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ABSTRACT

In this paper, we introduce a novel experimental platform for the study of the Richtmyer–Meshkov instability in a cylindrically converging
geometry using a magnetically driven cylindrical piston. Magnetically driven solid liner implosions are used to launch a shock into a liquid
deuterium working fluid and, ultimately, into an on-axis rod with a pre-imposed perturbation. The shock front trajectory is tracked through
the working fluid and up to the point of impacting the rod through the use of on axis photonic Doppler velocimetry. This configuration
allows for precise characterization of the shock state as it impacts the perturbed rod interface. Monochromatic x-ray radiography is used to
measure the post-shock interface evolution and rod density profile. The ALEGRA MHD model is used to simulate the dynamics of the
experiment in one dimension. We show that late in time the perturbation growth becomes non-linear as evidenced by the observation of
high-order harmonics, up to n¼ 5. Two dimensional simulations performed using a combination of the GORGON MHD code and the
xRAGE radiation hydrodynamics code suggest that the late time non-linear growth is modified by convergence effects as the bubbles and
spikes experience differences in the pressure of the background flow.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013194

I. INTRODUCTION

Hydrodynamic instabilities are ubiquitous processes across much
of the physical sciences. They are recognized as key processes responsi-
ble for the structures observed in supernova remnants,1 astrophysical
jets,2 and nebulae, as well as critical effects required for understanding
weather phenomena ranging from storms to regional weather patterns.
Additionally, instabilities are a primary degradation mechanism in
inertial confinement fusion experiments, being responsible for weak-
nesses in the confining shell and mixing of material into the hot fuel,
both of which will reduce the fuel pressure and, accordingly, the ther-
monuclear output.3 It is in this context that we are interested in the
study of hydro-instabilities in the high energy density (HED) regime.

The Richtmyer–Meshkov (RM) instability develops when a shock
crosses an interface with some perturbation present.4,5 The interaction
of the shock with the perturbation deposits vorticity at the interface,
causing the perturbation to grow.6 It is distinct from the related

Rayleigh–Taylor (RT) instability which is driven by the sustained
acceleration of a light fluid acting on a heavier fluid.7 The RT instabil-
ity is unstable only in this configuration, while the RM instability is
unstable as long as there is a density mismatch at the interface, regard-
less of which fluid is heavier.

Lasers have traditionally been the preferred driver for HED insta-
bility experiments due to their availability and flexibility in creating
different drive profiles used to isolate individual unstable processes.
Planar versions of these experiments use a laser-driven shock to initi-
ate the unstable flow across an interface with a machined perturbation.
The relatively low available energy and small spot sizes provided by
lasers necessitate that the samples be small and the perturbations cor-
respondingly smaller. Additionally, until recently these experiments
were limited to very short timescales (�10 ns). The advent of the
Hohlraum driven shock-shear,8,9 Mshock,10 and RT11,12 platforms on
the NIF and a direct drive technique on OMEGA EP13,14 have
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extended the drive times to >20 ns although the spatial scales are still
small, stretching the capabilities of existing radiographic diagnostics.

There is also a history of cylindrical laser-driven experiments,
where reshock and subsequent mixing have been studied,15–17 as well
as more recent experiments on OMEGA and the NIF that have stud-
ied the growth of azimuthal perturbations in experiments that were
hydrodynamically scaled between the two facilities.18 The cylindrical
experiments are limited to very short timescales, �5� 7 ns, on
OMEGA and< 1mm initial target diameter. The most recent experi-
ments on NIF covered a timescale of �20 ns and an initial target scale
of�2 mm.

Pulsed power drivers such as the Z machine at Sandia National
Laboratories19 are able to deliver significantly more energy to the tar-
get at the expense of power (e.g., Z is able to deliver�2MJ of magnetic
energy to a target, compared to �100 kJ of x-ray drive at the NIF20

and �20 kJ of laser energy at OMEGA21). This enhanced energy ena-
bles the use of larger targets and larger perturbations, providing higher
resolution of the unstable dynamics of interest over time scales compa-
rable to recent NIF experiments. Small modifications to the targets
could allow longer timescales to be investigated. Additionally, mag-
netic drive effectively eliminates the preheat that can be experienced in
laser driven platforms, providing better knowledge of the initial condi-
tions at the interface of interest and eliminating the need for pre-heat
shields which can significantly complicate target fabrication. Finally,
we exploit the natural cylindrical geometry of magnetically driven sys-
tems to eliminate edge effects through azimuthal symmetry, obviating
the need for tracer layers yet still allowing quantitative local density
measurements via Abel inversion.

