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Magnetohydrodynamics of laser-produced high-energy-density plasma in a strong
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Recent progress in the generation in the laboratory of a strong (>100-T) magnetic field enables us to
investigate experimentally unexplored magnetohydrodynamics phenomena of a high-energy-density plasma,
which an external magnetic field of 200-300 T notably affects due to anisotropic thermal conduction, even when
the magnetic field pressure is much lower than the plasma pressure. The external magnetic field reduces electron
thermal conduction across the external magnetic field lines because the Larmor radius of the thermal electrons
in the external magnetic field is much shorter than the mean free path of the thermal electrons. The velocity of
a thin polystyrene foil driven by intense laser beams in the strong external magnetic field is faster than that in
the absence of the external magnetic field. Growth of sinusoidal corrugation imposed initially on the laser-driven
polystyrene surface is enhanced by the external magnetic field because the plasma pressure distribution becomes
nonuniform due to the external magnetic-field structure modulated by the perturbed plasma flow ablated from

the corrugated surface.
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I. INTRODUCTION

The magnetohydrodynamics (MHD) of a high-energy-
density plasma (HEDP) in an external magnetic field involve
fundamental physics relevant to the fields of astronomy and so-
lar physics [1-11] and to inertial confinement fusion [12-20].
Especially in the magnetic-field-assisted fast ignition scheme,
Strozzi et al. demonstrated guiding of relativistic electrons
generated by intense laser-plasma interactions with a kilotesla
magnetic field using two-dimensional hybrid simulation [14].
Laser-driven implosion under a magnetic field of several
hundreds of teslas is necessary to apply this guiding scheme
to an actual fast ignition experiment. Nagatomo et al. found in
a simulation significant perturbation growth of an imploding
shell under a 100-T external magnetic field [16].

Hydrodynamics under an external magnetic field have
been reported in the field of astrophysics. For example,
Stone et al. studied nonlinear evolution of the magnetic
Rayleigh-Taylor instability using three-dimensional magne-
tohydrodynamic simulations. They found that the restitution
force of the external magnetic field reduces the shear flow at
a fluid boundary, and this results in reducing fluid mixing [5].
Chambers et al. found solutions of the growth of magnetic
Rayleigh-Taylor instability in a cylindrical geometry [6].

Although there are several numerical studies in this research
area, few fundamental experiments have been performed,
mainly due to the lack of a strong magnetic-field source.
Recent significant progress in the generation in the laboratory
of a strong (>100-T) magnetic field enables us to investigate
experimentally unexplored MHD phenomena of an HEDP.
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II. TRAJECTORY OF LASER-DRIVEN HEDP UNDER
A STRONG MAGNETIC FIELD

A basic experiment in a simple geometry can be performed
with a spatially uniform strong magnetic field generated by
using a pair of laser-driven capacitor coil targets [21-28]. For
simplicity, the experiments were performed with a planar target
in two magnetic-field geometries: B and B, are external
magnetic fields with directions parallel and perpendicular
to the plasma motion, respectively, as shown in Figs. 1(a)
and 1(b). In a capacitor-coil target, two nickel disks are
connected by a 900-um-diameter nickel coil. The first nickel
disk is irradiated through the hole in the second nickel disk by a
GEKKO-XII laser of 1.5 & 0.1 kJ, with a Gaussian shape with
1.2-ns full width at half-maximum (FWHM) and an intensity
of around 1.5 x 10" W/cm?. A plasma is generated at the
first disk, and suprathermal hot electrons with temperatures
exceeding 10 keV are generated in the plasma corona. The
hot electrons move ahead of the expanding plasma plume
and are accumulated on the second disk. The second disk
acquires negative charges, and a large electrical potential
develops between the disks. That potential difference drives a
current in the coil. A strong magnetic-field pulse is generated
in the coil, and the coils are destroyed after every laser
shot.

