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Nonuniformities seeded by both long- and short-wavelength laser perturbations can grow via Rayleigh-
Taylor (RT) instability in direct-drive inertial confinement fusion, leading to performance reduction in
low-adiabat implosions. To mitigate the effect of laser imprinting on target performance, spherical RT
experiments have been performed on OMEGA using Si- or Ge-doped plastic targets in a cone-in-shell
configuration. Compared to a pure plastic target, radiation preheating from these high-Z dopants (Si/Ge)
increases the ablation velocity and the standoff distance between the ablation front and laser-deposition
region, thereby reducing both the imprinting efficiency and the RT growth rate. Experiments showed a
factor of 2-3 reduction in the laser-imprinting efficiency and a reduced RT growth rate, leading to
significant (3—5 times) reduction in the o, of shell pR modulation for Si- or Ge-doped targets. These
features are reproduced by radiation-hydrodynamics simulations using the two-dimensional hydrocode

DRACO.
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Rayleigh-Taylor (RT) instability [1], one of the hydro-
dynamic instabilities that may compromise inertial con-
finement fusion (ICF) target performance, is inevitable in
ICF implosions since the imploding shell (heavy fluid) is
accelerated by the blowoff plasmas (light fluid).
Perturbations seeded by target roughness and laser nonun-
iformities can grow via RT instability, thereby affecting the
target compression and degrading the neutron yield [2,3].
Because of its importance to ICF, the RT instability in ICF-
relevant plasmas has been studied both in experiments
[4-8] and in theory or simulations [9—13]. For ICF ignition
implosions [14,15], the laser beam intensity nonuniform-
ities that imprint on the target can be amplified during the
shell’s acceleration phase. Controlling the RT instability,
by lowering the amplitudes of laser imprinting and reduc-
ing its growth rate, is crucial for direct-drive—ignition
target designs. Laser imprinting can be controlled by
(a) making laser beams as smooth as possible by using
distributed phase plates (DPPs) [16], applying temporal
speckle-averaging techniques [17], and polarization
smoothing [18], (b) designing pulse shapes that can reduce
the RT growth rate, for instance, by ‘“‘adiabat shaping”
with picket pulses [19-21], and (c¢) optimizing ICF target
ablators, for example, by using foam targets [22,23] and
laminated ablators [24,25].

Studies have also been made of using high-Z, thin-layer
ablation coating on plastic (CH) capsules to reduce laser
imprinting [26-28]. The idea of coating high-Z (Au/Pd),
thin (< 1000 A) layers to reduce laser imprinting came
about because the high-Z ablation layers quickly expand
and convert the initial nonuniform laser flux into uniform
x-ray radiation to ablate the target. Implosions with such
high-Z-layered targets have shown a factor-of-2 increase in
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yield as evidence of improved target stability [28]. Instead
of using high-Z thin layers, high-Z doping into the CH
ablator layer not only can serve the same purpose of
suppressing laser imprinting but also can reduce the RT
growth rate due to the enhanced radiation preheat at the
ablation surface. When Si- or Ge-doped plastic targets
have been imploded on OMEGA, more than a factor-of-2
increase in neutron yield has been observed [29]. This has
been attributed to possible improvements in target stability.
So far, however, no direct measurements have shown the
expected perturbation reduction in such high-Z-doping
targets. In this Letter, we present for the first time such
direct measurements of spherical RT growth in implosions
of high-Z-doped plastic capsules. Compared to pure plastic
targets, high-Z-doped targets showed a factor of 2-3
reduction in the laser-imprinting level and ~1.5 times
decrease in the RT growth rate. At the end of shell accel-
eration, significant reduction (by 3-5 times) in shell pR
modulation has been observed for high-Z-doped targets.
These features have been reproduced by two-dimensional
(2-D) radiation hydrodynamics simulations.