In what follows, we describe the novel use of the Z pulsed power
machine to drive a pure (i.e., no magnetic field in the flow of interest)
hydrodynamic, cylindrically convergent RM experiment. In Sec. II, we
discuss the general design principles of a magnetically driven conver-
gent RM experiment as well as the specific considerations relevant to
these experiments illustrated using 1D ALEGRA calculations.22 In Sec.
III, we show the data obtained in these experiments and describe the
analysis techniques. Comparisons with 1D ALEGRA simulations as
well as 2D simulations provided by a novel linking of the GORGON
MHD23 and xRAGE radiation hydrodynamics24 codes are shown.
Finally, in Sec. IV we discuss the results and future applications and
extensions of this platform.

II. EXPERIMENTAL DESIGN

The natural geometry for magnetically driven systems is cylindri-
cal as the current flows along a single axis and produces the self-
generated Lorentz force that acts radially inward. The Z-machine can
drive currents in excess of 20 MA, producing pressures in excess of
100 Mbar. When that current flows through a metallic liner, as shown
in Fig. 1(a), the liner will implode, causing the magnetic pressure to
increase further accelerating the liner to � 20 km/s, or more. This has
been exploited to produce thermonuclear fusion,25,26 to study the
physics of stagnation,27 and to produce large magnetic fields via flux
compression.28,29

Figure 1(a) shows the experimental configuration used for these
experiments. A cylindrical beryllium liner is placed at the center of the
machine and current is fed to the liner through the final power feed.
In this configuration, the return current can is made of Be so as to be
transparent to the probing x rays. The Z-Beamlet laser30 is used to

strike two metal targets, which are placed outside the return can, that
generate the x-rays used to probe the implosion. The x-rays pass
through the load and are reflected by two spherical crystals which
focus the x rays and select only a single photon energy. In these experi-
ments, we used the 7.2 keV Co backlighter configuration31 which pro-
vides �12 l m spatial resolution with a 4� 12mm field of view at the
load.

Also shown in Fig. 1(a) is the on-axis photonic Doppler velocim-
etry (PDV) probe. This probe is similar to that fielded previously27

and is used to measure the imploding shock and liner velocities. The
probe can, in principle, measure the shock velocity all the way up until
the point that the shock hits the probe. Since the probe outer radius
coincides with the rod radius, this is a direct measurement of the shock
at the time of impact.

A cross section of the target geometry is shown in Fig. 1(b). The
inner radius of the liner is 4.48mm with a thickness of 0.64mm. The
solid Be rod on-axis has an initial radius of 0.8mm and a perturbation
machined into it with the k-vector in the z-direction (i.e., it is azimuth-
ally symmetric). The mode chosen here has a wavelength k ¼ 300lm
and an amplitude h0 ¼ 15 lm (peak-to-peak amplitude of 30 lm),
giving kzh0 ¼ 2p=k=h0 ¼ 0:31, indicating that growth will be in the
linear regime initially, but will relatively quickly cross the threshold
condition kzh ¼ 1, indicating we should expect non-linear growth. The
volume between the liner and rod is filled with liquid deuterium cryo-
genically cooled to 22K for an initial density of 167mg=cm3.

The target materials and dimensions were chosen to balance a
number of competing factors. The primary consideration is that the
7.2 keV x rays should be able to penetrate the liner and on-axis rod
with sufficient contrast and signal to allow observation of the interface
as well as the interior of the rod. This necessitates the use of Be as the
only transparent conductor that is readily used on Z. Additionally, the
working fluid between the rod and liner must be transparent and be a
liquid so that it will fill the volume conformally. Cryogenic deuterium
is an easy choice for this as its properties are well understood in this
regime, routinely used on Z, and satisfy these constraints. The outer
diameter and aspect ratio of the liner were chosen to match the energy
and pulse length of the driver and balance concerns of stability (which
drives to lower aspect ratio) and transparency (which drives to higher
aspect ratio). The height of the imploding region is chosen such that
any edge waves from the top and bottom surfaces of the implosion
will not impact the field of view of the experiment during the times of
interest. Finally, the rod diameter sets the shock pressure and the time
over which the first shock dynamics evolve. Due to convergence
effects, the shock increases in strength as a function of radius. We
desire that the rod be melted by the shock so that strength effects are
minimized. This sets a maximum radius, above which the shock is too
weak to melt the Be. We also require that we have> 10ns to observe
the first shock dynamics, which sets a minimum radius. These con-
straints allowed us to arrive at the present design; however, there are
many other configurations that could produce a satisfactory experi-
ment. The options are further expanded if a significantly higher pho-
ton energy backlighter is available as this allows a greater variety of
material choices.

