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Direct measurements of hydrodynamic instability growth at the fuel-ablator interface in inertial
confinement fusion (ICF) implosions are reported for the first time. These experiments investigate
one of the degradation mechanisms behind the lower-than-expected performance of early ICF im-
plosions on the National Ignition Facility. Face-on X-ray radiography is used to measure instability
growth occurring between the Deuterium-Tritium (DT) fuel and the plastic (CH) ablator from well-
characterized perturbations. This growth starts in two ways through separate experiments - either
from a pre-imposed interface modulation or from ablation front feedthrough. These experiments are
consistent with analytic modeling and radiation-hydrodynamic simulations, which say that a mod-
erately unstable Atwood number and convergence effects are causing in-flight perturbation growth
at the interface. The analysis suggests that feedthrough from outer-surface perturbations dominates

the interface perturbation growth at mode 60.

PACS numbers: 52.57.Fg,52.70.La,52.35.Py

Understanding and mitigating the hydrodynamic in-
stability growth occurring during the implosion of an
inertial confinement fusion (ICF) capsule is essential to
achieving the desired fusion performance and ultimately
achieve ignition with ICF. In the indirect drive config-
uration used at the National Ignition Facility (NIF)[1]
laser beams irradiate the inside of a high-Z (Au or U)
hohlraum, where their energy is converted into soft X
rays. The X-ray environment inside the hohlraum heats
and ablates the capsule, sending a series of carefully-
timed shock waves inwards and compressing it to 30-
40x smaller than its initial radius. This compression
process generates hydrodynamic instabilities on the ab-
lation front of the capsule through the ablative Rayleigh-
Taylor (RT) instability[2, 3] and on the interface be-
tween the Deuterium-Tritium (DT) fuel and the ablator
through the classical RT and Richtmyer-Meshkov (RM)
instabilities[3].

Initially the interface is stable to the RT instability,
but instability can arise from high-energy X rays heating
the ablator near the interface and lowering its density be-
low that of the fuel, causing an unstable Atwood number
(A = (p1—p2)/(p1+p2), where p is the density). ICF cap-
sule designs attempt to control the Atwood number by
shielding the interface with high-Z dopant added to the
ablator[4, 5]. Yet experiments during the National Igni-
tion Campaign (NIC) (2009-2012)[6] observed significant
mixing of ablator material into the hot spot[7, 8], while
subsequent experiments[9, 10] have shown improvements
by modifying the laser pulse to improve hydrodynamic
stability. This implies that either instability growth is
greater than originally modeled or perturbation seeds are
not adequately known[11].

To better understand instability growth in these ICF

implosions, a series of experiments measuring the growth
of pre-imposed perturbations have been undertaken[12—
15]. Thus far, good agreement between simulations and
the observed growth has been found at several mode
numbers and using several pulse shapes [16]. These
hydro-growth radiography (HGR) measurements were
made using a perturbation seeded on the outside of the
capsule and measuring its growth on the ablation front.
Here we report on the first experiments directly measur-
ing the growth of a perturbation on the interface between
the DT fuel and the CH ablator.

The setup for these experiments is shown in Fig. 1.
The capsule is placed on an Au cone, centering it within
the Au hohlraum. Of NIF’s 192 laser beams, 184 are
directed into the hohlraum, with the remaining 8 laser
beams pointed towards a Sc backlighter, creating 4.3 keV
X rays. The backlighter X rays pass down the axis of
the cone, through half of the capsule, out a high-density
carbon window in the wall of the hohlraum, through a
12 um wide slit, and finally are recorded by the gated X-
ray detector (GXD)[17] at 12x magnification. The GXD
records images at four times as the capsule is imploding.
Through this process modulations in the capsule’s optical
depth (OD = [ kpdr, where £ is the opacity) can be
measured.