The rationale of using high-Z doping to mitigate laser-
imprinting effects in direct-drive ICF target implosions is
twofold: (1) the quick absorption and expansion of a
high-Z-doped ablator may decrease the imprinting effi-
ciency caused by the fast formation of a standoff plasma;
and (2) the radiation preheating at the ablation front could
increase the ablation velocity and, in turn, enhance the
ablative stabilization of RT growth. To illustrate these
points, we have performed radiation-hydrodynamics simu-
lations of pure CH targets in comparison with 7.4% (atomic
fraction) Si-doped CH targets (CHSi[7.4%]) using the one-
dimensional hydrocode LILAC [30]. These capsules have a
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diameter of ~860 wm and a shell thickness of ~22.5 um.
The low-adiabat triple-picket laser pulse, shown by
Fig. 1(a), is used to implode such targets. Figures 1(c)
and 1(d) show the density profiles (red solid lines) and
the spatial distributions of laser depositions (blue lines) at
t = 0.5 ns predicted by LILAC simulations for the pure CH
target and the CHSi[7.4%] case, respectively. One sees that
the standoff distance between the laser-absorption region
to the ablation front (conventionally defined at the position
where the density is about 1/e of peak density) increases
from ~10 pm of the pure CH case to ~15 um for the Si-
doped CH target. The right vertical lines in Figs. 1(c) and 1
(d) mark the inner position of laser deposition, which are
chosen to be the inward 1/e of the peak deposition. The
longer standoff plasmas allow more thermal smoothing of
short-wavelength laser perturbations, reducing the laser-
imprinting level on the Si-doped target. Moreover, since
the entire target has been Si-doped, the enhanced coronal
radiation continuously preheats the CHSi ablation surface.
This increases the time-averaged ablation velocity from
V, = 4.5 pm/ns of the CH target to V, = 10.0 wm/ns
for the CHSi[7.4%] target. According to the fitting formula
of linear RT growth [31], 'y = 0.944/kg/(1 + kL,) —
1.5kV, for modulation wave number k with the accelera-
tion g and density scale length L, at the ablation front, the
increased ablation velocity in the Si-doped CH target
reduces the RT growth rate and moves the ‘‘cutoff
wavelength” to longer ones, as shown in Fig. 1(b). The
time-averaged accelerations are g = 110 wm/ns> and
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FIG. 1 (color online). (a) The triple-picket plus main-square
pulse shape used for our spherical RT experiments; and (b) the
growth rates as a function of perturbation wavelength are com-
pared for the pure CH target (red, solid line) and the CHSi[7.4%]
target (blue line). The spatial profiles of both density (red, solid
line) and laser deposition (blue line) are plotted as a function of
target radius at r = 0.5 ns, respectively, for (c) the pure CH
target and (d) the Si-doped CH target (CHSIi[7.4%]).

g = 120 um/ns?, respectively, for the two cases of CH
and CHSIi[7.4%]. The radiation preheating increases the
adiabat at the ablation surface as well as its density scale
length (L, = 3.0 um and L, = 3.5 um, respectively, for
the pure CH target and the CHSi[7.4%] target), which also
partially contributes to the RT growth reduction according
to the above formula.

To benchmark the laser-imprinting reduction effects
predicted by the above hydrosimulations, spherical RT
experiments with high-Z-doped plastic capsules in the
cone-in-shell configuration [32,33] have been conducted
at the Omega Laser Facility. A schematic diagram of the
experimental setup is shown in Fig. 2. A plastic spherical
shell with an 860 — pwm diameter and a 400 — wm open-
ing is attached to an open gold cone with a 3.5-mm maxi-
mum diameter and a 53° cone angle. The OMEGA beams
originally illuminating the cone part are turned off. For
these experiments pure plastic (CH) shells as well as doped
CH shells with atomic fractions of 4.3% Si, 7.4% Si, and
3.9% Ge were used. The shell thickness varied slightly
from 22.1 pum to 22.8 um, and the high-Z doping was
made through the entire capsule. The targets were im-
ploded by 48 OMEGA beams with the low-adiabat laser
pulse shown in Fig. 1(a). Laser imprinting is imposed by
the broadband intensity modulations of the DPPs. It creates
a broadband spectrum of perturbations in laser intensity on
the target surface, while smoothing by spectral dispersion
is turned off. The shell was imaged by x rays using a
tantalum (Ta) foil backlighter irradiated by an additional
six OMEGA beams. The x rays, with a peak energy around
hv ~ 2.8 keV, propagated through the shell and the open-
ing cone and were recorded by an x-ray framing camera,
with a spatial resolution of ~10 pum and temporal resolu-
tion of ~80 ps. A maximum of 16 images were recorded
for each shot at different times to trace the perturbation
growth in the shell pR.