A. Shock Dynamics

In the experiments reported here, we use the imploding liner as a
piston to drive a strong, converging shock into an on-axis target. The
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liquid deuterium acts as a working fluid, transmitting the shock from
the imploding liner to the on-axis rod. Figure 1(c) shows the dynamics
of the implosion from a 1D ALEGRA simulation. ALEGRA is used to
model these experiments due to its demonstrated capability to accu-
rately simulate magnetically driven flier plates and liners.27,32–35 For
these simulations, we use tabulated Sesame equations of state36 and
electrical conductivities based on Lee-More-Desjarlais (LMD) and
Density Functional Theory (DFT) models.37–40 The gradient of the
material pressure normalized to the material pressure is plotted, allow-
ing easy observation of the movement of shocks in the system. The
interfaces are plotted as red lines. The magnetic pressure on the exte-
rior of the liner increases as the square of the current, eventually
becoming great enough to implode the liner, driving a shock in the
deuterium. The shock increases in strength due to convergence
effects41 and is constantly supported by the imploding liner behind it.

Figure 1(d) shows a close up of the interaction of the shock with
the rod. When the shock hits the rod, the interface is impulsively

accelerated to a roughly constant velocity of �20 km/s, and a strong
shock is transmitted into the beryllium. The shock then reflects off the
axis and strikes the beryllium/deuterium interface for the second time.
There is a transit time of �17 ns in between the first shock and re-
shock, during which time the rod interface implodes with nearly con-
stant velocity and the RM instability causes the initial perturbation to
grow. During this phase, the interface experiences a nonzero radial
acceleration that leads to a small growth amplification due to the RT
instability. However, using the 1D calculation to estimate the time
over which the interface is RT unstable, we find that we would expect
a growth factor of three, while the RM growth factor is expected to be
eight over the same period. Therefore, we treat the dynamics during
this first-shock phase as being dominated by the RM instability. After
reshock the situation gets significantly more complicated: multiple
reflected shock waves are seen reverberating in the compressed rod
and deuterium regions. More specifically, for a brief�2 ns period after
reshock, there is a violent phase inversion of the interface perturbation,

FIG. 1. (a) Cross section view of the load region and the target showing the return current can (anode), liner (cathode), PDV probe, and the on-axis solid rod. (b) Schematic of
the target geometry. The axis of symmetry is at r¼ 0. (c) Radius-time plot (on machine time) showing the implosion of the liner, driving a strong shock into the rod. Material
interfaces are shown in red. The load current is shown in blue. (d) Close up view of (c) showing the interaction of the shock with the rod. The constant velocity motion of the
rod and the transmitted shock are clearly visible as well as the re-shock occurring at t � 3105 ns. The greyscale image in (c) and (d) is / rP=P, meant only to highlight the
location of the shocks.
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which is primarily dominated by the RM instability. In the subsequent
phase �2� 8 ns after reshock, a small yet nonzero inward accelera-
tion of the interface causes the surface perturbation to rapidly grow
due to the RT instability. In the experiments reported in this paper, we
focus on the relatively simpler growth of the perturbation during the
first-shock phase; i.e., between 3085 and 3106ns in Fig. 1(d).

B. Magnetic Diffusion

In order to drive purely hydrodynamic instability growth, we
must ensure that the magnetic field used to drive the liner is suffi-
ciently excluded from the region of the shock interaction so that it
does not have an effect on the dynamics. This corresponds to the con-
dition that b� 1, where b � Pkin=Pmag is the ratio of the kinetic to
magnetic pressure in the region and times of interest. Satisfying this
condition ensures that any magnetic field that does diffuse into the
region of the rod will not perturb the dynamics, thus making sure this
platform is suitable for hydrodynamic instability studies.

