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The Richtmyer-Meshkov instability (RMI) poses a major challenge in inertial confinement fusion (ICF)
due to its role in mixing and performance degradation. We report the first experimental observation of
passive freeze-out of RMI in a low-pressure surrogate regime, an instability stagnation effect induced
without modifying the driving pressure pulse or the target surface geometry. Using additively manufactured
subsurface voids in a sinusoidal target, we convert a single shock into a sequence of weaker shocks that
suppress instability growth upstream of the surface by over 70%. High-speed x-ray imaging and
hydrodynamic simulations suggest that this suppression arises primarily from temporal shaping, with
lesser contributions from spatial curvature and shock weakening. Our results demonstrate a driver-
independent pathway for controlling shock-driven hydrodynamic instabilities relevant to ICF and other
high energy density systems.
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The Richtmyer-Meshkov instability (RMI) arises when
an interface between fluids of differing densities undergoes
impulsive acceleration, typically from shock waves [1,2].
This triggers dynamics such as interface distortion, jetting,
and uncontrollable fluid mixing regardless of the initial
density configuration. Controlling RMI is essential for
uniformity in compression experiments and inertial confine-
ment fusion (ICF), as recently demonstrated by the success
at the National Ignition Facility [3]. In ICF, the instability
drives mixing of high-Z materials from the outer layer of the
fuel capsule into the fusion fuel. Such impurities radiate
energy efficiently, lowering the core fuel temperature and
ultimately halting the thermonuclear reaction [4,5]. This
Letter reports experimental observation of passive freeze-
out, a phenomenon based on a prediction first made
by Mikaelian 40 years ago [6]. Namely, we show that
the temporal structure of a pressure pulse generated by the
shock-sample interaction can self-suppress RMI. This effect
opens a new class of alternative strategies aimed
at mitigating instabilities, alongside graded density

transitions [7], reverberation waves across multiple inter-
faces [8], tailored shock wave pairs [9], magnetic stabiliza-
tion in plasmas [10,11], and radiative stabilization [12].
While nearly ideal initial conditions would also prevent

instability growth, achieving such symmetry is impractical
in most scenarios [13]. For instance, in multishell direct-
drive ICF, maintaining near-spherical capsule symmetry
requires adhesive-filled joints [14–16]. In indirect-drive
ICF, fill tubes and foam structures are used to inject and
soak deuterium-tritium fuel into the capsule. These neces-
sary features act as hydrodynamic defects, which seed
instabilities and demand advanced mitigation strategies to
limit mixing. Reflecting this ongoing challenge, recent
studies have closely examined various aspects of fill-tube
dynamics [17–20] and isolated defects [21,22]. In a surro-
gate, low-pressure regime, we demonstrate passive stabili-
zation of a shock-compressed sinusoidal interface through
introduction of numerically optimized voids. These struc-
tures shape the shock wave without placing constraints on
the driving technology, suggesting a route toward mitigating
instabilities seeded by fill tubes, joints, and other unavoid-
able perturbations.
The experiment is illustrated in Fig. 1(a). Two

sample geometries were compressed by a shock wave
(Pmax ≈ 500 MPa) generated by the electrical explosion
of a copper foil: a sinusoidal interface (wavelength
λ ¼ 0.95 mm, amplitude a0 ¼ 0.1 mm) and a sinusoidal
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interface with void structures located under the surface for
instability suppression. The experiments were performed in
air with a density contrast at the perturbed interface given
by the Atwood number A ¼ ðρair − ρgÞ=ðρair þ ρgÞ ≈ −1,
where ρair and ρg represent the densities of air and gelatin,
respectively. Two-dimensional hydrodynamic simulations
informed the suppression void design using the trust region
Bayesian optimization method [23]. The voids were para-
metrized by four piecewise cubic Hermite polynomials
constrained to be within a range of ½0.06; 0.134� cm from
the interface [24]. The optimization varied these polyno-
mials to minimize the objective function:

