Bpath;0ðkG cmÞ=2 kG cm�½ln⊥ ðcmÞ=0.25 cm�−1 kG,
where Bpath;0 is the characteristic magnitude of the path-
integrated seed magnetic field. The field magnitude
obtained just after the collision has occurred (B0 ≈ 10 kG
at t ¼ 19.7 ns after the LMJ drive beams are initiated) is
consistent with related experiments [23]. At t ¼ 22.7 ns,
which is over one driving-scale eddy turnover time τL ≡
L=urms after the collision (τL ≈ 2 ns), the seed magnetic
fields decay (B0 ≈ 4 kG), which can be attributed to their
dilution by the interaction-region plasma’s expansion, and
turbulent diffusion.
The stochastic component of the magnetic field is

characterized by its energy spectrum EBðkÞ, which describes
the distribution of the magnetic energy amongst different
length scales. We determine EBðkÞ from the path-integrated
map of the stochastic magnetic field by assuming statistical
homogeneity and isotropy; under these assumptions, it can

FIG. 3. Magnetic-field measurements. Left: magnitude of
perpendicular path-integrated seed (large-scale) magnetic fields
at 19.7 ns (top) and 22.7 ns (bottom). The streamlines of this field
are also depicted. Middle: magnitude of perpendicular path-
integrated stochastic magnetic fields. Top right: evolution of seed
(blue) and stochastic (red) magnetic field over time. Bottom right:
magnetic-energy spectra calculated in demarcated regions from
maps of path-integrated stochastic field components. The antici-
pated resolution limits on our spectra imposed by collisional
scattering of the 8.5-MeV proton beam are also shown.
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be shown that EBðkÞ ¼ kEpathðkÞ=4π2ln⊥, whereEpathðkÞ is
the one-dimensional spectrum of the path-integrated field
[60]. The root mean square of the stochastic magnetic
field, δBrms, can then be calculated directly from EBðkÞ
as δBrms ¼ ½8π R∞

0 dkEBðkÞ�1=2. We find that at t ¼ 19.7 ns,
δBrms ≈ 6 kG, before subsequently attaining magnitudes
comparable in strength to the initial seed fields
(δBrms ≈ 10 kG at t ¼ 22.7 ns—see Fig. 3). The magnetic-
energy spectra at both times have steep power-law tails
EBðkÞ ∝ k−4, with the spectral peaks at wave number
kpeak ≈ 2π=L.
Our measurements suggest that amplification of the

magnetic fields by the supersonic, low-Pm turbulence is
quite inefficient, in spite of Rm being significantly greater
than unity. This inefficiency is most directly revealed by
comparing the peak amplification factor of the seed
magnetic field (∼2.5 at t ¼ 22 ns) with equivalent factors
obtained in previous subsonic laser-plasma turbulence
experiments; the degree of amplification is similar to
that seen in experiments with similar Pm, but much lower
Rm ∼ 3–7 [21], while it is an order of magnitude smaller
than in other experiments with both larger values of Rm
and Pm [22,23,42]. The first comparison suggests that the
efficiency of magnetic-field amplification is reduced as
Maturb is increased above unity, while the second suggests
the efficiency is independently improved as Rm and Pm are
increased. Both findings are consistent with expectations
based on periodic-box simulations of compressible turbu-
lent flows that show how dynamo efficiency varies with
Maturb, Rm, and Pm [29,30]. The degree of amplification is
also smaller than that attained in liquid-metal experiments
with similar MHD parameters (see, e.g., [18] in which
Brms=B0 ≳ 30 at Rm ≈ 45), although a direct comparison is
challenging to make due to the differing flow geometries.
Another metric by which the inefficiency of magnetic-

field amplification can be assessed in the experiment is the
magnetic-kinetic energy ratio, which is Emag=Ekin ≈ 10−4 at
t ¼ 22 ns. This value is well below those found in subsonic
dynamo experiments postamplification at larger Rm and
Pm [22,23,42], or the saturation values obtained in simu-
lations of MHD turbulent supersonic dynamos with
Maturb ¼ 2.4 and order-unity Pm [29]. These comparisons
corroborate the amplifications inefficiency; they could fur-
ther be interpreted to suggest that we did not reach the bona
fide dynamo regime in our experiment, in turn providing a
lower bound Rmc > 45 on Rmc for Pm ≪ 1 plasma
turbulence with Maturb ≳ 1. By comparison, dynamo action
has been observed in MHD simulations with Maturb ¼ 2.6
and Pm ¼ 1 at Rm≳ 80 [28], and in some (subsonic)
Pm ≪ 1 liquid-metal experiments with Rm≳ 30 [18].
In summary, our experiment has demonstrated magnetic-

field amplification in a supersonic, turbulent plasma for the
first time in the laboratory, and our results support the
theoretical expectation that magnetic-field amplification
is less efficient in supersonic turbulence compared to

subsonic turbulence. Looking forward, future laboratory
investigations of amplification in supersonic vs subsonic
laser-plasma flows with similar values of Rm and Pm will
be possible with only minor modifications to our current
platform. Furthermore, we believe that creating a more
efficient laser-plasma turbulent dynamo in the supersonic
regime in future experiments is feasible. FLASH simula-
tions of our experiment, which (by assuming more efficient
laser-target energy coupling than was attained in the
experiment) realized characteristic kinetic and thermal
energies ∼3–4 times greater than we report here, achieve
Rm ≈ 750, and also show rapid magnetic-field amplifica-
tion [41]. This suggests that exploring the transition to
the dynamo regime in the laboratory is possible: an
attractive project.
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