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Abstract: We report on results of an experimen-
tal study of the Richtmyer-Meshkov instability. The
growth of the mixing region in the nonlinear regime
1s measured for a set of cases in which the ampli-
tude and wavelength of the initial perturbation are
varied systematically. The experiments are con-
ducted on the Nova laser facility, and use a Nova
hohlraum as a driver source to launch a high-Mach-
number shock into a miniature shock tube attached
to the hohlraum. The shock tube contains bromi-
nated plastic and low-density carbon foam as the
two working fluids, with a micro-machined, trian-
gular sawtooth interface between them serving as
the initial perturbation. The sawtooth perturba-
tion waveform is dominated by a single mode, and
the perturbation amplitudes are chosen to expe-
dite transition into the nonlinear phase of the in-
stability. The shock, upon crossing the pertur-
bation at the interface, instigates the Richtmyer-
Meshkov instability. The resulting growth of the
mixing region is diagnosed radiographically. Quan-
titative measurements of the temporal growth of
the width of the mixing region are made for
six different combinations of amplitude and wave-
length, building upon previous results which em-
ployed a single amplitude/wavelength combination
[Peyser et al. (1995), Miller et al. (1995)]. Data
from both experiment and supporting simulations
suggest that the nonlinear growth of the mix width
admits a logarithmic time dependence. The results
also suggest that, properly normalized, the total
mixing width grows in a nearly self-similar fashion,
with a weak shape dependence.

Key words: Richtmyer-Meshkov, instability, mix-
ing, Nova, laser, experiment

1. Introduction

The present work addresses the behavior of shock-
induced instabilities at density interfaces, in the
case of very strong driving shocks and for the non-
linear, deeply nonlinear, and turbulent regimes of

the instability development. Use of the Nova facil-
ity, located at Lawrence Livermore National Lab-
oratory, provides several advantages in addressing
these issues. Nova is capable of generating shocks
in the Mach 30 range, in materials of densities on
the order of 1 g/cm?®. The initial perturbations may
be imposed by micro-machining the solid materials
comprising the interface. These materials vaporize
at the start of the experiment or upon the arrival
of the shock, obviating the need for membranes or
other separation strategies, yet provide us with well-
defined and well-known initial conditions. By ap-
propriate selection of the initial perturbation shape
we are also able to expedite the transition to the
nonlinear regime of interest.

Previous work [Peyser et al. (1995)] has demon-
strated that a simple two-phase flow model of the
instability growth agrees with the experimental
data reasonably well, and that the mixing width
increased logarithmically in time. Additional ex-
periments were undertaken to test the applicability
of the model, as well as provide fundamental data,
by investigating the effects of initial perturbation
amplitude, wavelength, and shape on the develop-
ment of the resulting mixing region. Those addi-
tional experiments are reported on here.

2. Description of the experiment
2.1. Experiment setup

The description of these experiments has ap-
peared previously [e.g., Hammel et al. (1993),
Peyser et al. (1995)], but is summarized again be-
low for convenience. The experimental configura-
tion is shown in Fig.1. Eight beams of the Nova
laser are used to heat the interior of a cylindrical
gold hohlraum to 230eV. The laser drive beams
contain a total energy of 21kJ in a 1ns square
pulse of 0.35 um wavelength. A cylindrical shock
tube made of beryllium (for low x-ray attenua-
tion) is mounted over a hole in the hohlraum. The
shock tube contains a brominated polystyrene ab-
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lator (density 1.22 g/cm?) and a low-density carbon
resorcinol foam payload (density 0.1g/cm®) which
act as the two working fluids. A single-mode, rec-
tilinear sawtooth profile is micro-machined into the
high-density brominated polystyrene ablator which
serves as the perturbation. The shock tube is glued
to a gold washer for mounting stability, and the as-
sembled package is then glued to the hohlraum. For
more details about the experimental packages, see

Louis et al. (1995).
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Figure 1. Experiment schematic.

2.2. Experiment sequence

The experiment sequence occurs as follows. Laser
irradiation of the interior of the hohlraum pro-
duces low-energy x rays which cause a rapid ab-
lation of the surface of the brominated polystyrene
exposed to the inside of the hohlraum. The abla-
tion launches a shock into the polystyrene which
propagates down the axis of the shock tube. The
instantaneous velocity imparted to the interface by
the passage of the shock is about 70 um /ns. Nu-
merical simulations indicate that at the time the
shock is incident on the interface, its Mach number
i1s approximately 30. The passage of the incident
shock heats the materials to plasma conditions, at

a temperature of about 10eV.

The presence of bromine in the polystyrene makes
the material radiographically opaque relative to
the low-density carbon foam payload. Perturba-
tions consisting of parallel | isosceles, rectilinear saw-
tooth grooves were machined into the brominated
polystyrene with a microlathe. When the shock tra-
verses the interface in the high-to-low density di-
rection, the sawtooth grooves invert, and the insta-
bility develops. Two beams of the Nova laser are
used to generate x rays, by striking a metal foil, at
the appropriate diagnostic time. The shock tube
is backlit by the laser-generated x rays, and imaged
with an 8x magnification, microchannel-plate-gated
x-ray pinhole camera [Budil et al. (1996)], which
provides a time-resolved x-ray radiograph of the
sample. Fiducial wires provide spatial calibration
and reference locations.

The x-ray camera records the image on film which
is subsequently scanned and digitized for analysis.
Quantitative data is obtained from a vertical line-
out of the film exposure levels. The lineout averages
the exposure levels over a 100 um wide region at the
center of the image. The spatial profile of the x-ray
backlighter source is normalized out of the lineout,
and the x-ray transmission in the compressed car-
bon foam behind the shock is normalized to one.
Changes in the transmission levels correspond to
the uncompressed foam, shock, compressed foam,
mix region, and brominated plastic. The width of
the mix region is determined by applying a 5 to
95% transmission criteria to the normalized lineout
as shown in Fig.2.

