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The Rayleigh-Taylor (RT) growth of 3D broadband nonuniformities was measured using x-ray

radiography in spherical plastic shells accelerated by laser light at an intensity of �2� 1014 W=cm2.

The 20- and 24-�m-thick spherical shells were imploded with 54 beams on the OMEGA laser system.

The shells contained diagnostic openings for backlighter x rays used to image shell modulations. The

measured shell trajectories and modulation RT growth were in fair agreement with 2D hydro simulations

during the acceleration phase of the implosions with convergence ratios of up to �2:2. Since the ignition

designs rely on these simulations, improvements in the numerical codes will be implemented to achieve

better agreement with experiments.
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In inertial confinement fusion (ICF) [1], the spherical
target is imploded either directly with laser beams (direct
drive) [2] or indirectly by x rays, where the laser drive is
converted into x rays inside a high-Z enclosure (hohlraum)
[3]. The goal of the implosion is to achieve high compres-
sion of the fuel and a high temperature of the hot spot to
trigger ignition and maximize the thermonuclear energy
gain [1]. The unstable growth of target nonuniformities is
one of the most important factors that limit target perform-
ance in ICF [1–3]. A direct-drive implosion begins with an
acceleration phase when the laser beams ablate the shell’s
surface and the capsule accelerates and starts to converge.
At this stage, outer-shell nonuniformities, both existing
imperfections on the shell’s surface and imprinted imper-
fections caused by nonuniformities in the laser drive, grow
as a result of the acceleration-phase Rayleigh-Taylor (RT)
instability [4–7]. As the shell accelerates, these front-
surface perturbations feed through the shell, seeding per-
turbations on the inner surface. After the laser is turned off,
the ablation front becomes stable and the shell starts to
decelerate due to inner gas pressure while continuing to
converge. At stagnation, the shell stops (peak compression)
and then rebounds. During the deceleration phase, the
inner surface of the shell is subject to RT instability [8].
Deceleration-phase RT growth results in the mixing [9–14]
of cold-shell material with hot-core gas, reducing the target
compression and neutron yield. The modulations also grow
as a result of Bell-Plesset (BP) convergent effects [15]
throughout the compression.

Hydrodynamic growth of target perturbations has been
extensively studied in planar geometry using both x-ray
[16–18] and direct [4–7,19,20] drives. RT growth rates in
the linear regime of instability have been measured using
single-mode perturbations [4–7,16,17]. Multimode [18]
and 3D broadband [19,20] perturbations were used to
measure nonlinear saturation [21,22] and mode-coupling
effects. Experiments in cylindrical [23,24] and spherical

geometry [25,26] measured the growth of preimposed
modulations during the acceleration phase. This Letter
presents the first measurements of the RT growth of 3D,
broadband modulations during the acceleration phase of a
direct-drive spherical implosion. The experimental data
were used to validate 2D hydrodynamic simulations and
allow a better understanding of the RT growth dynamics
during the acceleration phase. This experimental study is
critical to the success of ICF because ignition designs rely
on these simulations.
In the experiments described here, initially smooth,

860-�m-diam, 20- and 24-�m-thick CH shells were
driven with 3-ns square pulses at a laser intensity of �2�
1014 W=cm2 on the OMEGA laser system [27]. The shells
contained 400- or 600-�m-diam openings that allowed
diagnostic x rays from the backlighter to radiograph the
shell. Figure 1 presents a schematic of the target showing
the spherical shell with the opening and a gold cone that
serves as a shield from the laser light entering the inner part
of the spherical target. The modulation growth was mea-
sured with through-foil x-ray radiography [19] using x rays
from three different backlighters: �1:8-keV samarium,
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FIG. 1 (color online). Experimental configuration. Spherical
20- and 24-�m-thick CH shells contain 400- and 600-�m-diam
openings that allow diagnostic x rays from the backlighter to
radiograph the shell. The gold cone serves as a shield from the
laser light entering the inner part of the spherical target.
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�2:0-keV dysprosium, and �2:5-keV tantalum. The
harder x rays were used at later times when the shell
converged to larger areal densities. The backlighter
x rays were imaged by an 8-�m pinhole array onto a
framing camera that made it possible for multiple images
with a temporal resolution of �80 ps and a spatial resolu-
tion of�10 �m to be captured at different times [19]. The
initial target modulations, used for RT-growth measure-
ments, were imprinted by laser-intensity nonuniformities
using one beam that arrived�100 ps before the other drive
beams that were used for target acceleration [19,20]. The
process of laser imprinting takes about 100 ps [19,20].
During this time, a plasma develops (from laser ablation)
between laser absorption (near the critical surface) and
ablation surfaces that decouples laser beams from the
target, thereby stopping the imprinting process [19]. The
spherical targets were driven with 54 overlapping OMEGA
beams with smoothing techniques that included distributed
phase plates (DPPs) [28], and polarization smoothing (PS)
[29]. The backlighter x rays were produced using an addi-
tional six OMEGA beams. The part of the shell opposite
the shield was driven as in a fully symmetric 1D implosion.
This was verified by comparing measured shell trajectories
with 1D predictions during the acceleration phase, as
shown below.

