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First measurements of hydrodynamic growth near peak implosion velocity in an inertial confinement
fusion (ICF) implosion at the National Ignition Facility were obtained using a self-radiographing technique
and a preimposed Legendre mode 40, λ ¼ 140 μm, sinusoidal perturbation. These are the first measure-
ments of the total growth at the most unstable mode from acceleration Rayleigh-Taylor achieved in any ICF
experiment to date, showing growth of the areal density perturbation of ∼7000×. Measurements were made
at convergences of ∼5 to ∼10× at both the waist and pole of the capsule, demonstrating simultaneous
measurements of the growth factors from both lines of sight. The areal density growth factors are an order of
magnitude larger than prior experimental measurements and differed by∼2×between thewaist and the pole,
showing asymmetry in the measured growth factors. These new measurements significantly advance our
ability to diagnose perturbations detrimental to ICF implosions, uniquely intersecting the change from an
accelerating to decelerating shell, with multiple simultaneous angular views.
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The goal of inertial confinement fusion (ICF) [1–3] is to
implode a spherical target, achieving high compression of a
cryogenic deuterium-tritium (DT) fuel layer and high
temperature in the central hot spot, triggering ignition
and producing significant thermonuclear energy gain.
Ignition-relevant fuel areal densities (ρR) and implosion

velocities have been achieved [4,5] in recent experiments at
the National Ignition Facility (NIF) [6]. While these key
performance parameters were close to the goal of the
ignition point design [7], the temperatures and neutron
yields were significantly lower than expectations from
simulations [4,5]. The poor performance correlated with
the amount of plastic shell mixed into the DT hot spot as a
result of hydrodynamic instability growth [8–10].
Hydrodynamic instabilities, including Rayleigh-Taylor

[11,12], Richtmyer-Meshkov [13–18], and Kelvin-
Helmholtz [19–23] play a central role in the performance
degradation of spherical implosions in ICF [2,3]. As the
shell accelerates, ablation-front perturbations feed through
the shell, seeding perturbations on the inner surface, which
then grow as the shell decelerates. In addition, the pertur-
bations will grow due to Bell-Plesset [24,25] convergent
effects throughout the compression.
Several experimental platforms have been developed to

measure instability growth and mix in ignition-relevant
conditions on NIF. To date, the measurements made have
been at low convergence (<4×) during the acceleration
phase, limiting the measured growth of the ρR perturbations
to ∼550× [26–29]. The experiments use a reentrant cone,

allowing only one side of the capsule shell to be radio-
graphed. Themeasurement of growth from large-amplitude,
two-dimensional (2D) preimposed modulations [26–30]
showed that the measured instability growth was modeled
well with 2D simulations [27–31]. However, “native” 3D
roughness measurements highlighted unexpected growth
hypothesized to be from the target construction procedures
[32–34] and oxygen contamination [35].
Higher convergence measurements of ρR perturbations

are challenging and require a different method to radio-
graph the shell, as a reentrant cone will strongly perturb the
implosion [27]. The first ρR modulation measurements
near peak convergence were acquired in a direct drive
configuration [36–40] at the OMEGA [41] laser facility.
The capsule shell included Ti-doped layers that acted as a
spectroscopic diagnostic [38–40,42]. At peak compression
the hot, compressed core and inner surface of the shell
produce bright continuum x-ray emission. This emission is
used to self-radiograph the outer, colder shell. Both time-
integrated and time-resolved imaging of the implosion at
photon energies above and below the dopant K-absorption
edge were made [40,43,44]. The technique was extended to
take advantage of the more sensitive 1s-2p absorption
[45–47], improving the accuracy of the inferred ρR. Recent
work using a multiple pinhole imaging spectrometer
[42,48–51] used diagnostic doping of the capsule gas fill
[52] to determine hot spot temperature and shell density
asymmetries, providing a measurement of total mix in the
direct drive implosion.
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Measurements when the capsule is fully converged,
however, have limitations. Rayleigh-Taylor growth from
both acceleration and deceleration, as well as low Legendre
mode asymmetries from the drive contribute to the
observed ρR perturbations, making interpretation of their
origin difficult. Additionally, at peak convergence (PC) the
spatial resolution of imaging systems limits the modes that
can be resolved to <10, far below the modes measured to
be most unstable [26–29,31]. In the work described here,
we use the self-radiograph method, but we have enhanced
the self-emission at earlier times in the implosion to
measure the perturbation from the most unstable mode
for our capsule (simulations for this experiment predict
mode 45 is at the peak of the growth factor curve [53]) and
drive configuration, at peak velocity [53].
Near peak velocity (PV) measurement of the ρR pertur-