Current initially flows on the exterior of the liner and, as it
increases, the magnetic field will begin to diffuse into the bulk liner
material. As the current increases further, the magnetic field will exert
sufficient pressure on the liner to move it. This can result in the forma-
tion of a shock inside the liner. When this occurs, the bulk of the liner
material will move once the shock breaks out of the inner surface. In
general, the magnetic field diffusion front will closely follow the shock
in the liner. Therefore, minimizing or eliminating the shock entirely in
the liner will help to limit the diffusion of drive field into the interior
of the liner. This can be accomplished by tailoring the current pulse
amplitude in time or choosing the liner thickness such that the pres-
sure waves launched at the drive surface coalesce at a radius that is
smaller than the inner radius of the liner, preventing the formation of
a shock inside the liner.35

For these experiments, we chose to operate Z in long-pulse
mode, with a current rise time of�300 ns, which helps to adiabatically
compress the liner and hold off the subsequent magnetic field diffu-
sion that rapidly occurs in shock-melted liners. Figure 2 shows the

evolution of the material density and b as a function of radius at two
different times after the shock has impacted the rod as predicted using
1D ALEGRA simulations. At all times, b � 105 at the interface between
the deuterium and the rod and �100 at the deuterium/liner interface.
The location where b � 1 is always located on the outskirts of the liner
material. Barring anomalous magnetic diffusion that is not captured in
the code, which would have to be incorrect by several orders of magni-
tude, we are confident that the drive field is sufficiently excluded from
the region surrounding the rod so as to make this a purely hydrody-
namic experiment.

It is worth noting that as the parameters of the experiment are
varied, this question should be revisited. If, for example, the initial liner
diameter is made substantially smaller, this could change the distribu-
tion of magnetic field, and pulse shaping could be required to mitigate
field diffusion into the region of interest.

III. DATA AND ANALYSIS

As stated, radiography is the primary diagnostic used to measure
the evolution of the perturbation. Figure 3(a) shows an example radio-
graph obtained on experiment z3244. The radiograph has been cor-
rected for transmission and is displayed in units of optical depth,
s� ¼ �ln ðTxÞ, where Tx is the measured transmission and s� ¼ q‘j�
is the optical depth. With knowledge of the opacity j� , this informa-
tion can be used to determine the local material density by Abel inver-
sion. A few important features are apparent in the radiograph in
Fig. 3(a). We see the inner surface of the liner at a radius of approxi-
mately 0.5mm, and we can see the modulation of the liner density by
the magneto-Rayleigh Taylor instability. These modulations produce
variations in optical depth at the interior of the liner which lie overtop
of the rod, highlighted by the red box. This instability is the chief dele-
terious effect that must be controlled in order to produce a 1D cylin-
drical interaction with the rod. If this instability grows too far, it can
imprint on the rod and complicate the dynamics. Figure 3(b) shows a
close up of the rod from the same radiograph. The perturbation on the
outside of the rod is clearly visible, as well as the shock inside the rod
which is at a radius of�400 l m in this image.

Figure 4 shows the rod density obtained by Abel inversion of all
five radiographs acquired in this campaign. This progression clearly
shows the evolution of the perturbation and the propagation of the
shock inside the rod. Figure 4(a) was obtained just prior to the impact
of the shock with the rod, providing an in situ image of the initial con-
dition. Analysis of this image shows that the rod has not been per-
turbed from its initial state. The wavelength and amplitude match the
design specifications, and there are no observable effects of parasitic
current flow in the rod (e.g., premature expansion or surface modula-
tions), thus proving the lack of deleterious pre-heating effects com-
monly observed in other platforms. Stepping forward in time we see
the perturbation amplitude grows and the shock front converges
toward the axis. In Fig. 4(e), the shock has reflected off the axis and is
propagating back outward toward the interface although it has not
impacted the interface yet. In each of the frames, it is clear that the
shock front is remarkably straight over the entire 2mm field of view
used for analysis, and no curvature of the perturbed interface is
observed. These observations indicate that, apart from the perturba-
tion growth itself, the shock and compression dynamics are highly 1D,
as expected.

