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Rayleigh-Taylor instability growth is shown to be hydrodynamically scale invariant in convergent
cylindrical implosions for targets that varied in radial dimension and implosion timescale by a factor of 3.
The targets were driven directly by laser irradiation providing a short impulse, and instability growth at an
embedded aluminum interface occurs as it converges radially inward by a factor of 2.25 and decelerates on
a central foam core. Late-time growth factors of 14 are observed for a single-mode m = 20 azimuthal
perturbation at both scales, despite the differences in laser drive conditions between the experimental
facilities, consistent with predictions from radiation-hydrodynamics simulations. This platform enables
detailed investigations into the limits of hydrodynamic scaling in high-energy-density systems.
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Introduction.—The goal of inertial confinement fusion
(ICF) is to compress and heat deuterium-tritium (DT)
fuel to conditions where the isotopes fuse and release
energy [1]. Compression is achieved by ablating a shell that
encapsulates the DT, imploding the fuel via the rocket
effect. The direct-drive approach uses lasers to directly
irradiate the capsule and operates at a convergence ratio
(CR, initial radius/final radius) of roughly 17-23 [2]. The
indirect-drive route uses x rays produced by illuminating
the inner walls of a hohlraum to drive the ablation [3], with
capsules designed around a CR of 25-35 [4] to achieve
conditions necessary for ignition and burn of the fuel. The
layered designs of ICF capsules provide many interfaces
where hydrodynamic instabilities can grow through
Rayleigh-Taylor [5,6] and Richtmyer-Meshkov [7,8] proc-
esses, and these are further modified in convergent geom-
etry through Bell-Plesset (BP) effects [9,10]. At these high
convergence ratios, ICF implosions are extremely suscep-
tible to hydrodynamic instability growth. The failure of
many capsules designed to ignite on the National Ignition
Facility (NIF) [11] has been attributed to these instabilities
mixing unablated shell material into the fuel [12]. This
mixing effectively reduces the energy delivered to the
central hot spot region needed to initiate thermonuclear
burn, necessitating a larger driver energy to compensate for
these inefficiencies. The size and type of this larger driver
and the designs for ICF capsules that utilize it remain areas
of active investigation.

Designs for larger capsules often leverage hydrodynamic
scaling [13], which is the approach that has been used as
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direct-drive target designs are scaled from the 30 kJ
OMEGA laser facility [14] up to the 1.8 MIJ NIF
[15,16]. Hydrodynamic scaling is motivated by the fact
that the Euler equations are invariant to the transformation
x — Ax and r — Ar [17,18]. As a result, increasing the size
of the target by a factor of A and modifying the drive pulse
so that the implosion velocity is constant (drawing out the
timescales by the same factor of A) leaves the hydro-
dynamic behavior unchanged. It is important to note that
other physical processes are not scale invariant, such as
heat conduction, viscosity, kinetic effects, and laser plasma
interactions, which are very important in traditional ICF
implosions [13] and must be accounted for accordingly. In
particular, recent work highlights how Rayleigh-Taylor
instability growth during the deceleration phase is expected
to differ for capsules designed for OMEGA and the NIF
[19] as a result of ablative stabilization from the hot spot.
There are also differences in the laser drivers at OMEGA
and the NIF (i.e., beam sizes, number of beams, pointings,
and phase plates) that make a direct scaling of platforms
between these facilities more challenging. Similar efforts
are under way for scaling of indirect-drive designs at the
NIF. State-of-the-art simulations that have been tuned to
match experimental observables at the NIF scale are being
used to estimate the required driver energy needed for
ignition [20,21]. Experimentally, high-density carbon tar-
gets have been successfully scaled from 0.8x up to the full
NIF 1.0x scale [22], and a model for fuel-ablator mix tested
for subscale beryllium capsules predicts less performance
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degradation as capsule size is increased [23], but extrap-
olations to larger changes in scale remain untested.

