Hydrodynamic Growth of Shell Modulationsin the Deceler ation
Phase of Spherical Direct-Drive Implosions

Introduction

Thegoal of inertial confinement fusion (ICF)12isto implode
a spherical target to achieve fuel densities and temperatures
adequate to sustain thermonuclear burn. In aspherical implo-
sionthetarget isdriven either by direct illumination with laser
beams (direct drive)! or by x rays produced in a high-Z en-
closure (hohlraum) containing the target (x-ray drive).2 The
unstable growth of target nonuniformities is the most signifi-
cant factor disrupting the symmetry of implosions, reducing
thetarget compression and fusionyield.2 A direct-driveimplo-
sion begins with an acceleration phase when the laser beams
ablate the shell surface directly and the capsule starts to
converge. At this stage, outer-shell nonuniformities, both ex-
isting imperfectionsin the shell surface and imprinted due to
nonuniformities in the laser drive, grow due to the accelera-
tion-phase Rayleigh-Taylor (RT) instability.3-16 As the shell
accelerates, these front-surface perturbations feed through the
shell, seeding perturbations on the inner surface. After the
laser is turned off, the ablation front becomes stable and the
shell starts to decelerate while continuing to converge. At
stagnation, the shell stops (peak compression) and then re-
bounds. During the decel eration phase, theinner surface of the
shell issubject to RT instability.1”~22 |n addition, the modula-
tions grow due to Bell-Plesset (BP) convergent effects?3
throughout the compression.

Experimentally, the hydrodynamic growth of target pertur-
bations has been extensively studied using both x-ray?~7 and
direct®16 drive mostly in planar geometry. Both classical 3>
and ablative3>8-10 RT-instability linear growth rates have
been measured using single-modeperturbations. Multimode®:”
and broadband6 perturbati onswereused to measurenonlinear
saturation?4-26 and mode-coupling effects. The highly nonlin-
ear, turbulent mixing regime of the RT-instability relevant to
ICF conditions has been studied using planar geometry.27—31
Experiments in both cylindrical3233 and spherical geom-
etries>*35 were used to measure accel eration-phase hydrody-
namic growth including BP convergent effects. Small-scale
mix of the highly nonlinear classical RT instability has been
inferred in both x-ray36:37 and direct-drive3¢40 spherical
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implosions. The deceleration-phase RT growth has been
measured in spherical implosions using shell radiography by
the x rays coming from the hot core emitted near peak com-
pression.*143 This article presents the status of deceleration-
phase hydrodynamic growth measurements and discusses
future experiments.

Experimental Conditions

The modul ation evolution measurements are based on dif-
ferential imaging*43 of shells with diagnostic titanium-
doped layers. Near peak compression of a spherical target
implosion, when the maximum density and temperature occur,
the hot, compressed coreand inner surface of the shell produce
strong x-ray emission. This emission can be used as a back-
lighter to probe the outer, colder shell. The experiments use
shellswith titanium-doped layers and imaging at photon ener-
gies above and below the titanium K edge. Core images at
photon energies below the K edge (not absorbed by the shell)
provide the spatial shape of the backlighter, while coreimages
at photon energies above the K edge (highly absorbed by the
shell’s titanium) contain information about the structure of
shell-areal-density modulations in the titanium-doped layer.
The modulations in the cold, or absorbing, part of the shell
areal density J[ pd](r ,t) at timet (r isthe spatial coordinate) are
proportional to the modulation in the logarithm of theratio of
intensities of the two images at photon energies above (highly
absorbing by the shell) and below (weakly absorbing by the
shell) the titanium K edge. 4143

Figure 93.7(a) shows a schematic of a spherical target and
the position of the diagnostic titanium layer used in these ex-
periments. The targets with ~450-um initial radii and 20-um-
thick shells, filledwith 4 or 18 atm of D3Hegas, wereimploded
by 351-nm laser light using the 60-beam OMEGA laser sys-
tem** with al-nssquare pul seshapeat atotal energy of ~23kJ.
All shots were taken with laser beams smoothed
by distributed phase plates (DPP’s);*® 1-THz, two-dimen-
sional smoothing by spectral dispersion (2-D SSD);*6 and
polarization smoothing (PS)*’ using birefringent wedges. The
average beam-to-beam energy imbalance was ~3% in all
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Figure 93.7

Schematic of spherical targets: (a) a 20-um-thick
shell filled with 4 or 18 atm of D3He gas. (b) Simu-
lated profiles of target density (solid line) and tem-
perature (dashed line) at peak compression for the
18-atm target. The position of adiagnostic titanium-
doped layer is shown by the yellow region.
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implosions. Targets with 20-um-thick shells filled with 4 or
18 atm of D3He gas exhibit similar behavior during their
laser-driven acceleration phases and therefore have similar
perturbations at the beginning of the deceleration phase. Be-
cause of their differing gas-fill pressures (4 or 18 atm), these
targets experience different deceleration-phase growth near
peak compression.