This setup has been used in past HGR experiments,
but these are the first to include a DT ice layer. This
ice layer can be seen in the initial condition radiograph
of Fig. 1(b). The experiment shown here had sinusoidal
ripples machined on the interface between the ice and
the ablator. The design for these experiments is based
on the “low-foot” laser pulse and capsules[18] used dur-
ing the NIC but were scaled down by 0.8x in order to
operate at reduced laser energy (and facility cost) but
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FIG. 1. (a) Experimental setup for the layered hydro-growth
radiography (HGR) platform. An Au cone enters through
the hohlraum and the capsule, allowing backlighter X rays to
pass through half of the capsule and be recorded by the gated
X-ray detector (GXD). (b) The capsule has a Si-doped CH
ablator with an inner DT ice layer. The experiment shown
here includes mode 60 perturbations between the ablator and
the ice, visible in the zoomed-in image. (c) The laser pulse
uses 4 shocks and reaches 230 TW peak power with 0.9 MJ
of total energy.

be hydrodynamically equivalent. The laser pulse, shown
in Fig. 1(c), has 0.9 MJ of energy and a peak power of
230 TW. The capsule is 909 pum in outer radius with a
155 wm thick CH ablator and a DT ice layer that is 55
pum thick in the field of view[19]. The ablator contains
graded silicon dopant of up to 2.3% to block high-energy
X-ray preheat.

Instability growth at the fuel-ablator interface can
originate either from a local perturbation at this interface
or from a perturbation that imprints from the ablation
front[20-26]. These experiments address both scenarios.
The dynamics of these interactions are displayed in Fig.
2 from 1D and 2D HYDRA simulations[27]. In Fig. 2(a),
the shocks launched by this 4-shock pulse (Fig. 1(c)) are
shown by plotting the logarithmic gradient of pressure
in Lagrangian coordinates (i.e. initial mass coordinates).
The first shock reaches the interface between the ice and
the ablator at 10.6 ns, with subsequent shocks arriving
at 13.1 and 13.6 ns (the fourth shock does not appear
pronounced in this view). Figure 2(b) shows normalized
perturbation amplitudes at the ablation front (solid) or
fuel-ablator interface (dashed) of a mode 60 perturbation
seeded at either the outer surface (black) or the interface
(red). The shocks launched from the ablation front carry
their perturbation and imprint on the interface with an
amplitude Mimprint /M0 = sin(kest)/kest, where k =1/R is
the wavenumber, [ is the spherical mode number, and cg
is the sound speed (here Nimprint/Mo = 0.1; black dashed
line at 10.6 ns). The perturbation at this interface grows
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FIG. 2. (a) Shock trajectories, produced by plotting the log-
arithmic derivative of the pressure, plotted in Lagrangian co-
ordinates. Shocks are timed to merge near the DT ice-gas
boundary. (b) The feedthrough between the ablation front
and fuel-ablator interface are shown through growth factors
(normalized amplitudes) from a mode 60 outer-surface pertur-
bation (black) and an interface perturbation (red) growing at
the ablation front (solid) or the interface (dashed).

through the RM instability, which causes oscillations in
the amplitude as each shock drives a phase inversion.
Feedthrough of ablation front growth onto the interface
due to their proximity is also a large component of inter-
facial perturbation growth. This factor is approximately
Tfeedthrough ~ nablle_ZAR/ R and reaches a maximum for
mode 60 of Necdthrough = 0.137,p1. before the rarefaction
decompresses the capsule around 14 ns.

Perturbations on the fuel-ablator interface experience
classical RM growth from each of the four shock waves,
inducing linear growth at a rate of nrym = noAéRl/ R,
where 6R is the impulsive interface velocity jump. At
10.5 ns the interface perturbation compresses from the
first shock wave, inverts phase, and then grows in ampli-
tude. Pre-heat and acceleration of the interface can lead
to classical RT growth of nrr/ny = exp f AR dt where

yrr = \/ ARl /R. The spherical geometry and radial ve-
locity can amplify the interface amplitude through Bell-

