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ABSTRACT

Blast-wave-driven hydrodynamic instabilities are studied in the presence of a background B-field through experiments and simulations in the
high-energy-density (HED) physics regime. In experiments conducted at the Laboratoire pour I'utilisation des lasers intenses (LULI), a laser-
driven shock-tube platform was used to generate a hydrodynamically unstable interface with a prescribed sinusoidal surface perturbation, and
short-pulse x-ray radiography was used to characterize the instability growth with and without a 10-T B-field. The LULI experiments were
modeled in FLASH using resistive and ideal magnetohydrodynamics (MHD), and comparing the experiments and simulations suggests that the
Spitzer model implemented in FLASH is necessary and sufficient for modeling these planar systems. These results suggest insufficient am-
plification of the seed B-field, due to resistive diffusion, to alter the hydrodynamic behavior. Although the ideal-MHD simulations did not
represent the experiments accurately, they suggest that similar HED systems with dynamic plasma- (=2uopv*/B?) values of less than ~100 can
reduce the growth of blast-wave-driven Rayleigh-Taylor instabilities. These findings validate the resistive-MHD FLASH modeling that is being
used to design future experiments for studying B-field effects in HED plasmas.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0025374

. INTRODUCTION

Hydrodynamic instabilities such as Richtmyer-Meshkov (RM),
Kelvin-Helmholtz (KH), and Rayleigh-Taylor (RT) have been
studied for decades in high-energy-density (HED) plasmas. These
mechanisms dominate the late-time behavior of inertial confinement
fusion (ICF) implosions"” and are prevalent in the evolution of as-
trophysical systems such as supernovae™ and supernova remnants” ’
such as the Crab Nebula. In the classically studied RT-unstable
system, two homogenous, semi-infinite, stratified fluids undergo a

constant acceleration (g) where, in the reference frame of the in-
terface, the lighter fluid (p;) supports the heavier fluid (p,). Single-
mode perturbations at the interface, with wave number k = 27/A, grow
exponentially initially at the classical growth rate y,, = \/Akg, where
A = (p, — p)/(py + py) is the Atwood number of the interface.” In the
HED plasma environment, linear growth rates can be reduced by the
presence of a density scale length at the interface,” through ablation, "’
and by radiative effects,”'' among other stabilizing mechanisms. As
amplitudes approach ~0.1A, the growth rate saturates and the
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interpenetration depth of heavy spikes and light bubbles increases ata
constant rate during the nonlinear growth phase.'” As high-density
spikes fall through the lower-density material, the interface along the
spikes is unstable to KH growth. This is often most prominent at the
tip of a spike, where the characteristic “mushroom cap” is formed by
KH vortices. In the single-mode formalism, the onset of KH at the
spike tips begins the cascade of energy transfer to smaller scales,
leading eventually to turbulent mixing of the light and heavy fluids.
Magnetic fields present in these hydrodynamically unstable plasmas
are predicted to alter this behavior.”"”

The present work is focused on the role of B-fields in RT-
unstable plasmas when the B-field is parallel to the interfacial plane
between the light and heavy fluids. In this configuration, the B-field
provides a restoring force against instability growth, resulting in a
stabilizing term in the ideal magnetohydrodynamics (MHD) ex-
pression for the single-mode, exponential growth rate,' " i.e.,

b 2B
B0 s (on + 1)

where B is the magnetic field vector and k is the wave vector in the
plane of the interface. Equation (1) shows that the stabilizing term is
maximum when B is parallel to k (i.e., the field lines are across the
ripples), and magnetic stabilization is absent when B is perpendicular
to k. In the latter case, the field may still affect the hydrodynamic
evolution through the additional magnetic pressure present in the
system. Magnetic stabilization in ideal MHD sets a critical wavelength
(1) below which RT growth will not occur, i.e.,

1

- 47B? cos® 0

Hoghp
where 0 is the angle between the B-field and the single-mode wave
vector, and Ap = (p;, — p,) is the density difference between the two

fluids. This simple scaling is shown to be consistent with observations
of the Crab Nebula.