Here, for the first time, we report on a cylindrical
implosion platform that directly demonstrates instability
growth that is scale invariant over a factor of 3 increase in
radial dimension and implosion timescale in the high-
energy-density (HED) regime. These results are directly
relevant for scaling to next generation ICF facilities,
with capsule designs that are 2—4 times larger than current
NIF-scale capsules [24]. They also represent the first HED
experiments to directly measure deceleration phase
Rayleigh-Taylor instability in convergent cylindrical geom-
etry. Spherical experiments have measured growth indi-
rectly during the deceleration phase [25,26], but cylindrical
systems have the advantage that direct measurements of the
instability growth can be made viewing down the axis.
Cylinders incorporate all of the effects of convergence that
occur in spherical systems [27], albeit at lower order in r,
and they have been successfully fielded in many past
experiments [28-32]. Although cylinders result in less
compression than spherical implosions, the open axial
ends allow for the possibility of auxiliary heating schemes,
as in the MagLIF concept [33]. This could partially offset
the lower expected central temperatures that arise from end
losses in the cylindrical system. The relatively simple
nature of the short, impulsive laser drive used in this work
relaxes the nonscaling constraints, which here arise pri-
marily from different density scale lengths and evolution
timescales in the coronal plasma. This provides a target
design that is amenable to hydroscaling, though more
complicated drive pulses could be considered. The platform
enables detailed studies that leverage the higher data
return of the OMEGA laser facility to improve statistics,
while utilizing the laser energy and power of the NIF to
drive larger targets to higher convergence ratios with final
feature sizes that remain measurable. Future work will
focus on achieving a CR of 10-17, where BP effects are
more pronounced, a necessary but not sufficient condition
for surrogacy to ICF implosions. This will be directly
applicable to indirectly driven double shell [34] and wetted
foam targets [35], as well as direct-drive implosions.
Further extensions to the cylindrical implosion platform
will begin to examine the limits of hydrodynamic scale
invariance in HED systems.

Target design.—The scale-1 targets, fielded at the
OMEGA laser facility and shown in Fig. 1(a), are nomi-
nally 2500 ym long with an outer radius of 493 um, based
on previous cylindrical implosion experiments [31,32]. The
outer portion of the target consists of an epoxy (CH) ablator
(1.25 g/cm?) that is 63 um thick, with a nominal inner
radius of 430 ym. A 500 ym long, 12 um thick aluminum
marker band (2.7 g/cm?) is embedded in the center of the
cylinder, such that the inner radius of the aluminum marker
is nearly flush with the inner surface of the surrounding
epoxy. The aluminum is opaque to backlighter x rays and is
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FIG. 1. (a) Schematic of the scale-1 cylindrical target fielded at
OMEGA and (b) the scale-3 target fielded at the NIF. (c) Two
OMEGA targets (top) and one NIF target (bottom) on the surface
of a penny.