Plesset (BP) effects [28-30], inducing growth of the form

nreryse/mo = (Ro/R)*? exp [ \/73r g + 72 dt, where

YR = 3/4(R/R)2 and YRT_1like & YrT. These effects will
act on interface perturbations that are initially present or
that arise from ablation front imprint and feedthrough.
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FIG. 3. (a-b) Images of the capsule and ice layer, unrolled
into radius vs. theta, for the (a) outer surface perturbation
experiment and (b) interface perturbation experiment. The
perturbation lineouts are shown in (c) and (d), respectively.
The outer surface perturbation included both modes 60 and
90, with an amplitude of 0.35 um. The interface perturbation
only used mode 60 with an amplitude of 4.4 pm. In (d),
the average profile is shown as a thick line and individual
lineouts are shown as thin grey lines, showing mode ~500
structure present from the laser ablation process that made
this interface perturbation.

These two methods of generating an interface pertur-
bation (ablation front imprint/feedthrough or initial in-
terface seed) are used here in separate experiments. The
first method uses side-by-side mode 60/90 perturbations
on the outside of the ablator. This same perturbation
is placed on two capsules for comparison, a DT-layered
capsule and a symcap (a capsule with the DT replaced
with the equivalent mass of 10 um of additional ablator
material) through a lathe technique used in past HGR
experiments. The layered capsule is shown in Fig. 3(a)
(with the image unrolled into radius vs. azimuthal an-
gle). The 0.35 um amplitude perturbations on the outer
surface are faintly visible. These perturbations are char-
acterized through atomic-force microscopy and a lineout
is shown in Fig. 3(b).

In the second layered experiment, a perturbation is
machined directly on the inner ablator surface, between
the DT ice and the CH plastic. This perturbation was im-
posed through a new technique using laser ablation[31].
After the hole for the Au cone was cut into the capsule,
a UV laser was used to remove individual spots to cre-
ate a sinusoidal mode 60 pattern. This technique also
left higher-mode features the size of the laser spot (mode
~500). This target is shown in Fig. 1(b) and Fig. 3(c).
The perturbation is characterized using a Leica confocal
microscope([31] and is shown in Fig. 3(d).

Results from the outer-surface perturbation experi-
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FIG. 4. Results from outer-surface perturbation experiment.
(a) Radiograph lineouts converted to optical depth. Symcap
experiment (N140914) is shown as dashed lines and the lay-
ered experiment (N141026) is shown as solid lines. The initial
perturbation is shown at the bottom. (b) Single mode ampli-
tudes from both experiments after correcting for the transfer
function of the imaging system. Experimental data are shown
as markers and post-shot simulations are shown as lines. In-
set shows a model of the two experiments, describing their
density, p, opacity, k, and perturbation amplitude, 7.

ments are shown in Fig. 4(a). The transmission signal
was processed by removing the background signal, divid-
ing by the backlighter profile, and converting to optical
depth. Here the width of the data was converted to angle
around the capsule by detecting the center of convergence
between the various times. The data shows that mode
60 is growing 2-3x larger than mode 90. As previous
experiments have shown, this is because higher modes
have more ablative stabilization and mode 90 is close to
the zero-growth node caused by phase oscillations in the
shock wave (predicted to occur at mode 110 for this cap-
sule and laser pulse)[16, 32]. The data also show that
the amplitude between the symcap (dashed) and layered
capsule (solid) are similar at the earliest time, but the
symcap amplitude appears to grow larger later in time.
The single mode amplitudes from these experiments are
shown in Fig. 4(b) and compared with 2D post-shot sim-
ulations using HYDRA [33]. Good agreement is found
between the simulations and the data, with the simula-
tion falling within the error bars of most data points.



The larger observed modulations on the symcap ap-
pears to be due to opacity difference between the ablator
and fuel and not because of larger amplitudes. Simula-
tions suggest the scenario inset in Fig. 4(b) is occurring,
with the same areal density modulations and ablation
front amplitudes but differences in optical depth due to
the fuel. From this model the measured OD amplitude is
AODiayered = Mint PDTEDT + MablPablFabl — TintPablFabl-
Since kKpT <K Kabl, then AODlayered = AODSym —
NintPablRabl. Lherefore the difference between the two
measurements is directly related to the interface ampli-
tude.