ϕ ¼ Max

 
1

Nr

XNr

i¼1

jhp;i − hb;ij
!
: ð1Þ

Here, hp;i denotes the instability amplitude (“jets”), hb;i the
trough amplitude (“bubbles”), and Nr the number of
perturbation periods. Equation (1) represents the maximum
mixing zone width obtained within the simulation for a
specific geometry. To simplify fabrication, the optimal
geometry was approximated using four linear segments
(L1, L2, L3, and L4). Additional simulations confirmed that
this approximation preserved the suppression dynamics.
The approximated geometry is shown in Fig. 1(b)(ii).
Figure 2 shows the compression and instability dynamics
observed using a sequence of time-resolved x-ray radio-
graphs (Ē ¼ 30 keV, pulse length ∼60 ps) at the European
Synchrotron ID19. More details about the setup and
simulations are provided in the Appendices.
Figure 2(a) shows the baseline RMI. The driving shock

wave propagated through the gelatin sample at vshock ¼
2.2� 0.2 kms−1 (Mach 1.5). By t ¼ 2.6 μs, the sinusoidal
interface was compressed and inverted, and it generated
strong jetting, consistent with dynamics expected at highly
negative Atwood numbers and previously observed in laser
experiments [25]. Between 0.5 and 5 μs, the interface of the
baseline experiment advanced at vmean

base ¼ 316� 10 ms−1,
while the jet tip propagated at vjetbase ¼ 651� 25 ms−1. In
comparison, the suppression geometry in Fig. 2(b) exhibits

significantly reduced instability and jetting. Three intensity
regions are observed: the thick gelatin substrate required
for fabrication of the suppression sample (∼50 mm into
the page, dark, not present in baseline), the suppression
sample (∼10 mm, gray), and the overlying air (bright).
Between t ¼ 0.3 μs and 1.3 μs, increased attenuation
within the engineered void indicates its crushing, followed
by the emergence of an upward-propagating, two-lobed
bubble structure that dominates the dynamics for t > 2 μs.
High-resolution radiographs and simulations show that
this structure originates from jetting at the void corners.
After inversion, upward-directed jets form from the
initial troughs of the sinusoidal surface. The interface,
defined by x-ray transmission T < 0.95, advances at
vmean
supp ¼ 320� 13 ms−1, with jet tips propagating at a much

reduced speed, vjetsupp ¼ 407� 19 ms−1.
An imprint of the initial void appears in all radiographs

of the suppression dynamics. This originates from
∼100 μs x-ray preillumination of the LYSO:Ce scintillator,
which induces a slowly decaying, spatially nonuniform
increased conversion efficiency reflecting the initial trans-
mission rather than a true double exposure. For t ¼ 2.7 μs
and 5 μs, true features are highlighted with green dashed
lines to distinguish them from the gradually fading
imprint.
There are three mechanisms that can contribute to the

observed instability suppression: (1) attenuation of the
driving shock wave by the void, (2) temporal shaping of
the pressure pulse via conversion of a single strong shock
into multiple weaker shocks, and (3) spatial shaping of the
shock front, which modifies baroclinic vorticity deposition
at the interface through ∇ρ × ∇p. Figure 3 presents
numerical simulations that reproduce the overall dynamics
observed in the x-ray radiographs, including void collapse
and mixing-zone evolution. Residual differences, such as
the apparent jet thickness, are conjectured to arise primarily
from line-of-sight integration through the finite sample
thickness, alignment, and imperfect surface finish. In the
following, we assess the relative contributions of each
mechanism using numerical simulations and growth-rate
measurements from x-ray imaging (Fig. 4).

FIG. 1. (a) Side-on and isometric views of the experimental setup showing the exploding copper foil, direction of the current flow, and
sample geometry. (b) Initial conditions of the baseline (i) and instability mitigation (ii) sample geometry. Functions Li correspond to
linear functions that approximate the optimal void geometry that is detailed in the Methods section.
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Attenuation—For sufficiently small perturbation ampli-
tudes [aðt0Þ=λ ≪ 1], the contribution of shock attenuation
to the RMI suppression can be estimated using the linear
growth rate [1],

daðtÞ
dt

¼ 2π

λ
aðt0ÞAΔu; ð2Þ

where aðtÞ and λ are the perturbation amplitude and
wavelength, A is the Atwood number, and Δu is the free
surface velocity after shock compression. From Fig. 2, we
measure mean position of the interface and its velocity,
vmean
i , which corresponds to Δu in Eq. (2). The perturba-

tion growth daðtÞ=dt corresponds to the jetting speed in

FIG. 2. (a) X-ray radiographs of our baseline experiment
showing shock compression of a sinusoidal surface. (b) Sequence
of radiographs showing compression of the instability suppres-
sion sample. Green dashed lines highlight void structures, while
red lines show tracked interfaces.