used to provide radiographic contrast. The cylinder is filled
with a 300 mg/cm® CH foam with an outer radius of
425 um, leaving only a small gap between the foam and the
inner surfaces of both the epoxy and the marker. The
deceleration profile and final convergence of the marker
can be controlled by changing the density of the central
foam. The marker has been thickened up slightly and the
foam density has increased from the numbers reported in
Ref. [36]. A prescribed initial perturbation is machined on
the inner surface of the aluminum, providing a seed for
hydrodynamic instability growth as the target implodes.
Here, we focus on a single m = 20 azimuthal mode, since
BP effects vanish in cylindrical geometry for m = 0 [37],
with an initial amplitude of 4 ym for the scale-1 targets.
This was selected as a balance between high mode numbers
(which have more growth [38]), fabricability, and ability to
image instability growth in the presence of parallax effects.
The scale-3 cylindrical targets for the NIF have an outer
ablator radius of 1479 ym, an inner ablator radius of
1290 pym, a 36 um thick aluminum marker embedded in
the inner surface of the ablator, and a central foam cylinder
with an outer radius of 1278 um. The m = 20 perturbation
on the inner surface of the aluminum marker has an
amplitude of 12 ym for the NIF-scale targets. For practical
reasons, the target length is not scaled by the same factor as
the radius, as shown in Fig. 1(b). In the NIF-scale targets, the
marker length is increased to 800 ym, and the total target
length is increased to 5000 um (excluding the supports for
the backlighter mount, which are integral to the target). Since
the laser energy scales as the surface area, reducing the
illuminated length reduces the required laser energy while
keeping the marker region uniform during the implosion.
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The experiments are imaged by illuminating a back-
lighter foil attached to one end of the cylindrical target,
producing x rays that travel down the cylinder axis. The
OMEGA targets use a nickel foil with dominant He-a
emission at 7.8 keV, while the NIF targets use a zinc foil
with emission at 8.9 keV to compensate for signal loss
through the increased length. For cold aluminum at
2.7 g/cm?, the product of the linear absorption coefficient
for the backlighter energy times the length of the aluminum
marker differs by less than 10% between the two scales.
The marker is opaque to the backlighter x rays, allowing
for direct measurements of instability growth at the interior
and exterior marker interfaces at various times during the
implosion. Sixteen different times are imaged in each
experimental shot by filtering the x rays through a pinhole
array before passing onto a time-gated framing camera.
A circular tungsten washer placed at the opposite end of
the cylinder from the backlighter foil prevents cross talk
between different pinhole images by eliminating x-ray
transmission except through the central hole of the washer,
with a nominal inner radius of 375 ym at OMEGA and
1125 pm at the NIF.

Experimental setup.—At OMEGA, the cylindrical target
is driven with 40 laser beams using SG5 phase plates in a
1 ns Gaussian square pulse with a prescribed total energy of
18 kJ. The beams are offset from the target chamber center
4200 pm along the cylinder axis to provide a nearly flat
illumination pattern across the central region containing the
marker band, and the view factor code VISRAD [39] finds a
peak intensity of 4 x 10'* W/cm? on the cylinder surface.
Radiation-hydrodynamics modeling using the xRAGE [40]
code predicts that the marker implodes in an axially
uniform manner, and this is supported by radiographic
images taken from a transverse view of the cylinder during
the implosion. xRAGE has recently been updated to include
physics necessary for properly simulating ICF and HED
experiments [41], including three-temperature (electron,
ion, radiation) modeling and a new laser package [42],
and it has shown very favorable agreement when modeling
previous cylindrical implosion experiments [43]. The
length of the laser pulse and target dimensions are chosen
such that the laser drive turns off as the shock breaks out of
the inner surface of the aluminum marker. Following shock
breakout and a brief period of Richtmyer-Meshkov growth,
the aluminum marker begins moving inward at around
65 pm/ns. As the marker compresses the central foam, a
period of slow (x5 um/ns”) deceleration phase Rayleigh-
Taylor growth begins. The deceleration here is similar to
the continuous deceleration phase of an ICF implosion
[44], though the magnitude is considerably lower. The
marker coasts inward to a final convergence ratio of 2.25
before being struck by the shock rebounding from the
cylinder axis.

The 192 laser beams of the NIF, designed for indirect-
drive ICF, are arranged into 48 quads (sets of four beams),