FIG. 2. Plot of the material density (solid lines) and plasma b (dashed lines) at
t¼ 3080 ns (blue) and t¼ 3088 ns (orange) showing that the rod is not significantly
affected by the drive magnetic field.
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Because we can only measure the density of the beryllium at each
point in time represented by the radiographs, and not all of the rele-
vant flow variables, we must convince ourselves that the 1D simula-
tions adequately reflect the experimental dynamics in order to fully
analyze the instability growth. Figure 5 shows the 1D simulated in-
flight dynamics compared to the measured PDV data. Figure 5(a)
shows the velocity of both the liner (dashed black line) and the shock
(solid black line) from the simulation compared to the measured shock
(yellow) and liner (orange) velocities. The agreement is generally quite
good, apart from a small region in time around 3000ns. Figure 5(b)
shows the same data, integrated in time to give the shock and liner tra-
jectories compared to 1D. The PDV system only returns useful data
from a portion of the trajectory, but it is long enough to confirm that
the shock is being launched as predicted and is in agreement with the
1D simulations up to a convergence ratio of �2. To validate the
dynamics further, we must examine the radiographs in more detail
and compare them to the density profiles predicted by 1D.

Figure 6 compares lineouts of the measured density profile from
the images obtained on experiment z3244 at t1 ¼ 3095 ns(a) and t2
¼ 3104 ns(b) to lineouts from a post-shot 1D simulation driven with
the measured load current at the corresponding times. The experimen-
tal data are shown in black, the simulated Be density profile is shown
in blue, and the simulated deuterium density profile is shown in
orange. The materials are plotted separately because the deuterium is
not observable in the experiment due to its low opacity to the 7.2 keV
radiography probe x rays. The experimental lineouts are taken by
averaging the Abel inverted density profiles over a height of�1 mm to
reduce noise. It is readily seen that at both times the inner surface of
the liner, the outer surface of the rod and the location of the shock in
the rod are all reproduced very accurately by the simulation. The den-
sity of the outer surface of the liner is not accurately captured, but this
is due to the higher dimensional structures associated with the MRT
instability on the drive surface of the liner. It is also worth noting that
the rod/deuterium interface is sloped in the radial direction in the

FIG. 3. (a) Full radiograph (shown in optical depth) from z3244. The liner inner surface is seen at r � 1 mm with the magneto Rayleigh–Taylor instability evident on the exte-
rior. The perturbed rod is visible in the center of the image. (b) Close-up view of the rod showing the perturbation and the location of the shock inside the rod.

FIG. 4. Be rod densities obtained by Abel inversion of the radiographic data at times (a) z3023 t1 ¼ 3081 ns, (b) z3190 t2 ¼ 3093 ns, (c) z3244 t1 ¼ 3095 ns, (d) z3023 t2 ¼
3099 ns, and (e) z3244 t2 ¼ 3104 ns. The colorbars above each image show the density in g/cm3.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 27, 092707 (2020); doi: 10.1063/5.0013194 27, 092707-5

Published under license by AIP Publishing

https://scitation.org/journal/php


experimental data, while it is sharp in the simulation. This is simply
because the experimental lineouts are averaged over the perturbation
which introduces a variation in the location of the interface as a func-
tion of height which is not captured in the 1D simulation. It is appar-
ent that this effect is exacerbated at late times when the perturbation is

larger. Despite this complication, the agreement is excellent and repre-
sentative of the agreement between the data and simulation at all
times. The agreement between the Be densities and locations of multi-
ple interfaces strongly suggests that 1D simulations are sufficiently
accurate to constrain quantities that are not directly measurable, such
as the deuterium density which is needed to determine the Atwood
number.

Using a density tracking algorithm, we are able to track the con-
tour of the perturbation on each image shown in Fig. 4 for the left and
right sides of the image. An example of this is shown in Fig. 7(a) for
the right side of the rod in the first image taken on z3244 [correspond-
ing to Fig. 4(c)]. The location of the shock in the rod is also shown as
the dashed red line in this image. These contours allow us to derive
the perturbation amplitude and interface position as a function of
time. The location of the interface is determined by finding the radial
position at which the bubbles and spikes occupy equal volume. The
bubble and spike volumes are determined as

VB;S ¼ p
ð
H
jr2B;S � r2intjdz; (1)

where rB;S is the position of the bubble (spike) as a function of height
and rint is the position of the interface, which is varied until VB ¼ VS,
shown in Fig. 7(b). This metric for determining the interface position
is found to be in excellent agreement with the 1D simulations.