To investigate the laser imprinting and its RT growth in
such spherical experiments, 2-D radiation-hydrodynamics
simulations have been performed for each shot using our
2-D hydrocode DRACO [34]. This 2-D hydrocode has been
extensively benchmarked with a variety of experiments
in both planar and spherical geometries [32,33,35-39].
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FIG. 2 (color online). The schematic diagram of cone-in-shell
configuration used in our spherical RT experiments with Si- or
Ge-doped plastic targets.
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The flux-limited (f = 0.06) thermal transport model has
been used in these 2-D simulations. Cross-beam energy
transfer (CBET) [40] was effectively taken into account
using a slightly reduced drive. For the radiation transport,
the astrophysical opacity tables [41] (AOT) were applied
for the CH target, while the non-local-thermodynamic-
equilibrium (NLTE) opacity tables (based on the average-
ion model [42]) were used for the Si- or Ge-doped targets.
For the pure CH target, the NLTE average-ion table is
essentially equivalent to the AOT table, because only
low-Z species are involved in the CH plasma. The laser
perturbations up to a maximum DPP mode ¢ = 400 (cor-
responding to the shortest wavelength of A,;, = 6.75 um)
have been included. As an example, the snapshots of
density contours at t = 1.5 ns are plotted in Figs. 3(a)
and 3(b) for the imploding CH shell and CHSi[7.4%] shell,
respectively. The insets in Figs. 3(a) and 3(b) give zoomed
views of the shell density perturbations for the two cases. It
can be seen that the 7.4% Si—doped CH shell in Fig. 3(b) is
much smoother than the pure CH target. The calculated
s pR]is ~0.035 mg/cm? for the CHSIi[7.4%] target, in
contrast to o y,[pR] ~0.086 mg/cm? in the pure CH
shell. A factor of ~2.5 reduction in the laser-imprinting
level was predicted for the CHSi[7.4%] target.

The subsequent RT growth will further amplify the
imprinted perturbations during the shell acceleration.
When the shell converged to a radius of R ~ 200 wm,
the density profiles for the above studied cases were plotted
in Figs. 4(a) and 4(b). The corresponding experimental raw
images are also shown by Figs. 4(c) and 4(d), respectively,
for the pure CH target and the CHSi[7.4%] target. For the
pure CH target, Fig. 4(a) indicates that the shell is “‘bro-
ken” with significant density modulations, while the in-
tegrity of the CHSi[7.4%] target is much better than the
pure CH case. The inner surface of the CHSi[7.4%] shell is
much smoother, which can significantly lower the pertur-
bation seeding level for the deceleration-phase RT growth.
The corresponding experimental image of x-ray intensity
distribution in Fig. 4(d) shows less variation in the
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FIG. 3 (color online). The density contour plots at the begin-
ning of acceleration, + = 1.5 ns, from DRACO simulations of
(a) the pure CH target and (b) the CHSi[7.4%] target. The insets

show the zoomed view for the selected portion of the shell.

Si-doping target, in contrast to the highly nonuniform
image of the CH target.