(@)

Il. MAGNETIZED RAYLEIGH-TAYLOR GROWTH
IN CRAB NEBULA

Observations of RT growth in the Crab Nebula reveal long, stable
spikes that are not broken apart by secondary KH evolution.”'” A
leading theory to explain these observations involves magnetic
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stabilization''®'” provided by the ~30-nT-50-nT B-fields that are
present across the entirety of the nebula.” These large-scale fields run
roughly east-west across the nebula, but at smaller scales they follow
the hydrodynamic motion due to the ideal-MHD nature of the
plasma. Therefore, on the northern and southern edges of the Crab
Nebula, the background B-fields are nearly parallel to the expanding
shock front. The observed plasma parameters in the northern region
are listed in Fig. 1 alongside a plot of A, as a function of B-field
strength. Note that the observed scale of RT spikes in the late
nonlinear regime is near the critical wavelength and lies within a
narrow wavelength band. This is consistent with linear theory in that
(i) long wavelengths grow more slowly than short wavelengths and (ii)
B-fields stabilized wavelengths shorter than A, early in the evolution of
the supernova remnants. In the work described herein, the aim was to
observe a reduction in RT growth due to background B-fields in a
similar blast-wave-driven, RT-unstable plasma.

I1l. MAGNETIZED RAYLEIGH-TAYLOR EXPERIMENTAL
PLATFORM

High-power laser facilities are often used to study hydrodynamic
instabilities in HED plasmas.”'®'” In these experiments, a
nanosecond-scale laser pulse is incident on a (typically) plastic
ablator, driving a shock that propagates from a high-density material
into a lower-density material. When the laser is turned off and the
rarefaction wave reaches the shock front, a decelerating blast wave is
created that makes the interface between the high- and low-density
regions unstable to RT growth. Figure 2 shows the critical wavelength
in a parameter space relevant to this type of HED experiment. It is
clear from Eq. (2) and Fig. 2 that smaller Ap and g values have larger
critical wavelengths, i.e., easier to observe and measure. Even at low
growth parameters of Ap ~ 0.4 g/ccand g~ 1 um/ns” (known as “low-
drive” experiments),”'® a 10-T B-field provides a critical wavelength
of ~2 ym, which is a difficult spatial scale to resolve with conventional
x-ray radiography techniques.”””'

Creating higher B-field strengths will increase A, to more-
resolvable scales, e.g., at these same growth parameters, a 40-T
field produces A, ~ 40 ym. A 40-T field maintained for the duration of
the experiment is achievable”” but is difficult and expensive to provide
with the laser and diagnostic access necessary for hydrodynamic
instability experiments. Smaller ~10-T field strengths are more easily
achievable, but total growth suppression below the critical wavelength
is unresolvable. Nevertheless, a 10-T B-field that is amplified through

[ Observed
| filaments
Eunstable
: Observed
stable B-fields

=)

20 40 60 80
B [nT]

FIG. 1. Critical wavelength plotted as a function of B-field strength for Rayleigh-Taylor (RT)-relevant parameters in the northern edge of the Crab Nebula. In this system, the low-
density pulsar wind nebula (PWN) pushes on the high-density supernova (SN) ejecta.
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FIG. 2. Contour plots of A, (#m) as a function of Ap and g for typical parameter
ranges found in laser-driven experiments with a 10-T or 40-T B-field aligned parallel
to the wave vector in the ideal-MHD limit.

two-dimensional (2D) flux compression (B/p = constant)”” to ~40 T
can reduce the exponential RT growth rate of a A = 120-ym mode to
~80% of its classical value, resulting in a measurable difference in
overall amplitude growth. Experimental observation of RT-growth
suppression and model verification are the ultimate goals of the
present project, this being because these effects are yet to be measured
in a blast-wave-driven plasma environment relevant to magnetized
ICF implosions and astrophysical systems.