With this information we can then determine the interface posi-
tion as a function of time and the growth of the perturbation. We find
that the measured interface velocity is vi ¼ 19:56 2 km/s and the
transmitted shock velocity in the rod is vS;T ¼ 26:76 2 km/s.
Examining the 1D simulation results, we find that the Atwood number
is constant in time and has a value of AN ¼ ðqBe � qDÞ=ðqBe þ qDÞ
¼ 0:53, and the reflected shock in the deuterium region has a velocity
in the lab frame of vS;R ¼ 0 km/s, i.e., it is a standing shock. This infor-
mation allows us to compare the measured growth to analytic predic-
tions. Lombardini et al. have developed a linear theory for the RM
instability that takes into account convergence effects as well as the
impact of the proximity of the reflected and transmitted shocks to the
interface.42

In order to appropriately compare with theory, we must account
for the compression of the perturbation due to the passage of the
shock. Generally, RM theory uses this post-shock amplitude as the ini-
tial condition for calculations. We do not have a radiograph of this
phase, and the compression occurs while the interface is being acceler-
ated to its terminal post-shock velocity, so the measurements of the
shock and interface velocities cannot be used to estimate it either.
Using the 1D simulation, we determined how far the interface is dis-
placed by the time the shock reaches the lowest point in the perturba-
tion (i.e., by the time the shock has traveled 15lm). In this time, the
interface has moved 5 lm. We then assume that the highest point in
the perturbation has moved twice as far, e.g., 10 lm, because it has
been moving for twice as long. This gives a post-shock perturbation
amplitude of hPS ¼ 10 lm, a compression factor of �1:5�, which
takes approximately 0:5 ns to occur.

Figure 8 shows the data points compared with the cylindrical the-
ory using hPS as the initial amplitude, plotted against the normalized
interface displacement kzdr, where kz ¼ 2p=k ’ 21mm�1. The
shaded bands around the lines denote the theory predictions within
the confidence interval for the measured interface velocity. We find

FIG. 5. Comparison of simulated and measured inflight trajectories for the liner and
shock. (a) In flight shock (yellow) and liner (orange) velocities measured by PDV
compared with simulation (black solid and dashed lines, respectively). The drive
current is shown for reference in blue. (b) Position as a function of time for the
shock (yellow) and liner (orange) obtained by integration of the velocities compared
with simulation. The dashed black line shows the location of the rod.

FIG. 6. Density lineouts from experiments z3244 t1 (a) and t2 (b) shown in black.
Density profiles from the 1D simulation at the corresponding times are also shown
in blue (Be) and orange (D2).
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that the cylindrical theory agrees quite well with the measurement ini-
tially, then seems to lie between the later two data points, making it
seem as though the perturbation is briefly growing faster than linear
theory predicts. This is, in particular, surprising since, for the last two
measurements, the instability is clearly in the nonlinear regime with
kzh > 1. It is also worth noting that weakly nonlinear theories suggest
that the RM instability should slow down once it enters the nonlinear
regime.43,44 In contrast, these measurements suggest that the

perturbation is briefly growing faster than what linear theory predicts.
This discrepancy may be in part due to the fact that a constant inter-
face velocity is used or to the fact that the RT contribution is not
inlcuded in this analysis.

Upon examination of the contours from the last data point, it is
apparent that the growth has become nonlinear and there is obvious
asymmetry between the bubble and spike regions. Despite the agree-
ment with 1D simulation, the metric used to determine the interface
position may be suspect due to the asymmetric shapes of the bubbles
and spikes. Additionally, the amplitude of the mode is now a signifi-
cant fraction of the rod’s radius, implying that convergence effects
should be strongly modifying the evolution of the perturbation.

Figure 9 shows the Fourier transform of the contours derived
from both images obtained on z3244. The earlier image is shown in
blue and the later image, which corresponds to the latest observed data
point, in orange. The large peak centered at kz ’ 21 mm�1 corre-
sponds to the seeded perturbation and defines the first harmonic
(n¼ 1). Already in the earlier data we see the appearance of energy in
the second harmonic (n¼ 2), but nothing noticeable above the noise
at higher wavenumbers. At the later time, however, we see energy in
all modes up to n¼ 5 indicating that the mode growth is nonlinear.
Although it is not shown, the contour corresponding to z3023 t2 [Fig.
4(d)] also shows the presence of higher modes at significant ampli-
tudes, even though the total growth seems to be greater than that pre-
dicted by linear theory. At this time, the perturbation growth satisfies
kzh > 1. Therefore, the perturbation growth has entered the nonlinear
regime, and one would expect the growth to be slowing down relative
to linear predictions. As stated, this could be due to a breakdown of
the constant velocity assumption or the influence of modest RT
growth coupling to the RM process.