The magnetic flux density was characterized using a three-
axis B-dot probe [29] and Faraday rotation with a terbium
gallium garnet (TGG) crystal as the magneto-optical material.
The B-dot probe and TGG crystal were placed 70 and 4 mm
away from the coil center, respectively. The Faraday rotator
(a piece of TGG) makes significant noise in the B-dot probe
signal; we did not use simultaneously both Faraday rotation
and a B-dot probe in the shots. The mechanism of the noise
generation is not understood. The magnetic flux densities were
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FIG. 1. Experimental configurations for studying the hydrody-
namics of HEDPs in an external magnetic field. (a) Experimental
setup for the B geometry, in which the magnetic-field lines are
parallel to the ablated plasma motion. (b) Experimental setup for the
B, geometry, in which the magnetic-field lines are perpendicular to
the ablated plasma motion. Tantrum plates, 50 pm thick, are placed
at the bottom and top of the polystyrene foils to prevent the foils
from being preheated by x rays generated at the capacitor plates.
Magnetic-field structures computed using the RADIA code for the (c)
B and (d) B, geometries.

reconstructed using the RADIA code [30] to evaluate the current
inside the coil and the magnetic-field structure around the
target position, as shown in Figs. 1(c) and 1(d). The results are
summarized in Table 1.

The average flux densities of B and B, at the midpoint
between the coils were 215 & 21 and 350 & 19 T, respectively.
The errors in the B-field measurement mainly came from build
variations in the coils. Build variations affect the laser spot size
and beam focused on the first disk. The difference between the
Bj and the B, strengths may have been due to the difference in
the coil inductance and resistance. It is necessary to change
coil shapes to produce Bj and B, geometries because all
laser beams come from one direction at our laser facility. As
a result of the difference in the coil shape, the inductance
and resistance of the B, geometry coil are 1.33 and 0.87
times those of the Bj one. The differences in inductance
and resistance correspond to Bj/B; = 1.33 calculated with
a simple circuit model; this is not inconsistent with the
experimental value (Bj/B; = 1.63 £ 0.18), however, there
may be other, unrecognized differences.
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Figures 2(a) and 2(b) show top and face views of the
target used in the trajectory measurement. A 25-um-thick
polystyrene (CgHg) foil was irradiated with laser beams
midway between the two coils. The width of the polystyrene
foil along the line of sight of the diagnostics was 150 pm.
Fifty-micrometer tantrum plates are placed at the bottom and
top of the polystyrene foil as shown in Figs. 1(a) and 1(b) to
prevent the polystyrene foil from being preheated by x rays
generated at the capacitor parts. Three 351-nm beams of the
GEKKO-XII laser were used to drive the foil at an intensity of
4.040.1 x 10"® W/cm?. The magnetic-field strength reaches
its peak 1.5 ns after the peak of the magnetic-field-generation
laser pulse; this is the same as the result in Ref. [24]. The
external magnetic field must diffuse into the polystyrene foil
before foil acceleration, therefore the drive laser beams were
delayed by 1.5 ns with respect to the magnetic-field-generation
beams. Figures 2(c)-2(e) show shadows of the laser-driven
polystyrene foils that were observed using an x-ray streak
camera and side-on backlighting. The backlight was 1.2-keV
x rays emitted due to M shell-to—L shell transitions of bounded
electrons of Cu ions in a laser-produced Cu plasma. The
pulse duration of the backlit x rays was 1.2 ns. The spatial
and temporal resolutions of the x-ray imaging system were
measured to be 13 um and 40 ps, respectively. The flying
velocities of the rear surfaces accelerated in the By and B
fields are 1.5 times faster than in the absence of an external
magnetic field as shown in Figs. 2(f)-2(h). This acceleration
mechanism is discussed below.

The magnetic field generated by the Biermann battery effect
[31-34] is estimated to be 10 T in this experiment. The self-
generated-field contribution is relatively small compared to
the external magnetic field. Only the external magnetic field is
considered in the following discussion.