bation has the significant advantage that it reflects the
integrity of the capsule after the inward acceleration growth
is complete. At this time, the capsule is still large enough to
measure perturbations with mode ∼40, which is at or near
peak of the growth factor curve. To achieve sufficient x-ray
brightness for a self-radiograph at PV, we add 1% Ar to the
gas fill of the capsule. This significantly enhances (∼10×)
the self-emission over nominal gas fills during the time
when the rebounding shock is expanding from the capsule
center to meet the incoming shell. Measurements at this
time will allow us to infer the cold shell ρR perturbations
resulting from native capsule surface roughness and iso-
lated defects as it converges through PV. The enhanced
emission from this amount of Ar is sufficient to cool the hot
spot during the compression phase and alter the final
compression; however, our measurements focus on the
times near PV before this perturbation is significant.
This Letter presents the first measurements, using a

novel technique, of the total acceleration-phase Rayleigh-
Taylor growth, at the most unstable mode, in an ICF
experiment. In simulations, a small amplitude mode 40 ρR
perturbation that stays in the linear growth regime would
grow by a factor of 12 000. Our machined ripple perturba-
tion grows by 7000×, entering saturation as it approaches
PV [54]. We believe these measurements to be the highest
growth inferred in any ICF implosion experiment to date.
Although our ultimate objective is to observe a snapshot

of the total growth arising from the native perturbations at
the surface of the capsule, we initially chose to qualify the
technique with a known perturbation that would be meas-
urable at the time of the peak self-emission from the
rebounding shock. A mode 40 (λ ¼ 140 μm) sinusoidal
ripple, with a ð220� 20Þ nm (peak-valley) amplitude
(the smallest amplitude possible by current fabrication
methods), was machined into the ablator surface. In order
to machine the ripple a ð3� 0.15Þ μm deep band is cut into
the capsule to ensure symmetry. For future experiments it is
desirable to remove this feature as it significantly perturbs
the implosion after PV. By applying a known perturbation

with a mode number at the peak of the simulated growth
factor spectrum we are measuring the maximum growth
that should occur during the acceleration phase. Future
experiments will separately examine the final perturbation
from different initial seeds, including native surface
roughness.
A schematic of the shell dopant and gas fill is shown in

Fig. 1(a), indicating the position of the mode 40 ripple on
the ablator surface that wraps 360° over the pole of the
capsule. The ripple orientation allows diagnostic views
through both the perturbed (2D imaging) and unperturbed
(spectrometry) regions of the shell. The Ar dopant in the
capsule gas required the target to be fielded at 75 K to avoid
condensation of the Ar. An inner layer of the capsule
ablator was doped with 1.4% Cu for radiographic contrast
and as a spectroscopic diagnostic, Fig. 1(a). The depth of
the Cu-doped layer was chosen so that it remains unablated
at PV in simulations.
The temporal and spectral characteristics of the x-ray

emission from the capsule, shown in Fig. 2(a), are diag-
nosed by a time resolved spectrometer [56,57]. This
instrument observes the capsule along a line of sight that
does not intercept the ripple. The enhanced self-emission
(bremsstrahlung) from the addition of the Ar peaks
∼350 ps prior to PC, coincident with PV. This provides
a time window in which a series of self-radiographs can be
taken using a 2D x-ray imaging system observing along a
line of sight through the ripple, Fig. 3. The 1.4% Cu dopant
in the shell produces aK-edge absorption feature (8.9 keV),

FIG. 1. (a) A pie diagram of the plastic (CH) capsule, doped
with Si and 1.4% Cu. A mode 40 sinusoidal ripple is machined
into the ablator with a ð220� 20Þ nm peak to valley amplitude,
recessed 3 μm. (b) Cut away diagram of the Au hohlraum
showing the pole, equator, and the orientation of the ripples
on the capsule. The ripples are visible on both the polar and
equatorial imaging systems. The spectrometer views the unper-
turbed region on the equator perpendicular to the imaging system.
(c) HYDRA [55] simulation ∼350 ps before peak compression.
When the shock rebounds through the capsule gas fill, the
presence of 1% Ar enhances the Te and, in turn, the self-emission.
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visible in the spectrum shown in Fig. 2(a). The emission
enhancement in the time resolved spectrum is easily visible
in Fig. 2(a), and the time history of the capsule self-
emission below the Cu K edge is shown in Fig. 2(b).
Capsule-only 2D simulations were performed using a