Two dimensional simulations were performed using a combina-
tion of the GORGON MHD code and the xRAGE radiation

FIG. 7. (a) Right side of the rod from the first image taken on z3244 showing the perturbation contour (solid red) and the shock position (vertical dashed red). (b) Contour plot-
ted with the interface position (bold black line) shown equally dividing the bubble (red) and spike (green) volumes. The average perturbation amplitude is denoted by the thin
black lines with uncertainty denoted by the thin dashed black lines.

FIG. 8. Growth of the seeded perturbation as a function of the dimensionless dis-
placement of the interface, kzdr . Here kz ¼ 2p=k is the mode wavenumber and dr
is the displacement of the interface from its initial position. kzdr ¼ 0 is the point
when the shock first hits the interface. Predictions of the growth using the theory
from Lombardini et al.42 is plotted using the Atwood number determined from simu-
lation, AN ¼ 0:53, as the shaded region. The widths of the shaded regions are
determined by the confidence interval for the measured interface velocity. Results
from the 2D simulation are shown as the dashed blue line.
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hydrodynamics code. GORGON is used to model the drive of the liner
through peak current, evolving the instabilities on the outer surface in
a manner that has been shown to be consistent with previous experi-
ments.35,45 For this portion of the calculation, a three dimensional
Eulerian grid with 30lm resolution was used with no strength model,
tabulated Sesame equations of state, and electrical conductivities based
on LMD and DFT. At a point shortly before the shock impacts the
rod, all of the hydrodynamic information from GORGON is linked to
xRAGE in 2D cylindrical geometry, eliminating the electromagnetic
fields, using the RageRunner tool. From this point on, the liner and
shock dynamics proceed ballistically. Since all of the dynamics of inter-
est occur after peak current, when the majority of the drive energy has
already been delivered, and because we have shown magnetic fields in

the vicinity of the rod are negligible, this paradigm is well suited to
modeling this experiment. Shown are simulations using three levels of
adaptive mesh refinement (AMR) in xRAGE to resolve the perturba-
tion to 3:73 lm resolution (a convergence study ran to four levels of
AMR, 1:86lm resolution, and found that the large scales of the per-
turbation were already resolved at this level). The same tabulated equa-
tions of state were used as in the GORGON calculation and no strength
models were used as the rod is melted by the shock. This formalism
leverages the strengths of each of these tools that have been developed
and exercised against experiments for years without requiring lengthy
development and benchmarking of new tools. Figures 10(a) and 10(b)
show density plots from the xRAGE simulation at times corresponding
to the images from experiment z3244 (Figs. 4(c) and 4(e),
respectively).

The xRAGE simulation reproduces the interface position, shock
position, and perturbation amplitude well at both times. The experi-
mental perturbation profiles and shock locations are shown in red for
comparison. The details of the perturbation shape are not reproduced
exactly (xRAGE predicts more high-mode structure), but the overall
amplitude agrees extremely well. The mode growth is extracted from
these simulations and shown in Fig. 8 as the dashed line. The agree-
ment between experiment and simulation is quite good at all times,
and better than the theory. The initial compression of the perturbation
is also in good agreement with our simple estimate. The precipitous
rollover of the instability amplitude seen in the calculation suggests
that the nonlinear behavior of the mode is likely due to convergence
effects after all. The simulation shows that at this time, in agreement
with experiments, the shock has not restruck the interface. However,
the pressure is rising dramatically due to the high degree of conver-
gence. This is shown in Fig. 10(c) where the pressure (solid lines) and
velocity (dashed lines) are shown for the bubble (blue) and spike
(orange) tips as a function of time. The vertical black lines mark the
times corresponding to the two images in (a) and (b). It is apparent
that the bubble tips are experiencing this rise in pressure sooner and

FIG. 9. Fourier transforms of the contours obtained from experiment z3244. t1 is
shown in blue corresponding to a displacement kzdr ¼ 5:6 and t2 is shown in
orange corresponding to kzdr ¼ 11:8.