The direct effect of the magnetic field on the plasma
hydrodynamics is evaluated with the dimensionless parameter
B = Pplasma/ Pmag, 1.€., the ratio between the plasma pressure
(Pplasma) and the magnetic field pressure (Ppa = B?/8m).
The B value is evaluated to be about 50 with typical
plasma parameters in this experiment. The contribution of the
magnetic-field pressure to the plasma acceleration is negligibly
small.

The other important parameter is the Hall parameter y =
WeeTe, Where wc. and t. are the electron gyrofrequency and
electron collision time, respectively. For a 300-eV polystyrene
plasma and a 200-T external magnetic field, the Hall parameter
is close to unity. When the Hall parameter is nonzero, the exter-
nal magnetic field reduces electron thermal conduction across
the external magnetic-field lines because the Larmor radius of

TABLE I. Summary of the magnetic flux density and current in the coil.

Shot E; I B at measure B at center 1.

ID No. Geometry ()] (W/cm?) (T) (T) (kA) Diagnostics
38043 B, 1263 1.49 x 10V 1.4 206 210 Faraday
38047 B, 1267 1.49 x 105 0.00407 349 295 B-dot
38051 B 1266 1.49 x 10 0.00417 239 244 B-dot
38054 B, 1306 1.54 x 105 0.00350 201 205 B-dot
38055 B, 1316 1.55 x 101 0.0388 332 281 B-dot
38056 B, 1308 1.54 x 10 0.00430 369 312 B-dot
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FIG. 2. (a) Top view of the target used in a trajectory measurement. A 25-pum-thick polystyrene foil was mounted on a 25-pm-thick
beryllium frame. A 50-um-thick aluminum spacer was inserted between the foil and the frame. (b) Face view of a target used in the trajectory
measurement. The width of the polystyrene foil was 150 pm along the line of sight of the diagnostics. The polystyrene foil and the beryllium
frame are irradiated by the 500-um diameter laser beam. Shadow of laser-driven polystyrene foils measured using side-on x-ray backlighting
(c) with no external magnetic field and (d) in the B} and (e) B, geometries. The rear surfaces of laser-driven polystyrene foils (black symbols)
are compared with the results of simulations carried out using the PINOCO-MHD code for (f) no external magnetic field and for (g) the By and (h)
the B, geometries. Solid black and dashed lines are PINOCO-MHD calculations with and without consideration of the external magnetic field,
respectively. The origins of the axes are defined as the laser peak timing and initial position of the target’s rear surface.

the thermal electrons in the external magnetic field is much
shorter than the mean free path of the thermal electrons. The
electron temperature increment is modified by the magnetic
field through the anisotropic thermal conductivity.

The magnetic Reynolds number Re,, =
Tdiffusion/ Thydrodynamics 1S the ratio of the magnetic-field
diffusion time (Tgifrusion) to the hydrodynamic time scale
(Thydrodynamics)- This dimensionless parameter is important
for understanding the dynamics of the magnetic field
associated with plasma motion. Tgiffusion = 4o L? / ¢, where
o is the conductivity of the plasma and L is the typical
plasma scale. For example, in a 300-eV polystyrene plasma,
Tdgiffusion > 10 ns, and the hydrodynamic time scale is
L/Cs ~ 100 um/107 cm/s = 1 ns, where C; is the sound
velocity of the plasma. Re,, is about 10 for this plasma.
Therefore, magnetic-field fluxes are frozen in the plasma,
and the field structure changes with the plasma motion. The
external magnetic field moves with the plasma flow owing to
its large Re,,.

We performed two-dimensional radiation-hydrodynamic
simulations (PINOCO-MHD) with and without an external
magnetic field. The models used in the PINOCO-MHD code are
described in Refs. [16] and [19]. The thermal conductivity
becomes anisotropic in both the B and the B, cases in
the simulation. Because anisotropic thermal diffusion reduces
the thermal energy loss from the ablated plasma to its cold
peripheral region that is transverse to the Bj-field lines,
the temperature and pressure of the ablated plasma increase
significantly, resulting in acceleration of the polystyrene foil
by the larger pressure gradient [Figs. 3(a), 3(c), and 3(e)].