An optical-depth (OD) image (obtained by taking a
natural logarithm of intensity-converted framing-camera
images) is shown in Fig. 2(a). The images were used to de-
termine the outer diameter of the imploding shell and were
compared with predictions of the 1D hydrocode LILAC

[30]. Central 200-�m2 parts of the images [Fig. 2(b)]
were used to measure modulation growth and compare it
with predictions of the 2D hydrocode DRACO [31]. A
Weiner filter (based on measured system resolution and
noise) was applied to these images to remove noise and
deconvolve the system’s modulation transfer function to
recover target OD modulations [19]. The measured target
OD variations were proportional to the variations in target

areal density �½�R�, �½OD�ðtÞ ¼ �CHðEÞ�½�RðtÞ�, where
�CHðEÞ is the CH target’s mass absorption rate at x-ray
energy E used for backlighting and t is the measurement
time. The measured target mass absorption rates in un-
driven foils were 380� 30 cm2=g, 320� 30 cm2=g, and
240� 20 cm2=g for samarium, dysprosium, and tantalum
backlighters, respectively [19]. The areal-density modula-
tions �½�RðtÞ� were obtained by dividing measured OD
modulations by target mass absorption rates. Harder x rays
were used to measure modulations at late times because
softer backlighter x rays could be completely absorbed in
imploding targets, when convergence causes shell areal
densities to increase.
Figure 3 compares the measured and simulated shell

outer diameters in an experiment with a 20-�m-thick CH
shell, showing that the predicted drive by the 1D code is in
agreement with that measured. In simulations, the shells
were backlit similar to experiments. The position of the
outer diameter of the shell was chosen at the half maximum
of intensity attenuation profile in the measured and simu-
lated backlit images. Analysis shows that the shell opening
has a small effect on the shell convergence at the time of
measurement. It justifies using 2D simulations of a sym-
metric implosion with no opening or shield to compare
with measured RT growth. Figure 4 shows an example of
2D simulation of a 24-�m-thick CH shell showing shell-
mass-density position and modulations at 2.0 ns. The 2D
simulation included DPP-induced modulations in laser
drive, shown in Fig. 1 of Ref. [19]. The timing of one drive
beam was advanced 100 ps relative to other drive beams, as
in the experiment. The DRACO predictions of the drive [32]
and RT growth of 2D preimposed modulations [33] were
previously validated in planar-target experiments at a laser
intensity of �2� 1014 W=cm2, the same intensity used in
current experiments.
Figure 5 compares the measured and simulated rms

of areal-density modulations in experiments with
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FIG. 2. (a) Example of a face-on radiograph image of the
imploding shell used to measure the outer diameter of a target
with a 20-�m-thick CH shell. (b) Central 200-�m-sq parts of the
image were used to analyze the growth of 3D broadband mod-
ulations.
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FIG. 3 (color online). Predicted by 1D code (solid curve) and
measured (diamonds) outer-shell diameter in the experiment
with 20-�m-thick CH shell, showing that the predicted drive
is in agreement with that measured.
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24-�m-thick CH shells. The effects of the experimental
spatial and temporal resolutions were included in the
simulations. The rms modulation grows �40� from the
start of the acceleration phase at 1 ns to the end of the
measurements at 2.5 ns. The rms areal-density amplitudes
of modulation reach �1 mg=cm2 at 2.5 ns and become
comparable to the shell’s areal density at that time, sig-
nificantly compromising the shell’s integrity. The outer-
shell diameter at that time was�400 �m, and the distance
traveled by the shell was �230 �m with a convergence
ratio of �2:2. Growth measurements were limited to
�2:5 ns because at later times the emission from the
imploding target core dominated the backlighter emission,
thereby compromising the measurements. The measured
and simulated modulation growths are in reasonable agree-