FIG. 10. (a) Density plot from the xRAGE simulation at the time corresponding to the image recorded on z3244 t1 [shown in Fig. 4(c)]. (b) Density plot from the xRAGE simu-
lation at the time corresponding to the image recorded on z3244 t2 [shown in Fig. 4(e)]. The solid red lines show the experimentally measured perturbation at each time. The
vertical dashed lines show the experimentally measured mean shock location at each time. Colorbars above (a) and (b) represent the material density in g/cm3.(c) Pressure
(solid lines) and radial velocity (dashed lines) from the xRAGE simulation for tracers placed at the bubble (blue) and spike (orange) tips. Vertical black lines correspond to the
times at which the images were taken.
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more dramatically than the spikes, again due to convergence effects.
This asymmetry is causing the bubbles to effectively slow down and
become flatter, giving rise to the higher order harmonics. This deceler-
ation can be seen in the velocity traces, both of which turn upward at
�3098 ns, marking a deceleration of the interface due to increasing
back pressure. The bubble, however, experiences a much more dra-
matic deceleration than the spike. This phase corresponds to a time
when the RM process is being directly modified by convergence
effects. Finally, the sharp vertical rise in each of the traces corresponds
to the time at which the reflected shock impacts the perturbation.
There is a �2:5 ns delay between when the bubble and spike experi-
ence this reshock.

IV DISCUSSION AND FUTURE WORK

In this work, we have established the use of cylindrical compres-
sion by magnetic fields as a powerful tool in studying hydrodynamic
instabilities in the HED regime. The energy provided by the use of the
Z pulsed power generator to perform the compression affords several
distinct advantages including the following: (1) Pulsed power elimi-
nates hot electron preheat caused by high power lasers, (2) it enables
the use of large samples and wavelengths that can be highly resolved
with available diagnostics, and (3) it affords the use of solid and liquid
materials eliminating the need for foams and precision match-
machining of interfaces. Additionally, the cylindrical geometry pro-
vides a natural reshock as well as the ability to perform Abel inversions
to obtain the local material density. With regard to item (2), the radi-
ography diagnostic used in this study provides a large field of view
(�4mm) with a high spatial resolution of �12 lm. The perturbation
wavelength of 300lm affords the ability to measure a large number of
wavelengths within this field of view, providing high confidence obser-
vation of high harmonics in the non-linear growth phase. We
observed the presence of the fifth harmonic of the seeded mode, corre-
sponding to a wavelength of 60lm, which is still well resolved. By
contrast, laser driven planar platforms on the NIF typically achieve a
spatial resolution of�25 lm using a large area backlighter and pinhole
array.11 Recent work has implemented a crystal imager similar to that
used in this study to achieve higher spatial resolution46 although the
target dimensions and field of view provided in this system are sub-
stantially smaller than those provided by these experiments.

In order to compare these experiments with high fidelity simula-
tions, a link was developed between the GORGON MHD code and the
xRAGE radiation hydrodynamics code. This capability, called
RageRunner, is well suited to modeling these experiments. The mea-
sured perturbation amplitude is compared with both 1D theory and
the 2D calculations. Only the 2D calculations show that the late time
non-linear growth is likely modified by convergence effects as the bub-
bles experience a higher back-pressure than the spikes. Detailed analy-
sis of the simulations show that the bubbles experience an onset of
back pressure and associated deceleration more severely and before
the spikes do. This results in a flattening of the bubbles relative to the
spikes and associated growth of higher order harmonics. The excellent
agreement between experiment and simulation at the measurement
times supports this conclusion.

Future work on this platform will focus on improving the stabil-
ity of the liner so that measurements can be made later in time at
higher convergence and after the interface is reshocked. We will also
explore the use of multiple wavelengths to increase the amount of data

obtained on a single shot. The reshock phase is a particularly interest-
ing area of future study. Simulations predict a relatively long, �20 ns,
dwell time after re-shock where the interface is approximately station-
ary and the perturbation continues to evolve before disassembly
occurs. This will provide an opportunity to study instability-driven
mixing between the fluids at high energy density and with convergence
effects over �40 ns drive times. Finally, the large energy available and
flexibility of pulsed power drive enables us to explore the use of nested
cylinders, azimuthal modes, and 3D helical modes, all of which are
currently being considered.
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