The ~2-um-thick, titanium-doped (~6% by atom) CH lay-
ers were offset from the inner surface by ~1 um of pure CH.
These layers were expected to be located at the unstable RT
interface near peak compression. Figure 93.7(b) shows the
temperature and density profiles of one of the targets [shown
in Fig. 93.7(a)] with a 20-um-thick shell filled with 18 atm of
gas, calculated at peak compression by the 1-D code LILAC.48
The diagnostic titanium layer (shown by the yellow region)
is located on the slope of the density profile of the inner
shell, where the unstable surface is located. The measured
evolution of titanium-doped layer uniformity around peak
compression isused to quantify the deceleration RT growthin
these implosions.

The areal-density modulations in the titanium layer have
been measured with differential imaging*434950 ysing a
framing camera. Simultaneously, the spectral evolution of core
emission was captured on an x-ray streak camera. Therelative
areal-density modulations &{ad]/d in the titanium-doped
layers—a measure of the shell integrity—have been obtained
by normalizing the framing camera images of areal-density
modulations [ pd](r,t) to the average area density [pd](t)
measured with the streak camera. Figure 93.8 presentsimages
of measured areal-density modulations [ pd](r,t) for a shot
with a 20-um-thick shell and 4 atm of D3He fill around peak
compression. The averagetitanium areal density [od](t) isnot
an accurate measure of compression in the layer because the
amount of titanium atoms and ions available for absorption
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can be modified by the rapidly changing core radiation and
the increasing temperature in the shell around peak compres-
sion. The shell integrity J[ od]/pd is not affected by these
effects; however, an understanding of the implosion hydrody-
namics requires measurements of shell-areal-density evolu-
tion along with that of the modulations.

The temporal history of the shell areal density has been
inferred®! from the spectra of primary protons from the D3He
fusion reaction and the evol ution of the primary neutronsfrom
thesimultaneous DD reaction. Theemitted primary 14.7-MeV,
D3He protons are slowed down by the relatively low-density
fuel and the high-density shell while exiting the target. The
time-integrated proton energy spectrum contains information
about the target-areal-density evolution. When the measured
proton energy spectrumiscoupled with the neutron production
history, the areal-density evolution can be inferred during
the time of particle production.®! Figure 93.9 shows the in-
ferred temporal history of total target areal density (thick blue
line) compared to a1-D LILAC prediction (thin black line) in
the shot with a 20-pm-thick shell and 4 atm of D3Hefill. The

50 um Shot 22102, 4 atm D3He, 20-um shell
—
1.90 1.95 2.00 2.05 210 215ns
|
-3.0 0.0 3.6
-densi i 2
- Areal-density modulation (mg/cm2)
Figure 93.8

Images of areal-density modulations for a target with a 20-um-thick shell
filled with 4 atm of D3He gastaken at times 1.90, 1.95, 2.00, 2.05, 2.10, and
2.15ns.
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Figure 93.9

Inferred (thick blueline) and simulated (thin black line) target-areal-density
evolutionsfor a4-atmimplosion. Themeasured (dotted line) neutron produc-
tion history for the 4-atm implosion is from Ref. 51.

neutron-production history is shown by the dotted line for
comparison. The total target areal density shown in Fig. 93.9
consists of the shell areal density (about 90% to 95%) and the
gasfuel areal density (about 5% to 10%). Thetarget (and shell)
areal density grows by afactor of ~1.5 from the time of peak
neutron production at ~1.9 nsto the time of peak compression
at ~2.0 ns. This growth will be used below to estimate the BP
contribution in the total modulation growth.