FIG. 3. (a) Simulated pressure and density fields for the
baseline scenario. (b) Corresponding fields from the instability
suppression case, highlighting key dynamics. In each plot, the top
half shows pressure, and the bottom half shows density. Pressure
plots include white dashed contours indicating material interfaces
or strong density gradients. Note: To highlight features, the
pressure color bars vary between plots.
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the free surface frame given by vjeti − vmean
i . In the linear

regime, dividing Eq. (2) by Δu yields the ratio
βi ¼ ðvjeti − vmean

i Þ=vmean
i ¼ 2πaðt0ÞA=λ, which depends

only on the initial geometry. Thus, any reduction in jetting
(lower vjeti − vmean

i ) due to shock attenuation (lower vmean
i )

should yield the same β parameter. Measurements in Fig. 4
indicate that βbase ¼ −1.06� 0.1 for the baseline geometry
and βsupp ¼ −0.27� 0.08 for the suppression geometry.
While the initial conditions are weakly nonlinear, the large
difference in β parameters suggests that pure shock
attenuation cannot explain the observed reduction in jet-
ting. Nonetheless, numerical simulations show that the
areal impulse imparted to the interface decreases from
42 pas to 30 pas when moving from the baseline to the
suppression geometry. This indicates that some, but not all,
reduction is due to partial decoupling of the shock from the
interface due to the void structure.
Temporal shaping—Over 40 years ago, Mikaelian sug-

gested that shaping the pressure pulse in time, for example,
by delivering two equally strong planar shocks at two
distinct times when the interface amplitude is aðt1Þ ¼ a0
and aðt2Þ ¼ −a0, can fully suppress linear RMI in negative
Atwood number configurations [6].
Figure 3 shows the simulated pressure and density

distribution in the baseline and suppression geometries
at four key times, while Figs. 4(c) and 4(d) show the

cumulative impulse history experienced by the gelatin-air
interface extracted from these simulations. In the suppres-
sion case in Fig. 3, we observe that crushing of the void
structure converts the initial pressure profile from a single
shock into a sequence of weaker shocks arriving at the
interface at various stages of RMI. Simulations show
three dominant shocks impacting the interface, the first
at t1 ≈ 0.25 μs with aðt ¼ t1Þ ¼ 100 μm, P1 ≈ 35 MPa,
and impulse I1 ¼ 1.6 Pas. The second follows at
t2 ≈ 1.25 μs with aðt ¼ t2Þ ¼ 100 μm, P2 ≈ 255 MPa,
and I2 ¼ 19.4 Pas; the third is at t3 ≈ 1.75 μs
with aðt ¼ t3Þ ¼ 0, P3 ≈ 40 MPa, and I3 ¼ 4.88 Pas.
Figures 4(c) and 4(d) show the corresponding time-resolved
areal impulse distributions. The inversion time of the
interface, i.e. a ≈ 0, is delineated by vertical dotted lines.
The effect of this multiple shock structure on the

dynamics can be estimated using linear theory in Eq. (2)
by treating the total jetting as a linear sum of individual
contributions from the three main shocks:

daðtÞ
dt

����
shocks

¼ 2π

λ

X
n

aðtnÞAΔun; ð3Þ

where aðtnÞ is the perturbation amplitude at the time of arrival
of the nth shock, and Δun ¼ ðIn=ItotÞΔu is the velocity
imparted by each shock, scaled according to its contribution In