A. Experimental configuration at LULI laser facility

Experiments were performed at the LULI2000 laser facility; see
Figs. 3(a) and 3(b). The platform comprises a layered physics package
driven by 500 J of 527-nm light in a 1.5-ns square pulse with a

RESEARCH ARTICLE scitation.org/journal/mre

~500-ym-diameter phase plate (I ~ 1.7 X 10'* W/cm?). The target
comprises an 8-ym polystyrene ablator followed by an iodinated
plastic (CHI) with a density of 1.65 g/cc and a 8.5-mg/cc GACH foam,
which is a polymer-based foam with a 1:1 C:H ratio; see Appendix A.
The measured composition of the CHI is C;gH;31p4,
representing a 5.3-at. % dopant content. The CHI has a nominal
thickness of Ly = 43 ym and is machined with pre-imposed sinusoidal
perturbations with a wavelength of A = 120 ym and a peak-to-valley
(P-V) amplitude of 20 ym. With a nominal energy of E, = 500 J, the
laser initiates a shock wave in the ablator that propagates through the
CHI and into the low-density foam. When the shock reaches the
CHI-foam interface, it drives an RM instability that causes a phase
inversion of the perturbation and subsequent amplitude growth. The
shock evolves into a blast wave after the laser is turned off, causing the
system to decelerate and thus initiating an RT instability in the
reference frame of the interface. The post-shock plasma conditions set
the parameters for RT growth and will change slowly over time as CHI
spikes “fall” into the low-density foam.

The amplitude growth is characterized by short-pulse x-ray
radiography. A ~20-ym-25-ym vanadium wire backlighter is irra-
diated by a defocused beam containing ~40 J of 1054-nm lightina 10-
ps pulse.'” The wire provides ~4.9-keV x-rays with ~20-ym-30-ym
spatial resolution (see Appendix B) and ~10-ps temporal resolution.”’
The wire is 4 cm from the target, outside a pulsed-power solenoid. The
solenoid was provided by Helmholtz-Zentrum Dresden-Rossendorf
and was tailored to match the experimental demands. It is part of a
versatile pulsed-power technology suite for laser-driven plasma ex-
periments. The physics package is inside the solenoid that is capable of
delivering a spatially uniform 10-T B-field across the entire target. The
solenoid is triggered ~90 us before the lasers are fired to allow the B-

a) u 0 n=1s n=17s/100 n=0
8.5 mg/cc CH Rem~ 1 Rem~ 100 Rem= [o0]
10T
| Dsgec ]|
ablator = 5005, 1.5ns,
527nm, 500pm spot
pr——s 1200__
b L — Sim B= =
filtered _ [ — Ideal B=10T P-v S
detector 66cm g_ 200 +—Spitzer B=10T L 800 E
; - —Shock Location %° £
OME oo | o g
100 + L 400
4cm 7
40J, 10ps, | ) 0 M A SRR SRR AP Byt
1054nm V wire 0 10 15 20 25 30

Time [ns]

FIG. 3. (a) Schematic of physics package, laser drive, and B-field orientation across rippled interface. (b) Experimental setup showing x-ray radiography configuration with B-field
now out of the page. Streaked self-emission is also collected with a field of view aligned with the shock tube to measure interface velocity. (c) Predicted density distributions from
resistive- and ideal-MHD simulations at 20 ns illustrating the effect of a 10-T B-field on the RT evolution in LULI experiments under varying resistivities. (d) Shock position (similar in
all cases) and peak-to-valley (P-V) amplitudes plotted as a function of time. The cases of B = 0 Tand nominal Spitzer resistivity overlap, as suggested by the images shown in (c).
Under ideal-MHD conditions, the P-V amplitude deviates significantly from that in the unmagnetized and nominal-Spitzer cases.
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field to reach its maximum value across the ~60-ns duration of the
experiment. Each shot provides a single radiograph of the hydro-
dynamic evolution, and the RT growth is assessed by analyzing
multiple shots taken with different delays (~10 ns-50 ns) between the
drive and backlighter laser beams, with and without the 10-T B-field.
The self-emission from the shocked CHI is collected from a ~80-pym-
wide, ~4-mm-long field of view that is detected on a streak camera
(~4-pm spatial resolution and ~1-ns temporal resolution) to diagnose
the interface velocity and constrain the modeling.