The situation is more complex for the B, geometry than
for the By geometry. There is shear flow in the ablated plasma
that is perpendicular to the B, -field lines, because ablated
plasma flow directed along the target normal within the laser

spot region is faster than that in its cold periphery. The B,
lines are bent and a Bj component appears at the edge of the
target. Thermal energy loss from the ablated plasma to its cold
peripheral region is reduced in this magnetic-field structure,
the temperature and pressure of the ablated plasma increase
significantly, resulting in acceleration of the polystyrene foil
by the larger pressure gradient [Figs. 3(b), 3(d), and 3(f)].

In the B, geometry, the measured trajectory is faster than
the calculated one. This different may be caused by the Nernst
effect. The Nernst effect causes convective amplification of the
magnetic field in a laser-produced plasmas near the ablation
surface [35]. The Nernst effect cannot be taken into account in
the PINOCO-MHD, because this effect is three-dimensional. The
present PINOCO-MHD simulation does not explain completely
the experimental results obtained in the B, cases because of the
Nernst effect. In the B geometry, the direction of the electrons
that move from the high-temperature to the low-temperature
side and the direction of the external magnetic field are parallel.
Therefore the Nernst effect is not effective in the B geometry.

III. HYDRODYNAMIC INSTABILITY OF LASER-DRIVEN
HEDP UNDER A STRONG MAGNETIC FIELD

The hydrodynamic perturbation growth is also affected by
the external magnetic field as a result of the anisotropic thermal
conductivity in the ablated plasma. A 50-um wavelength
sinusoidal perturbation with initial amplitude ap = 1.6 or
3.2 um was imposed on planar polystyrene foils, whose initial
thickness I = 16 or 25 um. Two capacitor-coil targets were
arranged in the B geometry, and the corrugated polystyrene
foil was located at the midpoint between the two coils. Face-on
x-ray backlighting coupled with an x-ray streak camera was
used to measure the temporal evolution of the areal density
modulations (Apa) amplified by the hydrodynamic instability
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FIG. 3. Two-dimensional mass density and magnetic flux density
distributions at the laser peak timing for (a) B and (b) B,. The
origin of the position is defined as the initial position of the target’s
rear surface. (c—f) Electron temperature and pressure profiles along
the target’s center axis The electron temperature (solid lines) of the
ablated plasmas increases notably in the external magnetic field due
to anisotropic thermal conduction as shown for By (c) and B, (d)
compared to that without a magnetic field (dotted lines). The pressure
(solid lines) of the ablated plasmas also increases in the external
magnetic field, as shown for B (e) and B, (f) compared to that
without a magnetic field (dotted lines).

from the x-ray intensity ratio between the peak (/pesx) and
the valley (/yaiey) Of an image as Apa = In(Ipeax/ Lvattey) /214,
where 1 = 607 g/cm? is the mass absorption rate of a
polystyrene for the x rays. Laser-produced Zn plasmas were
used as the x-ray backlighting sources, which emit relatively
broad L-shell x rays centered at 1.5 keV. A 5.5-um-thick Al
foil (K absorption edge at 1.56 keV) and a 25-um-thick Be
foil were placed in front of the x-ray streak camera for x-ray
filtering. We did not perform this experiment using the B
geometry due to a shortage of experimental time.