ment. There are small discrepancies in the early part of the
drive (where the predicted modulations are smaller than the
measurements) and at the end of the drive (where the
predicted modulations are slightly larger than the measure-
ments). The modulation spectra in the simulations were
limited to ‘modes up to ‘ ¼ 280. The reliable simulations
with higher ‘ modes are numerically challenging at this
time. Three-dimensional effects of the modulation growth
may not be properly modeled in the 2D simulations and
can contribute to the small discrepancies between the
simulation and experiment. Since the ignition designs
rely on these simulations, improvements in the numerical
codes will be implemented to achieve better agreement
with experiments.
Previous experiments with planar targets showed that

the average size of modulations shifts to longer wave-
lengths as the modulations grow in a nonlinear regime
[19,20]. Smaller bubbles are overcome by larger bubbles
through bubble competition and bubble merger processes
[20,34]. The modulation images taken at different times
resembled themselves only up to the time when new gen-
erations of bubbles were created through bubble merger
[20]. In convergent geometry it is expected that the bubble
merger processes become faster, compared to planar ge-
ometry, because the convergence moves bubbles closer to
each other. In this case the modulation images may lose
their resemblance faster in spherical geometry than in
planar geometry. Figure 6 compares modulation images
in (a) spherical and (b) planar geometry at the same level of
perturbation areal-density rms of�0:6 mg=cm2. Spherical
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FIG. 5 (color online). Evolution of the simulated (solid curve)
measured (in four different shots) areal-density rms amplitude as
a function of time in experiments with 24-�m-thick CH shells.
Different symbols represent different shots.
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FIG. 6. Measured modulation images in (a) spherical and
(b) geometries at the areal-density rms level of �0:6 mg=cm2.
(c) Measured areal-density rms amplitude as a function of time
in experiments with 24-�m-thick CH targets in planar (triangles)
and spherical (circles) geometries. The solid and dashed curves
show trends in the data. The spherical data are the same as in
Fig. 5. (d) Correlation coefficient of the target modulation
images as a function of relative time in shots conducted in planar
(triangles) and spherical (circles) geometries. Diamonds repre-
sent the correlation coefficient when the effect of demagnifica-
tion caused by spherical convergence was taken into account.
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FIG. 4 (color online). An example of a simulation, by the 2D
hydrocode DRACO, of a shell-mass-density contour in an experi-
ment with a 24-�m-thick CH shell at 2.0 ns.
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data were taken from Fig. 5 and planar data from Ref. [35],
in which planar 24-�m-thick CH targets were accelerated
at the same intensity with the same 3-ns square pulse
shape, as in spherical experiments. The spatial size of
modulations in spherical targets is slightly smaller than
in planar targets because of convergent effects. Figure 6(c)
compares the areal-density modulation growth in spherical
and planar targets showing that modulations have similar
growth factors in both cases. The planar-target data are
shifted in time by �0:5 ns because the initial imprinted
modulations were smaller in planar experiments (all drive
beams were cotimed in planar experiments, while in
spherical experiments one beam was advanced in time to
increase the imprinting). The spatial correlation of target
modulations for sequential images is shown in Fig. 6(d). It
shows a comparison of the correlation coefficients as a
function of relative timing between images in planar (solid
curve) and spherical (dash and dotted curves) experiments.
The initial images used in calculating the correlation co-
efficients were at the areal-density rms level of
�0:4 mg=cm2 for both planar and spherical geometries.
While the correlation among modulation structures in
planar-target images persists at least �1 ns, although it is
reduced as the modulations evolve, the correlation between
modulations in spherical-target images disappears after
�0:3 ns. Part of the correlation reduction in spherical
images is due to convergent effects; convergence makes
features smaller as though they are demagnified. The cor-
relation coefficient corrected for demagnification (shown
by diamonds) improves the correlation marginally.
Possible explanations for the observed difference between
spherical and planar geometries are the following: (1) the
spatial size of bubbles in planar geometry is larger (as
shown in Fig. 6); it takes longer for them to change their
shapes. Smaller features can evolve and coalesce faster.
(2) Convergence can make small features looked merged
due to finite spatial resolution (�10 �m in these experi-
ments). While these experiments do not provide a definite
answer as to whether the merging rates are different in
planar and spherical geometries, future experiments will
address this question by measuring the merger rates of
larger, better-resolved modulations in spherical geometry.

In conclusion, the unstable RT growth of 3D broadband
modulations was measured in the acceleration phase of
spherical implosions for the first time. The measured shell
trajectories were in agreement with 1D predictions, and
measured modulation RT growth was in agreement with
2D hydrosimulations during the acceleration phase of im-
plosions with convergence ratios of up to �2:2. These
experimental results are critical to the success of ICF
because ignition designs rely on these simulations. The
correlation between nonuniformity structures in images of
spherically driven targets disappears more rapidly than in

planar targets. This suggests that the spherical convergence
accelerates bubble merger compared to planar geometry.
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