The measured optical-depth modulations Agp can be
related to the shell’s areal-density perturbations A g
through the approximated relationship of Agp = @A &,
utilizing the fact that & is a slowly varied quantity for
the shell plasma conditions being probed. By using un-
driven targets with an additional 200 — uwm open hole in
the capsule (within the x-ray-viewing window), we have
determined the mass-absorption coefficients & for each
of these capsules using the same Ta backlighter:
2=109.7+258cm?/g, 317.4+46.9 cm?/g, 400.2+
52.2cm?/g, and 517.1 = 46.0 cm?/g for targets of pure
CH, CHSIi[4.3%], CHSi[7.4%], and CHGe[3.9%], respec-
tively. These numbers are comparable to theoretical
calculations using the AOT [41] for the CH target and
the averaged-ion (NLTE) opacity tables for the Si- or
Ge-doped targets. To be specific, the calculated mass-
absorption coefficients & for these materials are
135 cm?/g, 308 cm?/g, 415 cm?/g, and 525 cm?/g,
respectively. Using these mass-absorption coefficients,
the o, of shell pR modulation can be obtained directly
from experimentally recorded Agp. The experimental
results are plotted in Fig. 5 with blue circles (CH), green
squares (CHSi[4.3%]), red diamonds (CHSi[7.4%]), and
open black triangles (CHGe[3.9%]), respectively. They
are compared with the DRACO simulations represented
by the corresponding colored lines. The experimentally
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FIG. 4 (color online). The density contour plots predicted by
DRACO simulations near the end of acceleration, for the similar
distance traveled by the shells: (a) the pure CH target
(t = 2.40 ns) and (b) the CHSIi[7.4%] target (t = 2.54 ns). The
experimental raw images depicted in (c) and (d), respectively, for
these two cases, represent the x-ray intensity variation recorded
on CCD.
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FIG. 5 (color online). The comparison of measured o,,s of pR
modulations with DRACO simulations as a function of time, for
targets of pure CH (blue circles), CHSi[4.3%] (green squares),
CHSIi[7.4%] (red diamonds), and CHGe[3.9%] (black open
triangles). The same colored solid lines are from DRACO simu-
lations for the corresponding shots.

measured backlighter spectrum and the spatial/temporal
resolutions of the x-ray framing camera have been used
for postprocessing the 2-D simulations to obtain the
areal-density modulations, which are directly compared
with experimental measurements. Overall, the 2-D simu-
lations reproduce the trends observed in experiments,
which are the reduced imprinting level and lower RT
growth rate of the high-Z-doped targets, when compared
to the pure CH target implosion. Specifically, the high-Z
doping has reduced the imprinting level by a factor of
~2 for CHSIi[4.3%] and by a factor of 2.5-3 for CHSi
[7.4%] and CHGe[3.9%]; the measured o, growth rate
of pR perturbations in Si- or Ge-doped targets are
decreased from ~1.5 = 0.1 ns™! of the pure CH target
to ~1.24 = 0.08 ns~!' (CHSIi[4.3%]), ~1.06 = 0.09 ns~!
(CHSi[7.4%]), and ~0.89 = 0.1 ns™' (CHGe[3.9%]),
respectively. Performing the wavelength averaging for
the growth rate up to the open-cone dimension
(A =400 pum), the analytical formula [31] predicted a
wavelength-averaged RT growth rate of ['~151ns!
(CH), T~126ns"! (CHSi[43%]), I ~1.18ns™!
(CHSIi[7.4%]), and [~ 1.08 ns! (CHGe[3.9%]), in
good agreement with measurements. The o,  of shell
pR has been reduced by 3-5 times in high-Z-doped
targets near the end of acceleration. It is noted that the
early-time discrepancy between the experiments and
simulations are originated from the fact that the signals
are just above the background noise. This is the origin of
the big error bars for the experimental points at the early
stage of RT growth.

In summary, we have directly measured the broadband
laser imprinting and its RT growth in direct-drive spherical
implosions using high-Z-doped targets. In agreement with
2-D DRACO simulations, experimental measurements indi-
cated that a few percent of Si- or Ge-doping can reduce the

laser-imprinting level by ~2-3 times and decrease the RT
growth rate by a factor of ~1.5, when compared to the pure
CH target implosion. High-Z doping can reduce the o, of
target perturbations by ~3-5 times at the end of accelera-
tion, depending on the dopants and their concentrations.
These observations would facilitate high-gain ignition tar-
get designs with high-Z-doped ablators. For cryogenic-
deuterium-tritium ignition designs, radiation preheat can
be minimized by controlling the doping-layer thickness, in
addition to using the transparency of DT fuels to 2-3 keV
coronal radiations. Namely, to prevent the radiation pre-
heating DT fuels, we have controlled the high-Z doping
only to the outmost several micrometers of the CH ablator.
Thus, the left undoped CH layer could reduce the radiation
penetration into the fuel. Simulations have shown negli-
gible radiation preheat effects for the direct-drive National
Ignition Facility ignition design using a half-Si-doped and
half-undoped CH ablator.
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