FIG. 4. (a) Jet tip position (red) and mean interface position (blue) vs time for the baseline geometry. (b) Same as (a), for the
suppression geometry. (c) Integrated areal impulse delivered to the gelatin-air interface in the baseline case. (d) Same as (c), for the
suppression case. The dashed vertical line indicates the time of interface inversion in all subplots.
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to the total impulse Itot. Using this model, the jetting speed is
predicted to drop from vjetbase ¼ 525� 70 ms−1 in the base-
line scenario to vjetsupp ¼ 465� 50 ms−1 in the suppression
case, with error bars calculated by combining errors in initial
geometry (σa ¼ 32 μm, σλ ¼ 64 μm) and mean interface
speed Δu.
Although simplified, this analysis demonstrates that

temporal shaping of shocks interacting with the interface
plays a significant role in instability suppression. In
practice, the ideal freeze-out may be inaccessible here
due to the asymmetric jetting caused by weakly nonlinear
initial conditions and divergent shock waves produced by
effective point explosions. As a result, the baroclinic torque
and total momentum transfer is unevenly distributed
between the ejected jets and the rest of the interface.
Spatial shaping—The development of a nonplanar,

curved shock front during the shock-sample interaction
can influence instability growth by altering the baroclinic
vorticity source term, ∇ρ × ∇p. This spatial shaping arises
from shock propagation around the void, overlapping shock
fronts that create doubly shocked regions, and localized void
implosions acting as transient point sources of pressure [see
Fig. 3(b)]. Disentangling spatial effects from temporal
shaping is nontrivial. Nevertheless, the simulations show
that the dominant pressure pulse, generated by the void
crushing and subsequent point explosion at t ≈ 1.3 μs,
modifies the vorticity deposited across the perturbation.
Specifically, it increases baroclinic torque near the simulation
boundaries, where the shock impinges at angles nearly
perpendicular to the density gradient, and enhances jetting.
Conversely, near the center, where the shock curvature aligns
with the interface curvature, this shaping leads to weaker
vorticity deposition, producing localized stabilization. The
net result of these dynamics is curving of the jets away from
the central region. Simulations reveal that the vorticity
deposition in the central region between the jets in Fig. 3
is similar across both cases, suggesting that the net effect of
spatial shaping in this configuration is not significant.
It should be noted that, while our optimization focused on

the evolution of the mixing zone width due to its direct
observability in our experiments, the mass modulation,
δmðy; tÞ, defined as the integrated mass density ρ along
the axis of compression, will be equally important in more
integrated scenarios. In applications such as ICF, the RMI
transitions to Rayleigh-Taylor instability (RTI) as the inter-
face decelerates during compression, where the mass modu-
lation plays a critical role in determining the mixing rate and
feedthrough [26,27] and may compete with early-time
stabilization. In Fig. 5, we evaluate the normalized mass
modulation, δmðy; tÞ=hδm0i, from the numerical simula-
tions. Here, hδm0i is the mean areal density at the beginning
of the simulation. This modulation is initially higher in the
suppression geometry; however, after shock compression,
the collapsing voids result in the mass modulation becoming
more uniform in the suppression geometry and remaining

approximately comparable at late time, while simultane-
ously minimizing long-scale jetting and mix.
In summary, these measurements and simulations dem-

onstrate that growth of the RMI from surface perturbations
can be substantially reduced using engineered voids without
modifying the surface geometry. In our experiments, we
observed suppression of growth in the mixing zonewidth by
over 70%, which could be largely explained by temporal
shaping of the pressure pulse. Mechanistically, the engi-
neered void acts as a transient energy reservoir, converting a
single incident shock into a sequence of pressure pulses,
enabling driver-agnostic mitigation of the instability. This
approach, alongside novel fabrication methods [28–30],
suggests a pathway toward controlling instability growth
seeded by hydrodynamic features such as fill tubes or
adhesive joins, which are present in inertial confinement
fusion and high energy density platforms [13–20]. While
the use of shock-cavity interaction to modify pressure
distribution appears scalable across multiple pressure
regimes [31–33], the void geometry required for each
application will vary and require optimization. The dom-
inant role of temporal shaping in suppression observed
within our experiments suggests that this method may be
effective only for heavy-to-light interface configurations
(negative Atwood number), such as internal walls of ICF
capsules. Mitigation under light-to-heavy configurations
(positive Atwood number) will require further investigation

FIG. 5. Mass modulation δm=hδm0i at three characteristic
times: before shock compression, shortly after, and at late time.
Axis y is perpendicular to the direction of compression.
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of other strategies such as spatial shock shaping. Finally,
more integrated scenarios involving sudden deceleration,
such as in ICF, will have to employ a new class of
optimization functions suitable for late-time RTI-induced
mix, for example, by minimizing mass modulation.
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End Matter