3. Results

We have conducted a series of simulations and
experiments in which the temporal evolution of
the Richtmyer-Meshkov mixing region was obtained
from single-mode triangular perturbations with am-
plitudes of 5, 10, and 20 gm , and wavelengths of
11.5, 23, and 46 pm . These values constitute an
amplitude versus wavelength parameter matrix and
are shown in Fig.3. The various amplitudes and
wavelengths were chosen to i1solate the effects of the
initial perturbation geometry and aid in compar-
isons. Note that perturbations of similar shape are
contained within the three diagonals of the matrix.
As a complement to the experimental work, simu-
lations of the experiment have been performed us-
ing CALE, a two-dimensional arbitrary Lagrangian-
Eulerian hydrodynamics code. Simulated radio-
graphs of the developing flowfield were obtained and
analyzed in a manner identical to that described for
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Figure 2. An experimental radiograph of the mix re-
gion approximately 8 ns after the shock has crossed the
interface. Transitions in the film exposure levels are
used to define the mix width.
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Figure 3. Initial perturbation amplitudes and wave-
lengths used for both simulations and experiments.

the experimental data. The temporal growth of the
mix region obtained from simulations is shown in
nondimensionalized form in Fig. 4.

We define the characteristic length-scale of the
flow as twice the initial perturbation amplitude, aq,
and the characteristic velocity as the shock veloc-
ity, Us. A combination of these yields a nondimen-
sional time scale, Ug/2ap, which is the shock tran-
sit time across the interface. The time origin is
shifted to the time of shock arrival at the first tip
of the perturbations, for each of the different ini-
tial amplitudes, and then normalized by the shock
transit time, yielding the nondimensional time used
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Figure 4. Nondimensionalized temporal width of the
mix region obtained from simulations.

in Figs.4 and 5. In contrast to the incompressible
treatment of shock-induced instabilities, the com-
pressible case introduces this natural time scale. As
will be seen below, this work validates the use of the
initial amplitude as the characteristic length scale.
The appropriateness of selecting the shock speed as
the velocity scale has not yet been fully tested.

Figure 4 shows that simulations from initial per-
turbations of the same shape exhibit similarity
in these coordinates.
cate a weak shape dependence, in which the mix
widths obtained from smaller ag/A perturbations
are larger, in these coordinates. The temporal
growth of the mix width for similar shape perturba-
tions are well fit by a logarithmic form (not shown

here).

The simulations also indi-

The temporal growth of the mix region measured
in the experiment is shown in nondimensionalized
form in Fig.5. Note that data from perturbations
of the same shape exhibit similarity in these coordi-
nates. This is in agreement with the results of the
simulations shown in Fig.4. Since previous work
[Peyser et al. (1995)] indicated that the mix width
admits a logarithmic time dependence, the data for
each shape was fit by a three parameter equation of
the form y = m; + maIn(1 + mzx). The data fits
help to further discern the trends for the six dif-
ferent initial perturbations. We find increased mix
widths as ag/A is decreased, in these coordinates,
with the exception of ag/A = 0.11, the most linear
initial perturbation. For that case, the mix region
extent is nearly equal to that for ag/A = 0.22 up to
the nondimensional time of (Us/2ag)t ~ 40, after
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Figure 5. Nondimensionalized temporal width of the
mix region obtained from experiments.

which it is less than the ag/A = 0.22 case. Tt should
be noted that the ag/A = 0.11 case is represented by
a single amplitude, and the shape is not duplicated
elsewhere in the parameter matrix.

Comparing the data displayed in Fig.5 with the
simulations displayed in Fig.4, we find that the
width of the mix region for ag/A=0.43, for the three
different initial amplitudes, is in good agreement
for all times. The growth of the mix region for
ag/A=0.22, for two different initial amplitudes, is
in good agreement with simulations until approxi-
mately (Ug/2ag)t & 30, after which the widths grow
to be up to 20% larger than that indicated by sim-
ulations. Comparison of data with simulations for
ag/A = 0.11 indicates the largest disagreement, as
can be seen in the comparison of Fig.4 and Fig.5.
At this time, we have not yet determined the rea-
sons for the discrepancies.

4. Conclusion

We have presented results of an ampli-
tude/wavelength study of the nonlinear Richtmyer-
Meshkov growth of predominantly single-mode
perturbations, for the case of strong shocks.
Six combinations of three amplitudes and three
wavelengths were chosen for the study. Data from
initial perturbations (with the sawtooth shape) of
ag/A = 0.43, for amplitudes of 5, 10, and 20 pm |
appear self-similar when both the mixing widths
and time are normalized by the initial amplitudes.
Similarly, data for the shape with ag/A = 0.22,
for amplitudes of 5 and 10 gm collapse in those
coordinates. The third shape, of ag/A = 0.11, had

only one amplitude, so collapse for that shape

could not be tested.

Comparison between the data from the different
shapes indicates that the three cases of ag/A = 0.43
grew less than the two cases of ap/A 0.22,
in the nondimensional coordinates. The single
ag/A = 0.11 case had similar mix widths as the
ag/A = 0.22 shape until about 40 shock transit
times, after which it grew slightly less out to 7b
shock transit times. An additional experiment, us-
ing ap/A = 0.11, with ag = 2.5 um and A = 23 pm |
is planned to help clarify the behavior of that shape.
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