B. MHD simulations of LULI experiments

The present experiments are simulated using the radiation-
MHD code FLASH, which is used to simulate HED laboratory ex-
periments as well as many astrophysical phenomena.”* The full target
is simulated in a 2D Cartesian geometry using adaptive mesh re-
finement, flux-limited heat conduction (f= 0.06), tabulated equations
of state, ray tracing for laser energy deposition, and 40 photon groups
for diffusive radiation transport. Unmagnetized FLASH calculations
suggest that the plasma conditions are ~5 eV (~1 eV) and ~30 mg/cc
(~300 mg/cc) in the shocked foam (dense pusher) for times greater
than ~7 ns, suggesting Spitzer resistivities 75 > 107° Q-m.”” Under
these conditions, the resistivity of the plasma is very sensitive to the
electron temperature and charge state. Recent work”® *® has shown
that under conditions similar to those predicted by FLASH, transport
coefficients such as resistivity can be overestimated by a factor of
~100. In this case, the HED plasma may behave more like a conductor
and less like the insulator suggested by a Spitzer treatment.

Results from resistive- and ideal-MHD FLASH calculations in the
form of the mass-density plots at ¢ = 20 ns shown in Fig. 3(c) illustrate
the transition of behavior from unmagnetized to ideal-MHD under
varying degrees of resistivity for the RT evolution in the LULI ex-
periments. The shock (v, ~ 45 km/s) and average interface (v; ~ 40 km/s)
trajectories are not significantly altered with the 10-T applied field
because the Hall parameter (x, = w,,T., where w,, is the electron cy-
clotron frequency and 7. is the electron collision time) is quite low. Even
in the ideal-MHD case, we have x, < 1072, suggesting no alteration of
transport due directly to the B-field. Using a Spitzer treatment, the
magnetic Reynolds number (Re,, ~ piov:A/1) in the shocked foam is Re,,,
~ 1, suggesting no change in the nonlinear RT morphology due to the
applied 10-T field. However, if the Spitzer model in FLASH overes-
timates the resistivity in this sensitive region of parameter space, then
the plasma may behave more like a conductor than an insulator. A
reduction in resistivity by a factor of 100 (Re,, ~ 100) indicates sup-
pression of small-scale features around the spikes but only a slight
change in P-V amplitude. In the extreme scenario of a perfect con-
ductor, the ideal-MHD treatment indicates a measurable difference in
the P-V amplitude between the magnetized and unmagnetized cases
after ~10 ns for the LULI experimental conditions, as shown in
Fig. 3(d).

IV. EXPERIMENTAL RESULTS
A. Flat-foil results

To characterize the drive and validate the FLASH modeling,
experiments were performed using flat CHI foils with and without the
10-T B-field. X-ray radiography and streaked optical emission col-
lected through the shock tube are used to diagnose the interface

RESEARCH ARTICLE scitation.org/journal/mre

location and axial velocity. Experimental radiographs are shown in
Fig. 4(a) at three different experimental times for both the 0-T and 10-
T cases. The CHI interface is shown to propagate into the low-density
GACH foam (darker color indicates higher opacity), but the shock
location in the foam is not visible because of the low opacity of the
foam, even after compression. Each radiograph is analyzed indi-
vidually after first applying low and high bandpass filters to remove
high-frequency statistical noise and low-frequency non-uniformities.
From a lineout taken in the central region, the interface location is
easily retrieved and is plotted in Fig. 4(b). Uncertainties in the in-
terface location are approximately the same size as the symbols, and
the dominant source of error is in determining the absolute propa-
gation distance (+30 ym-40 ym).”” Data points are plotted against
scaled time, where small variations (<10%-20%) in target thickness
(L) and drive energy (E) are accounted for by scaling the measured
experimental time of each shot by a factor of (E/E)"? (Lo/L)"? as
suggested by Swisher.”” Scaling the experimental time for each shot
allows for an accurate comparison across multiple shots, and as such
the horizontal uncertainty is smaller than the symbol size.