Appendix A: Dynamic compression experiment—The
dynamic compression experiment was performed at the
European Synchrotron using the “Grengen” pulsed power
generator charged to þ45 kV [34]. In the experiment, the
generator delivered a current pulse of ∼110 kA in ∼600 ns
into a copper strip encased in dielectric tamp, driving the
resistive explosion. The electrical current discharge was
measured by a custom-built self-integrating Rogowski coil,
and the voltage was measured by a P6015A Tektronix high
voltage divider. From the electrical signals, we estimate the
total energy deposited into the metallic foil to be ∼1 kJ
in approximately ∼250 ns, as shown in Supplemental
Fig. SA [35].
The exploding copper strip was 10 mmwide, 40 mm long,

and 12.5 μm in thickness. The length and cross section were

chosen by matching the specific current action integral to
obtain an almost critically damped discharge [36]. This
discharge was characterized by the highest energy coupling
efficiency and rate of energy density deposition. At peak
current, the copper metal was expected to reach temperatures
>10 kK, and consequently, thermal pressures in the multi-
GPa regime.The high thermal pressure of the exploded foil led
to its expansion and a shock wave launch into the dielectric
material that was surrounding it. Magnetohydrodynamic
simulations of exploding wire arrays performed in the code
GORGON estimated peak pressure of the fully formed shock
wave at ∼500 MPa followed by exponential decay to a
background of ∼100 MPa over ∼5 μs [37]. More details
related to this technique and specific driver are given in recent
publications [34,38].
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Appendix B: Multiframe x-ray imaging—The
hydrodynamic evolution of the system was measured
using ultrahigh-speed synchrotron-based x-ray imaging.
Approximate layout of the experiment is shown in
Supplemental Fig. SB [35]. The electron bunches stored
in the storage ring of the synchrotron passed every
176 ns through two axially aligned long-period
undulators (λu ¼ 32 mm). The undulators produced
polychromatic x-ray radiation with spectrum spanning
20–50 keV (characteristic energy Ẽ ≈ 30 keV). The
x-rays propagated for 150 m in a vacuum tube before
passing through a spectral filter consisting of 1 mm
thick beryllium and ∼0.8 mm thick diamond window.
The beam then passed through the shock-compressed
sample, and then another 9 m before impinging on a
LYSO:Ce x-ray scintillator (40 ns decay time, Hilger
Crystals, UK) that converted the x-ray pulse into visible
light. Due to the long propagation distances, the
resulting radiographs contained both absorption-based
features and edge enhancement due to propagation-based
phase-contrast imaging.
The optical emission from the crystal scintillators was

relayed via two pellicle beam splitters to two Shimadzu
HPV-X2 fast-framing cameras operating at 5 MHz. To
capture every x-ray pulse, the cameras operated in parallel
with a 100 ns offset. The resulting imaging could obtain up
to 256 consecutive radiographs with an effective inter-
frame time of 176 ns (5.68 MHz), exposure time of 100 ns,
8 × 12.8 mm2 field of view, and 32 μm resolution.
Throughout the experiments, the x-ray beam was gated

by a fast shutter that opened ∼100 μs prior to the start of
measurement. For samples with high absorption contrast,
this preillumination by multiple synchrotron pulses left a
residual, spatially nonuniform conversion-efficiency
imprint visible in early frames, as is visible in Fig. 2(b).
Additional details regarding the imaging setup can be
found in previous publications [38–40].

Appendix C: Sample design and manufacture—All
instability samples were manufactured out of gelatin slabs
with molded sinusoidal perturbations [as shown in
Fig. 1(a) in turquoise color]. The mass density of the
gelatin was ∼1.03 g cm−3, and yield strength was
approximately Y ∼ 10 kPa [41]. The benefit presented by
using gelatin was the simplicity of manufacture of
arbitrary shapes using prefabricated metallic or 3D printed
plastic molds and sufficiently high strength to support
fixed geometries, but simultaneously, sufficiently low
strength that the material behaved hydrodynamically in
the experiment.
In all experiments, the sinusoidal interface was manu-

factured with a wavelength of λ ¼ 0.95� 0.05 mm and
initial amplitude a0 ¼ 0.1� 0.02 mm, setting the dimen-
sionless amplitude to ð2π=λÞa0 ≈ 0.66, a regime where the
initial dynamics can be weakly nonlinear. Additionally,
the Atwood number of the interface between the gelatin