which are further split into inner and outer cones. The inner
cones consist of 4 quads at 23.5° and 4 quads at 30°, each
relative to the hohlraum axis of rotation, while the outer
cones consist of 8 quads at 44.5° and another 8 quads at 50°.
For our directly driven cylindrical implosion experiments,
the 44.5° and 50.0° beams are used to drive the cylinder,
and the 23.5° and 30.0° beams from the lower hemisphere
are used to drive the backlighter. VISRAD predicts a narrow
initial intensity pattern peaked at 6.5 x 10'* W/cm? over
the marker layer, but this does not account for the angular
dependence of laser absorption [45] or how the absorption
changes as the coronal plasma evolves. Instead, we use
xRAGE simulations with parameters calibrated from the
OMEGA-scale implosions to determine the optimal drive
conditions for the NIF-scale targets. The beam pointings
are chosen to give an axially uniform implosion of the
marker layer: the southern hemisphere drive beams are
offset toward the north pole by 1035 ym, and the northern
hemisphere beams are offset the same amount toward the
south pole. Hydroscaling according to x — Ax and t — At
necessitates that the laser pulse is 3 ns long. The power
(0.589 TW/beam) was chosen such that the NIF-scale
marker trajectory implodes with the same velocity as the
OMEGA-scale trajectory, with nearly identical ablation
pressures of roughly 40 Mbar, in preshot simulations. The
128 drive beams deliver a total of 226 kJ of laser energy to
the target, allowing for even larger cylinders to be fielded at
the NIF in the future. Simulations suggest that a scale-4
cylinder could be driven along a scale-invariant trajectory
with 614 kJ in a 4 ns pulse, though the higher initial laser
intensities require further investigation to assess the effi-
cacy of coupling this energy to the target.

Results.—The initial sinusoidal perturbation on the inner
surface of the aluminum marker layer grows considerably
during the implosion and develops the classic bubble and
spike features of late-time Rayleigh-Taylor instability, as
can be seen from the radiographic data from one of the
16 frames for the OMEGA and NIF experiments shown
in Figs. 2(a) and 2(b), respectively. The OMEGA data are
shown roughly 6.2 ns after the start of the 1 ns drive, while
the NIF data are shown at the corresponding hydroscaled
time of 18.6 ns after the start of the 3 ns drive. Mushroom
heads are just beginning to develop at the tips of the spikes
at these image times. The shock position is also evident in
the CH foam, as the unshocked foam is more transparent
to the backlighter x rays. These two images are just prior
to shock collapse on the cylinder axis. When the shock
rebounds, it recompresses the CH foam, further lowering
the transmission and allowing extraction of the entire
shock trajectory. Linear theory [46] predicts that instability
growth here occurs in the strongly driven limit, with only
modest contributions due to convergence, but it is hoped
that these results will spur further interest in extending
theories of instability growth in convergent geometry
beyond current limits [47-49].
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FIG. 2. Experimental radiographs from (a) OMEGA shot
93069 and (b) NIF shot N190212-003. Synthetic radiographs
from XRAGE simulations of (¢) OMEGA shot 93069 and (d) NIF
shot N190212-003, including parallax and pinhole blurring.

Synthetic radiographs reproduce many features of the
experimental radiographs, as can be seen in Figs. 2(c)
and 2(d) for the OMEGA- and NIF-scale simulations.
Appropriate pinhole blurring and the effects of image
parallax are included, but the illumination pattern on the
backlighter is not modeled. (Features are extracted from
extrema in gradients of transmission, so this is not expected
to be important.) The marker layer appears slightly thicker
in the experimental radiographs than in the synthetic
radiographs. This could be explained by either a modest
bowing that is not captured in these 2D simulations, high
mode instabilities contributing to additional mixing of the
layer, or preheat (which is not currently modeled in these
simulations) depositing additional energy into the alumi-
num early in time. These three possibilities are under active
investigation. The latter two are important in their own right
for ICF, and the cylindrical implosion platform provides a
complementary method of investigating these effects from
spherical implosions.