The magnetic-field lines move together with the ablated
plasma due toits large Re,,. The direction of the ablated plasma
flow is normal to the target surface, and ablated plasma accu-
mulates at the valley of the sinusoidal perturbation. Therefore,
the external magnetic field is compressed (decompressed) at
the valley (peak) of the sinusoidal perturbation [Fig. 4(c)].
The thermal conductivity across the magnetic-field lines is
reduced at the valley compared to that at the peak [Fig. 4(b)].
The temperature increases at the valley due to the anisotropic
thermal conduction in the perturbed magnetic-field structure
as shown in Figs. 4(a) and 4(b). The pressure distribution
becomes spatially nonuniform and leads to enhancement of
the perturbation growth.
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FIG. 4. Snapshot of 50-um-wavelength perturbations on a laser-
accelerated polystyrene foil simulated using the PINOCO-MHD code
for (a) no external magnetic field and (b) the B geometry. Solid black
lines are lines of equal density for the target solid density of 1 g/cm?,
and dashed red lines are isotherms of the electron temperature plotted
in 10-eV increments. (c) The anisotropic thermal conduction in
the perturbed magnetic-field structure leads to enhancement of the
perturbation growth.

The PINOCO-MHD code was used to reproduce the temporal
evolution of the experimentally observed perturbation growth.
In our previous studies [36,37], growth of a 50-um pertur-
bation was found to be significantly slow compared to the
simulation and theoretical predictions. Similar results were
obtained also in the other facilities’ experiments [38—40].
We artificially reduced the laser intensity by x0.25 to fit
the computed growth to the experimental ones for the case
of no external magnetic field, and the same reduction factor
was used to compute the perturbation growth for the Bj
geometry. The spatial and temporal resolutions of the imaging
system were 13 wm and 150 ps, respectively. The modulation
transfer function (MTF) of the imaging system was measured
in separate shots, and the MTF was used to obtain the actual
amplitude of the areal density modulations from the measured
one as shown in Fig. 5(a). The PINOCO-MHD code reproduces
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FIG. 5. (a) Face-on x-ray backlight image and its line-out at the
laser peak timing. The origin of the axis is defined as the laser peak
timing. (b) Comparison of the temporal evolution of areal density
modulations measured in the experiment versus calculated by the
PINOCO-MHD code.
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the experimental trend with the reduced laser intensity, as
shown in Fig. 5(b).

Hydrodynamic instability growth is reduced by the resti-
tution force of the magnetic field bent by nonniform plasma
flow in a low-8 plasma and the external magnetic field having
the critical strength [5,8]. In our high-8 plasma, the restitution
force of the magnetic field to hydrodynamics instability growth
is negligibly low. And also, an ablated plasma flow across
the fluid boundary plays an essential role in the ablative
hydrodynamic instability. The previous analysis, in which
ablation effects are neglected, cannot be directly applied to
our result.

Instability growth in the B, geometry is also simulated for
a reference. An ablated plasma flow carries away the external
magnetic field from the laser absorption region, therefore, the
hydrodynamics growth is not affected by the B, magnetic field
in this simulation.

IV. CONCLUSION

We have demonstrated experimentally that a 200- to 300-T
external magnetic field noticeably affects the hydrodynamics
and instability growth of an HEDP, even for high-8 plas-
mas. This experimental result suggests that the magnetic
field seeds nonspherical symmetrical structures in an HEDP
by anisotropic thermal conduction. These effects must be
considered in the design of magnetically assisted inertial
confinement fusion, which may be an alternative to fusion
ignition schemes. Srinivasan et al. have pointed out that the
strengths of the self-generated magnetic field and the Hall
parameter are estimated to be of the order of 10°-10° T and in
the range between 0.1 and 1, respectively, in National Ignition
Facility implosions [33,34]. In such a strong self-generated
magnetic field, anisotropic thermal conduction may affect

PHYSICAL REVIEW E 95, 053204 (2017)

hydrodynamic instability growth and thermal energy trans-
ports during hot-spot generation. The reported experimental
platform is a unique test bed for studying MHD phenomena
in laboratory astrophysics and laser fusion research. The
anisotropic thermal transport is still a hypothesis to explain
some of our experimental results based on the simulation.
In future work, it will be necessary to measure directly the
temperature and density of ablating plasmas in the external
magnetic field to verify more details of the simulation code.
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