These data suggest that the interface location does not change
significantly when the 10-T B-field is applied, consistent with similar
plasma conditions due to a low Hall parameter. The CHI trajectory
from ideal-MHD simulations is shown in Fig. 4(b) for comparison
with the experimental data. Because of the domain of the simulation,
interface tracking stops at ~29 ns, but the interface position fits nearly
perfectly to a parabolic trajectory (~0.296¢* + 48.3t — 25.6). Although
similar calculations of the rippled CHI targets shown in Fig. 3(d)
show a dramatic change in amplitude growth, the interface location is
not expected to change because of the presence of the B-field.

a) . 1§ps _ 30ns : 35ns

10T
b)
1500

E O Exp B=10T ,,%"‘OE;E‘
21000 § —Sim B=0T (o)
g —Ideal B=10T
=
Z 500
=

0 t

0 10 20 30 40

Scaled Time [ns]

FIG. 4. (a) Radiographs from flat CHI experiments at three different times with and
without the 10-T B-field. (b) Experimental positions of the CHI interface from
radiographs for B =0T (blue squares) and B = 10 T (red circles). Ideal-MHD FLASH
calculations (solid lines) predict no difference in the interface position and fit
parabolic trajectories (dotted lines past 30 ns). The high-opacity (dark gray) region
near the bottom of each x-ray radiograph is caused by mid-Z shielding near the base
of the target.
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FIG. 5. Streaked optical emission data for a B = 0 T shot with the simulated CHI
trajectory (solid line) and extrapolated parabolic fit (dotted line). Expansion of the
CHI begins to cause deviation from the parabolic fit for ¢ > 30 ns. Consistent with the
radiographic data from flat CHI experiments, the typical streaked emission data are
unchanged upon adding a 10-T B-field.

The simulated CHI trajectory is also shown to track the leading
edge of optical self-emission measured in the experiments. A typical
streak camera image is shown in Fig. 5, where the heated CHI plasma
is observed to propagate down the shock tube (consistent with FLASH
calculations) and expand in the axial (vertical) direction.’’ The signal
brightens in time because of the increased optical transparency as the
CHI expands, rather than the plasma becoming hotter and emitting
more photons. Between 30 ns and 40 ns, the leading edge of the
plasma emission begins to deviate from the parabolic trajectory
(dotted line), suggesting that thermal expansion is beginning to
dominate over hydrodynamic growth. The interface experiences a
near-constant deceleration of g ~ 0.59 um/ns” that characterizes the
trajectory well for £ < 30 ns. These results demonstrate that 2D FLASH
calculations capture the bulk hydrodynamic behavior in both the
magnetized and unmagnetized cases but do not provide a means to
differentiate between resistive and ideal MHD.

B. Sinusoidal-foil results

Experimental results obtained using a CHI target with pre-
imposed sinusoidal surface perturbations (A = 120 ym, P-V = 20 ym)
are shown in Fig. 6. In Fig. 6(a), sample x-ray radiographs for the
unmagnetized and magnetized cases show the perturbation growth
as a function of time as the high-density spikes penetrate into the low-
density foam. Similar to the flat radiographs shown in Fig. 4, the shock
is not visible because of the low opacity of the compressed CH foam,
but the amplitude growth is clear and benchmarked FLASH simu-
lations suggest that the shock propagates ahead of the spike tips. To
characterize the instability evolution, the P-V amplitudes of the
central wavelengths are measured over many shots with and without
the applied 10-T B-field.