Results from the experiment with a perturbation at the
interface are shown in Fig. 5(a). The 2.2 um amplitude,
mode 60 perturbation is shown at the bottom of this
figure. In the data, moderate amplitude growth can be
observed between the earliest and latest time. The sinu-
soidal amplitude from the center three waves are shown
in Fig. 5(b). Analytic estimates using the previously dis-
cussed RT and RT + BP theories are added to Fig. 5(b)
(The amplitudes are arbitrarily scaled to compare the
growth rate with the data). Here the 1D simulation was
used to determine the Atwood number, A ~ 0.04, and
the acceleration R ~ —70um/ns? during the measure-
ment period. The amplitude growth rate is greater than
that predicted by classical RT. Convergence effects, in-
cluded in the RT+BP model, give good agreement with
the earlier-time data. Two 2D HYDRA calculations are
also shown here. In the “single mode” calculation, the
initial condition was filtered with a mode 100 low-pass
filter. This retains the amplitude of the dominant mode,
but misses the higher mode content. In this case, the
simulation shows agreement with the earlier-time data
but over-predicts the late-time growth. In the “multi-
mode” calculation, the full initial condition information
was retained and the simulation was run with mode 1000
resolution. The high-mode structure, coming from the
laser-ablation process used to create the perturbation,
grows quickly and saturates, coupling to lower modes
and reducing the observed amplitude at later times. This
case shows good agreement with all of the experimental
data. In reality this high-mode growth will be three-
dimensional and possibly turbulent, so further analysis
of this problem with a 3D simulation is necessary. The
disagreement between the simulations and the analytic
models at r=>500-550um is due to the simulations pre-
dicting a compressive wave hitting the interface at this
time (note the additional shock at 15.6 ns in Fig. 2(a)).
Since the data suggest the growth rate is closer to the
analytic model, this compression may not be present, al-
though both the simulation and the analytic model are
within the error bars. Also, these large error bars do
not constrain the Atwood number well - a factor of sev-
eral difference in Atwood number would still be consis-
tent with the data. Experiments with smaller wavelength
perturbations are needed, which would be more sensitive
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FIG. 5. Results from the interface perturbation experiment
(N150305). (a) Radiograph results converted to optical depth.
The initial perturbation is shown at the bottom. (b) Sin-
gle mode amplitudes. Two post-shot calculations are shown:
black line only includes modes less than 100, red line includes
all modes, including the prominent mode 500 structure. In-
sets show kp. Analytic growth rates are included in blue. (c)
Comparison of interface amplitudes from seeding the pertur-
bation at the interface or at the outer surface.

to the Atwood number. This will be pursued in future
experiments.

Interface perturbation growth seeded by ablation front
imprint and feedthrough or seeded by an initial interface
perturbation are directly compared in Fig. 5(c). Here,
in the outer-surface perturbation experiment, the inter-
face perturbation growth is computed by AODgymecap —
AOD\ayered and assuming the ablation front growth is
the same, as discussed previously. Since the slopes be-
tween the two data sets are similar, we can conclude that



the exponential growth rates are similar. The ~3x larger
modulations measured in the outer-surface perturbation
experiment (despite their initial amplitude being 6.3%
smaller) says that perturbations on the outer surface of
the capsule are more of a concern than perturbations ini-
tially at the interface at this mode number. The agree-
ment between these experiments and models implies that
unexpected perturbation seeds (such as the capsule sup-
port “tent”[34]) were the main cause of mixing in early
NIF experiments. The dominant perturbation seeded
by the tent (mode ~20) is longer in wavelength than
the perturbations analyzed here, but modeling predicts
that outer-surface perturbations will also dominate the
growth at the interface at those lower modes. More work
is needed to test these conclusions at higher wavenumbers
and at higher convergence.
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