radiation hydrodynamics code, HYDRA [55] to predict the
growth of the preimposed modulations. Simulated radio-
graphs, from the transmitted self-emission, were produced
to compare to the experimental measurements. These
simulations were run assuming local thermodynamic equi-
librium (LTE) atomic physics. In addition, 1D non-LTE
simulations were performed to predict the self-emission
enhancement from the addition of Ar. The electron temper-
ature and density maps from the 2D simulation are shown in
Fig. 1(c). The measured emission below the Cu K edge is
compared to the simulations in Fig. 2(b) both with and
without the Ar dopant. The simulations with Ar predict the
general features of the emission, and, in particular, the
enhanced self-emission in the shock-rebound phase prior to
the PC emission. Figure 1(c) shows a prediction of the
perturbation in the shell when the capsule is at a con-
vergence of 6.1×, (R ∼ 150 μm). From the ratio of the
transmitted emission above and below the Cu K edge we
can infer the ρR of the Cu, and therefore the shell
compression, from the time resolved spectrum shown in
Fig. 2. The compression of the shell is given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρ0R0=ρR
p

.

We infer a dopant ρR of (5.7� 0.4Þ × 10−3 g=cm2, 350 ps
prior to PC, giving a capsule convergence of ð5.1� 0.2Þ× at
the time of peak self-emission from the rebounding shock,
when the self radiographs will be taken. The cold opacity of
Cu was used [58] to infer the compression of the dopant
over a 100 ps time average portion of the spectrum. The
addition of the Cu dopant creates two additional features in
the spectrum shown, 1s-2p absorption later in time and
K-alpha emission throughout.
The ripples on the capsule were oriented as shown in

Fig. 1(b), allowing them to be observed by gated x-ray
detectors (GXD) [59,60] situated on polar and equatorial
lines of sight. These diagnostics consist of a pinhole
imaging system coupled to a gated microchannel plate
(MCP) x-ray detector and captured 2D self-emission
images of the implosion. Each GXD provided a large
number of images spanning the period between PC −400
and −100 ps that coincides with the enhanced self-
emission. Figure 3 shows three images from each of the
polar and equatorial GXDs.
The images are observed though a 10 μmCu filter which

provided a moderately narrow band photon energy
response allowing a modulation in optical depth (OD) of
the shell to be found. The equatorial and polar detectors are
co-timed, allowing a simultaneous measurement. The
assumption is made that the emission from the rebounding
shock is smoothly varying. The size of the images shown
correspond to the size of the emission from the rebounding
shock, which is smaller than the radius of the capsule shell.
We averaged the image perpendicular to the direction of

the modulations in a region indicated in Fig. 3. This
produces an average intensity signal, I, in the direction
across the modulations, as shown in the bottom of Fig. 3.
The low modes (<5) from a Fourier decomposition of I
were used to provide a baseline signal, IB, also shown in the
bottom of Fig. 3. The comparison of these signals gives a
modulation in OD, ΔM ¼ logðI=IBÞ.
A sine curve was fitted to the resulting modulation

amplitude signal, prioritizing the central two wavelengths
that are in direct line of the x-ray imaging systems; an
example is shown in Fig. 3. The wavelength of the sine fit is
used to infer the radius of the capsules’ cold shell, as the
mode of the preimposed ripple remains constant during the
compression. The amplitude of the fit is related to the total
growth in OD of the ripple, from the initial ripple ΔM of
7.3 × 10−5 OD. ThisΔM can be related to the total shell ρR
if the opacity of the nonmodulated material in the shell
is known.
The image processing also corrected for the modulation

transfer function of the pinhole and MCP detector. This
results in a correction factor to the amplitude inferred
from the sine fit. Simulated radiographs, shown in Fig. 3,
were processed in the same manner as the experimental
data to allow direct comparison of the resulting inferred
modulations.

FIG. 2. (a) Time resolved spectrum covering ∼1 ns around
peak compression (PC, t ¼ 0 ps). Absorption features from the
Cu dopant in the shell are visible both in the rebounding shock
spectrum and at PC. (b) Spectrally integrated emission in a
∼1 keV bandpass (8–9.2 keV) in time, showing significantly
increased emission ∼350 ps prior to PC. This is compared to 1D
non-LTE results (blue), showing good agreement in the timing of
the self-emission enhancement. For reference, the simulated
emission without added Ar is shown (green, dashed).
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Figure 4(a) shows the inferred radius, R, as a function of
time for the polar, equatorial, and simulated self-radiographs.
There is good agreement between the two lines of sight
(LOS) and the simulation, showing a convergence velocity of
ð210� 15Þ km=s. The convergence inferred from the x-ray
images increases from 4.6× (R ¼ 200 μm) to 7.7×
(R ¼ 120 μm), which is in reasonable agreement with the
estimate of convergence of ð5.1� 0.2Þ× obtained from the
Cu dopant absorption feature in the time resolved spectrum.
These are the highest convergence radiographs made of the
shell at the NIF, providing improved knowledge of the late-
time implosion dynamics.
Figure 4(b) shows the inferred ΔM as a function of the