Measurements from x-ray radiographs taken up to 45 ns after
laser onset show no discernible effect on the P-V amplitude growth
from the presence of the seeded 10-T B-field. Radiographs from 21
separate experiments—10 shots with a B-field and 11 shots
without—show that the P-V amplitude grows at a nearly constant
rate of ~9.5 ym/ns up to ~30 ns after laser onset, saturating shortly
thereafter. Each radiograph is analyzed individually using the same
bandpass filtering as for the flat foil data and then isolating the region
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FIG. 6. (a) Experimental x-ray radiographs of CHI foils with machined sinusoidal
perturbations with wavelength A = 120 ym and initial P-V amplitude 20 pm. (b)
Measurements of P-V amplitude as a function of time for experiments with (red
circles) and without (blue circles) a 10-T B-field. FLASH simulation results from Fig.
3 are shown as well.

of interest containing the RT spikes and bubbles. An unsharp mask is
used to enhance the edge contrast to determine the locations of each
peak and valley in the central region, then the difference is taken and
plotted in Fig. 6(b) as the P-V amplitude. The vertical error bars are
calculated using the random uncertainty in determining the edges of
the peaks and valleys in the center of the tube through the analysis
process. This procedure removes the systematic uncertainty of ab-
solute spike or valley location and illustrates the uncertainty only in
the measured P-V amplitude on a single shot, which is dominated by
radiograph quality. The data are plotted against time scaled to account
for target and laser variations, as discussed previously, making the
temporal uncertainty smaller than the symbol size. Figure 6(b) shows
that these data are consistent with 2D resistive-MHD FLASH cal-
culations using a Spitzer resistivity model.

V. DISCUSSION

The present results show conclusively that (i) a resistive-MHD
treatment is necessary to describe these types of experiments and (ii) a
Spitzer resistivity model is sufficient for modeling blast-wave-driven
hydrodynamic instabilities accurately under these conditions.
Figure 7 shows the difference between ideal-MHD and resistive-
MHD calculations, where the resistive-MHD model implements the
following B-field evolution equation:

9B _
ot

v X [vXB]—vx<1v><B), 3)

Ho

where # and v are the local Spitzer resistivity and fluid velocity, re-
spectively. In the ideal-MHD treatment, only the first term on the
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FIG. 7. B-field distributions (T) from ideal- and resistive-MHD FLASH calculations. Ideal MHD predicts >10X increase in B-field strength, whereas a Spitzer model in resistive MHD

shows an increase of ~ 2X.

right-hand side of Eq. (3) is kept. In the case of ideal-MHD, the 10-T
seed B-field can be amplified to over 130 T because of ideal 2D flux
compression. The spatial structure in the B-field strength also follows
the fluid flow, following the “frozen in” understanding of B-field
evolution. With this level of B-field amplification, the dynamic
plasma-f (8 = 2/40pv2/Bz) in the low-density foam (p; ~ 30 mg/cc) and
high-density pusher (p, ~ 300 mg/cc) is ~7 and ~70, respectively.””
From these simple estimates and the ideal-MHD simulations shown
in Fig. 7, one may expect that § < 100 indicates a plasma wherein the
B-field may affect the RT evolution. However, the ideal-MHD picture
is not representative of the experimental system.

Resistivity plays an important role in the evolution of the B-field
and allows B-field lines to diffuse both ahead and behind the shocked
foam region, as illustrated in Fig. 7. The Spitzer-driven diffusion, as
modeled in FLASH, still suggests B-field amplification by a factor of
~2 and occupies a much larger region in the plasma than predicted by
ideal-MHD calculations. Assuming Spitzer resistivities, a fluid ve-
locity of ~40 km/s, and a length scale of ~120 ym, the magnetic
Reynolds numbers for the shocked foam and pusher are ~0.9 and
~0.03, respectively, emphasizing the importance of diffusion in the
system. Amplified B-fields of ~20 T suggest plasma-f values of ~300
and ~3000 for plasma bubbles and spikes, respectively. Observation of
B-field effects on hydrodynamic instabilities in blast-wave-driven

HED systems, such as those discussed herein, requires f < 100 as
shown in ideal-MHD calculations.