(ρ0 ¼ ρg ¼ 1.03 g cm−3) and the air (ρ1 ¼ ρair ¼
0.0013 g cm−3) was A ¼ −1, setting the initial conditions
in a regime of the parameter space where the resulting
dynamics should involve strongly asymmetric peak and
trough growth and rapid jetting.
In both the baseline and the suppression geometry,

shown in Fig. 1(b), the sinusoidal interface was positioned
at a distance of ∼5 mm from the silicone layer and ∼6 mm
from the exploding copper foil.
The only hydrodynamically relevant modification to the

suppression geometry consisted of introducing computa-
tionally optimized voids behind the interface. The void
geometry shown in Fig. 1(b)(ii) was used in the experiment.
These voids formed a periodic structure repeating every
1.9 mm, with each void described by the following linear
functions:

IðxÞ¼

8>>>>>>><
>>>>>>>:

0.5 for 0≤ x< 0.013 cm

0.5þ1.67ðx−0.013Þ for 0.013≤ x< 0.031 cm

0.53þ0.79ðx−0.031Þ for 0.031≤ x< 0.073 cm

0.56þ0.63ðx−0.073Þ for 0.073≤ x< 0.081 cm

0.57þ0.43ðx−0.081Þ for 0.081≤ x< 0.095 cm:

ðC1Þ

This was an approximation of the optimal design, which
was prescribed by three piecewise cubic Hermite interpo-
lating polynomials that are fully defined by the following
four points:

ðx0; y0Þ ¼ ð0.0; 0.5Þ cm;

ðx1; y1Þ ¼ ð0.03167; 0.5014Þ cm;

ðx2; y2Þ ¼ ð0.06333; 0.5588Þ cm;

ðx3; y3Þ ¼ ð0.095; 0.5716Þ cm: ðC2Þ

The optimal void geometry was found by using the MARBL

hydrodynamics code in combination with trust region
Bayesian optimization algorithm. The objective function
optimized by the algorithm was the maximum distance
between the peaks and the troughs over the entirety of the
simulation. This objective function ensured that no sig-
nificant spike growth occurred at any step of the simulation.
In total, only 240 runs were required to arrive at the optimal
geometry.

Appendix D: Hydrodynamic simulations—All
simulated results shown in this Letter were obtained by
two-dimensional simulations using the MARBL hydro-
dynamics code, an arbitrary Lagrangian-Eulerian code
developed at Lawrence Livermore National Laboratory
that uses high-order finite elements to numerically solve
conservation equations [42–44]. High-order finite elements
are useful for increasing accuracy of the simulations,
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for instance, by more accurately accounting for de-
formation at material interfaces. Each of our optimization
simulation runs included approximately 16 000 elements
and was run for 11 μs, with the final design rerun at
a higher resolution with 60 000 elements. A similar
simulation method was used in previous work by
Sterbentz [24,45] and compared against the scaling laws
developed by Dimonte [46].
We used the Livermore Equation of State (LEOS)

library to model the materials in our simulations. As a
substitute for gelatin, we used the equation of state of water
(dominant component of gelatin, table LEOS 2010). The
main discrepancy between these two materials is the
slightly higher density of gelatin (≈1.03 g=cm3). At these

low concentrations of gelatin (3%), material strength
effects are expected to be minor. Additionally, even if
the gelatin is initially solid in the experiment, it is known
that at pressures ≫ Y ≈ 10 kPa, the gelatin bonds break
and the sample liquefies. As such, we typically neglected
most strength effects in our simulations, with the exception
of a simple failure model for the gelatin. This model
assumed that failure would occur if compressive stresses
were equal to −ð2=3ÞY0, where we selected Y0 ¼ 100 kPa
to match the void structure in the recorded radiographs.
Importantly, the jet tip velocity and mean speed in the
simulations were largely unaffected by this choice.
Material properties of air were modeled using the LEOS
2260 equation of state.
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