inferred radius for the pole, equator, and simulation. This
shows that over the observation period the amplitude of
the ripple continues to grow, but by different amounts on the
equator and pole. During the time of our measurement, the
continued increase in the ΔM for either location follows a
∼1=R2 dependence, consistent with the growth of ρΔR

mandated by mass conservation as a thin shell converges
(i.e., the Bell-Plesset effect [24,25,61]) with no additional
contribution fromRayleigh-Taylor growth. This is expected,
since the Rayleigh-Taylor growth of our ð110� 10Þ nm
amplitude perturbation will reach saturation before the
capsule reaches PV [54]. It is difficult to extrapolate the
ΔM in OD measurement to a ΔρR as the material compo-
sition along the LOS is not experimentally known. The
earliest measurements made on both the pole and equator
overlap in error barswith the inferredOD from the simulated
radiographs, which provide the best estimate forΔρR at PV,
the simulated ΔρR is ≃0.5 g=cm2.
At the end of the set of analyzed images, the perturbation

at the equator is seen to have grown twice as much in
optical depth as on the pole. The difference in total growth
observed on the equatorial and polar LOS is intriguing. The
reduced growth at the pole may be due to more x-ray
preheating originating from the laser beams that dominate
the drive at the poles. Hydrodynamic growth at the ablator
is sensitive to the gold M-band preheating and to the
strength of the shocks as they traverse the shell. The
observation of asymmetry in the M-band emission in
hohlraums [62] and the dependence on shock strength of
the ablative Richtmyer-Meshkov instability [13–17,63–65]
have both been previously discussed as possible origins
of asymmetric instability growth [61,66,67]. The self-
radiograph technique opens new areas of research to
measure the asymmetry in growth factors as the implosion
remains unperturbed at PV.
In our experiment, the measured mode 40 perturbation

grewby a factor of0.6 × 104 to1 × 104 inODfrom the initial
7.3 × 10−5 ODof the ð110� 10Þ nm amplitude ripple, to an
amplitude of ∼0.75 OD at the equator and ∼0.42 OD at the
pole, 100 ps prior to PC. Simulations indicate that a
perturbation with 1=4 this initial amplitude would remain
mostly in the linear regime and grow by a factor of 11 000.

FIG. 4. (a) Radius vs time for experimental and simulated self-
radiographs taken on the pole and equator. (b) Modulation
amplitudevs radius for the pole and the equator showing continued
growth of the modulation on both LOS with a difference in the
measured growth between the equator and pole. Solid lines are
proportional to 1=R2. The simulated radiographs use a 1D drive
that is an average of the pole and equator. The initial modulation
amplitude of the perturbation in the ablator was 7.3 × 10−5 OD.

FIG. 3. A series of self-radiographs taken with a 12× magni-
fication, 12 μm pinhole imaging system onto a GXD detector
with ∼100 ps temporal resolution through a 10 μm Cu filter,
from the polar and equatorial line of sight, compared with the
simulated self-radiographs attenuated by the same filtration and
modulation transfer function as the experimental imaging system.
The self-radiograph is formed by the hot rebounding shock self-
emission being attenuated by the cold shell, which has the
perturbations on its outer surface. The dotted lines indicate the
region spatially averaged over to infer the preimposed modulation
wavelength and amplitude as a function of time. An example of
the analysis for the polar view, PC -368 ps, shows the signal I,
solid blue, the self-emission from the rebound shock, IB dashed
black, on the left. The calculated modulation amplitude, solid
blue, and sine fit, dashed red, is shown on the right.
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We should therefore be able to measure mode 40 near PV
arising from an initial amplitude of ∼25 nm, comparable to
perturbations from native roughness.
The shell ρR can be inferred from the time resolved

spectroscopy and Ross pair imaging [68] that was fielded
during these experiments; these will be discussed in a
separate publication. Higher mode perturbations could soon
be observed through the use of new high resolution imaging
systems.Current 12 μmpinholes limit the observablemodes
at PV to those less than∼120. An ideal candidate to improve
the measurements is the Kirkpatrick-Baez Microscope [69],
recently demonstrated on the NIF [70,71] that combines
<8 μm resolution imagingwith narrow band energy respon-
siveness in addition to a larger photon collection efficiency
when compared to similar resolution imaging systems.
This diagnostic will improve the measurements discussed
here, allowing higher modes and lower amplitudes to be
measured.
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