To reduce f3 for future experiments, stronger seed B-fields may
be implemented or the platform may be altered to achieve more-
favorable plasma conditions. External B-fields of strengths up to
~40 T have been generated”” to magnetize HED plasmas with long
temporal (220 ns) and spatial (=1 mm) scales. With no additional
platform changes, a fourfold increase of this initial field value results
in B ~ 20 in the shocked foam. To reduce § further, the interface
velocity could be reduced by decreasing the laser energy and in-
creasing the foam density. Pushing the platform closer to the ideal-
MHD regime requires higher temperatures, which reduce the re-
sistivity in the plasma and increase the B-field amplification. This can
be achieved by increasing the ripple wavelength and by reducing the
density of the rippled pusher and increasing the laser drive, although
the latter two platform changes will also increase the velocity. As
temperatures are increased in the future experiments, thermal con-
duction,” Nernst advection,”” and radiative effects’ on RT evolution
will need to be considered. A combination of platform changes will be
necessary to generate plasma conditions with higher Re,, in the future
experiments for driving B-field effects on blast-wave-driven hydro-
dynamic instabilities that are relevant to magnetized fusion implo-
sions and astrophysical objects.
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TABLE I. Nominal parameters for northern rim of Crab Nebula®'>*® and LULI
experiments.

Crab LULI
p1 (glem?) <107 ~3 X 1072 (A = 6.5, Zppax = 3.5)
pn (g/lcm®) ~1072 ~3 X 107" (A = 13.3, Z,0 = 6.3)
g (cm/s?) ~7.3 X 107 ~59 X 10"
AT (cm) ~2 X 10" 12 X 1072
B (T) ~40 X 107° ~20
Y7 (s) ~6.7 X 10’ ~6.3 X 107°
Varife (cm/s) ~10® ~40 X 10°
n;; (cm™) ~1.5 X 107! ~2.8 X 10*!
n;; (cm™) ~1.5 X 10% ~1.3 X 10*
Z ~1 ~1
T[ (eV) ~2 ~5
Th (eV) ~2 ~1
B ~1.6 ~3 X 102
Bn ~1.6 X 10° ~3 % 10°
Re,,; ~3 X 10'8 ~0.9
Re,, ~3 X 10'8 ~0.03
Re; ~1.3 X 10° ~12 X 10°
Rey, ~1.1 X 10° ~2.3 % 108

The primary finding of the work discussed herein, namely the
importance of resistivity in these experiments, clearly differentiates
the laboratory and astrophysical systems in a very fundamental way.
Additionally, radiative cooling in the swept-up supernova ejecta and
RT-spike tips is also believed to play an important role in RT evolution
within the Crab Nebula,”” although this is not relevant in the present
experimental platform. Table T lists nominal parameters for the
northern rim of the Crab Nebula and the parameters that were
achieved in the LULI experiments. While a direct hydrodynamic
scaling’*”” is not yet possible between the Crab Nebula and a lab-
oratory system, one of the ultimate goals of this project is to dem-
onstrate magnetic stabilization of blast-wave-driven hydrodynamic
instabilities, which is yet to be observed in the laboratory, and validate
the modeling of these systems. Future experiments will focus on
increasing Re,, by increasing the laser energy and reducing the mass
density of the rippled pusher. If Re,, can be increased, then the plasma
will behave closer to the ideal-MHD limit, thereby significantly in-
creasing the B-field amplification in the plasma and achieving a more
astrophysically relevant experimental platform.