The experimental trajectories are qualitatively similar
between the OMEGA- and NIF-scale targets, as can be seen
in Fig. 3(a), which shows several key features extracted
from the radiographs and plotted versus scaled radius r/A
and scaled time /4 (A = 1 for OMEGA and A = 3 for NIF).
In order of decreasing radial position, the features are the
outermost surface of the aluminum marker, the bubble
pocket position, the spike tip position, and the shock front.
The shock trajectory agrees with the self-similar converg-
ing shock solution in cylindrical geometry [17], though
the NIF trajectories (X’s) lag slightly behind the OMEGA
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FIG. 3. (a) Trajectories extracted from experimental radio-

graphs (OMEGA, squares; NIF, X’s) compared to postshot xXRAGE
predictions (OMEGA, solid lines; NIF, dashed lines). Clustered
NIF data represent 4 frames from a single strip, and uncertainty
due to azimuthal variations is on the order of the marker size.
The scatter of OMEGA data about the apparent trends is about
6%—1%, but the data are too statistically limited to represent a
confidence interval. Future work will further reduce this by
introducing temporal constraints into the analysis. (b) Growth
factor for OMEGA and NIF shots compared to postshot XRAGE
predictions (lines).

data (squares). This may be partially attributed to the
slightly less effective coupling of the laser energy to the
hydrodynamic motion of the target. The design work
assumed that the same coupling efficiency of laser energy
to target motion occurred at OMEGA and the NIF, but
postshot simulations indicate this is not the case. The NIF
targets are also not exactly hydroscaled, due to fabrication
constraints: the radii are within 1% of nominal values, but
the thickness of the aluminum marker differed by as much
as 15% from nominal.

Trajectories extracted from the xRAGE simulations match
the experimental measurements well, as can be seen in the
solid (OMEGA) and dashed (NIF) lines overlaid in Fig. 3.
Each experimental shot is simulated separately using the
as-built target dimensions and the as-fired laser pulse. Our
simulations include an ad hoc laser power multiplier that
attempts to account for cross-beam energy transfer [50] and
other laser plasma instabilities that are not presently
modeled. (A cross-beam energy transfer model has been
implemented in xRAGE and is being tested against these
data now.) The power multiplier 7., iS tuned in the
postshot simulations in order to match the experimentally
measured trajectories. The OMEGA simulations use
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Naser = 0.85, while the NIF cases use #j,e, = 0.75. The
lower power multiplier for the NIF-scale targets is attrib-
uted to the higher intensity and the longer pulse length
used. The use of a constant-in-time multiplier is believed
acceptable, as the drive ends before the marker begins to
move; more complicated pulse shapes will likely require
more sophisticated models.

The OMEGA and NIF experiments show peak growth
factors around 14 at t/A~7.7 ns, just before the
rebounding shock hits the marker, as can be seen in
Fig. 3(b). The mode amplitude is inferred by taking half
of the distance between the extracted bubble pocket and
spike tip positions, and the growth factor is this value
divided by the initial perturbation amplitude, as deter-
mined from detailed target metrology. Growth factors
from the xRAGE simulations, also shown in Fig. 3(b),
predict scale-invariant growth between the OMEGA and
NIF targets, in agreement with the experimental mea-
surements. Lastly, note that the mode continues to exhibit
growth when the wave-number-amplitude product,
ka,, = ma,,/r, is greater than order unity, which is
consistent with previous findings [31].

We developed a cylindrical implosion platform that is
hydrodynamically scale invariant over a factor of 3
increase in radial dimension and implosion timescale.
Experiments fielded at both the OMEGA laser facility
and the NIF measuring Rayleigh-Taylor instability
growth during deceleration find instability growth factors
of 14 at a CR of 2.25, in agreement with xRAGE radiation-
hydrodynamics predictions. The scale-invariant nature of
the hydrodynamics in this platform enables detailed cross
comparisons to be made between many small targets
fielded at OMEGA and a handful of larger targets fielded
at the NIF, allowing large statistically significant datasets
to be leveraged in hydrodynamics studies in a convergent
geometry. Near term efforts will focus on extending the
platform to higher convergence ratios through a combi-
nation of lower density foams or gas fills and alterations
in the laser drive, and we have begun to examine multi-
mode initial conditions and surface roughness in pre-
liminary work at OMEGA. Further extensions will
examine the breakdown of hydrodynamic scale invari-
ance in HED systems, such as the predicted differences in
ablative stabilization during deceleration [19].
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