VI. SUMMARY

Background magnetic fields can alter the evolution of hydro-
dynamic instabilities in magnetized inertial fusion plasmas and in
astrophysical objects, such as the Crab Nebula. The first laboratory
experiments to study these effects in blast-wave-driven RT-unstable
systems were performed at the LULI facility using a laser-driven
shock-tube platform with a pulsed-power solenoid that provided a 10-
T B-field across the entire target volume. Analysis of over 20 indi-
vidual experiments showed no measurable difference in the P-V
amplitude growth between the 0-T and 10-T cases. These results are
consistent with resistive-MHD FLASH calculations using a Spitzer
resistivity model. Ideal-MHD FLASH simulations, while not repre-
sentative of the experimental system, do predict a suppression of RT

RESEARCH ARTICLE scitation.org/journal/mre

growth and now provide insight into which plasma regime is nec-
essary for observing this phenomenon in the laboratory, i.e., an upper
estimate of the minimum plasma beta (5 < 100) necessary to observe a
modification in RT growth. Resistive-MHD FLASH simulations
showed no difference between the 0-T and 10-T cases but did show
that the B-field was amplified approximately twofold. With this level
of B-field amplification, the achieved plasma-f was too high (~300)
for the field to alter the hydrodynamic behavior. This work dem-
onstrates the necessity of using resistive MHD to model these planar
laboratory systems and that a Spitzer model is sufficient for the plasma
conditions expected in these environments. Future experiments will
focus on increasing the magnetic Reynolds number to achieve a
system closer to the ideal-MHD limit while also increasing the
background B-field strength.
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penetration of the coating material into the foam structure.

Matter Radiat. Extremes 6, 026904 (2021); doi: 10.1063/5.0025374
©Author(s) 2021

6, 026904-7


https://doi.org/10.1063/5.0025374
https://scitation.org/journal/mre

Matter and

Radiation at Extremes

400 LPI quasi b)
=

2) Au mesh knife-edge

Normalize
Amplitude

(<]
~—

29000

Counts

13000

drive
direction

21000

RESEARCH ARTICLE scitation.org/journal/mre

— Axial Direction ——Radial Direction - Mesh

0 0.2 0.4 0.6 0.8 1

T —Data
----Knife Edge
—11pix Blur

0 0.2 0.4 0.6
Position [cm]

FIG. 9. (a) X-ray radiograph of undriven target showing foam-filled shock tube; the CHI is obscured by the shielding. (b) Lineouts of mesh in near-axial and near-radial directions
show an isotropic magnification of 17.2. (c) A Gaussian blur with a standard deviation of 11 pixels fits the knife-edge data and corresponds to a 20 resolution of ~32 um.
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APPENDIX A: GACH FOAM CHARACTERISTICS

The low-density foam (~8.5 mg/cc) used in these experiments
is a new polymer-based aerogel developed at General Atomics [see
Fig. 8(a)]. This material has a 1:1 C:H ratio, making it ideal for
applications requiring low-Z materials. This foam material has been
doped covalently with deuterium (GACD), or with nanoparticles of
mid-to high-Z materials, such as gold or zinc-oxide [see Fig. 8(b)]. It is
often cast into the desired shape or laser-cut, but higher-density foam
(2100 mg/cc) can also be machined through traditional techniques.
Plastic and metal coatings have been demonstrated on these foams
[see Fig. 8(c)] and show little to no penetration of the coating into the
foam structure. GACH can be fabricated at densities of ~2 mg/
cc-200 mg/cc with pore sizes typically less than ~1 ym, making this
foam an ideal candidate for low-Z, low-density applications.

APPENDIX B: BACKLIGHTER CHARACTERIZATION

As shown in Figs. 9(a) and 9(a) gold mesh was attached to each
target to characterize the magnification and spatial resolution of the
x-ray radiography diagnostic. The 63.5-um pitch of the mesh allows
for accurate measurement of the magnification and is shown to be
isotropic by lineouts in both the near-axial and near-radial directions,
as shown in Fig. 9(b). The edge of the mesh provides a quasi knife edge
with which to measure the resolution limit of the diagnostic.
Figure 9(c) shows a lineout across the edge and the best-fit ideal knife
edge blurred with a Gaussian with a standard deviation of ¢ = 11
pixels. Using the measured magnification and 25-ym pixel size, the
inferred 2o resolution of this shot is ~32 ym. This resolution limit is
set by the effective source size, which depends on the diameter of the
wire target, the angle relative to the intended line of sight, and the
emission of the plasma as it expands during the 10-ps pulse.”’
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