Experimental Results

Figure 93.10 showsthe modulation growth inferred for two
shots with 20-um-thick shells and 4 atm of D3He fill around
peak compression. The g;,,sOf therel ativeareal -density modu-
lations J[ od] /ad grows by afactor of ~10 during the ~200 ps
around peak compression. The modulation levelsare ~20% at
peak neutron production (~1.9 ns) and ~50% at peak compres-
sion (~2.0 ns). Figure 93.11 shows a comparison of the non-
uniformity spectrataken at peak compression for targets with
20-um-thick shells filled with 18 atm and 4 atm of D3He,
respectively. These targets exhibit similar behavior during
their |aser-driven accel eration phases and therefore have simi-
lar perturbations at the beginning of the deceleration phase.
Because of the different gas-fill pressures (4 or 18 atm),
however, these targets experience different deceleration
growths near peak compression. The power per mode of
relative modulation levels 8 od] /ad as a function of spatial
frequency isshowninFig. 93.11(a) for themore-stable 18-atm
and in Fig. 93.11(b) for the more-unstable 4-atm-D3He fills.
The measured areal-density modulation levelsare 23+5% and
53+11% for shotswith 18-atm- and 4-atm-D3Hefills, respec-
tively. Inboth spectra, measured perturbationshavethe highest
amplitudes at spatial frequencies of about 20 to 25 mm™1
corresponding to spatial wavelengths of 40 to 50 um (or a
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mode number of ¢ ~ 6), with the smallest detectable features
having wavelengths of about 15 to 20 um.

Discussion

The shell’s inner-surface modulations grow due to the RT
instability during the deceleration phase since the higher-
density shell is slowed down by the lower-density gas of the
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Figure 93.10

The evolution of inner-shell relative areal-density modulation oymg as a
function of time for two shots [shown by triangles (shot 22102) and squares
(shot 22103)] with 20-um-thick shells filled with 4 atm of D3He gas.
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Figure 93.11

Power-per-mode spectra of relative areal-density modulations as a function
of spatial frequency for 20-um-thick shells filled with (a) 18 atm and
(b) 4 atm of D3He gas taken at peak compression and averaged over two
or three shots per condition.
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target core.25-30 Unlike the accel eration-phase RT instability,
where the outer-surface modulation growth is stabilized by
mass abl ation, the decel eration-phase RT instability is classi-
cal, withno ablative stabilization for thesetargets. Inthelinear
regime of the classical RT instability, the modulation ampli-
tude or, for mode number ¢ [¢ = kR, where k is a modulation
wave number and R(t) istheradius, or position of the unstable
surface] grows exponentially in time:2

o =g expDQ/ Ar(¢/R)gt? E (1)

where At isthe Atwood number, drgistheinitial perturbation
amplitude, g isthe deceleration, and t is time. The character-
istic of theclassical RT instability isthe rapid growth of short-
scale perturbation that quickly enters the highly nonlinear
regime causing shell-density perturbations dp in addition to
shell-amplitude perturbations or and shell-fuel mix. The
growth of longer-wavelength perturbations can be modified
by the presence of mix because the mix increases the core
pressure by supplying additional material into the core. As
aresult, the deceleration g increases and the Atwood number
At decreases, modifying the shell trgjectory and the modula-
tion growth.

The other factor contributing to perturbation growth is
Bell-Plesset (BP) convergent effects. As the shell converges
from radius Ry (with thickness dy and density pg) to radius Ry
(with thickness d; and density p,), the shell modulation dr4
grows due to BP effects?3 as

on = &o(ﬁbF%)/(FlRf) = doth/do-

The shell modulation due to BP growth is proportional to
shell thickness: or ~ d. Note that the modulation growth of
shell integrity, J[ od]/pd does not explicitly include BP ef-
fects { [ pd|/pd due to BP effects is constant because
5(pd) ~5de;}; however, the convergent effects constantly
modify the RT instability, which is responsible for the modu-
lation growth.

Figure 93.12 presents schematically a physical picture of
the implosions to explain the experimental data. One-dimen-
sional LILAC predictions of the implosion trajectories with
4 (thin) and 18 atm (thick) of D3Heareshownin Fig. 93.12(a).
The solid lines show the tragjectories of the shell-fuel inter-
faces, R(t)=Ry-vt+gt?/2, for both implosions, and the
dashed lines show the free-fall trajectories of these interfaces,
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Figure 93.12

(a) LILAC-simulated inner-surface trajectories (solid lines) and free-fall
trajectories (dashed lines) as afunction of time for 20-um-thick shellsfilled
with 18 atm (thick) and 4 atm (thin) of D3He gas. (b) The same trajectories
asinferred from the experimental data.

Ry (t) = Ry —wt, where Ry is the radius and v is the velocity
of the inner-shell surface at the beginning of the decelera-
tion phase. The shell velocity v is higher in the 4-atm implo-
sion compared to the 18-atm implosion because the pressure
difference between the shell and the gasis higher in the 4-atm
case. The RT-growth rate of the unstable modulations in the
deceleration phase of the implosion are related to the differ-
ence between inner surface and free-fall trajectories,

R(t) - Ry (t) = gt?/2. For any mode number ¢, the growth
factor ishigher in an implosion with a4-atm fill compared to
an 18-atm fill of D3He becausethe R(t) is smaller in the 4-atm
implosion, and factors gt2/2 are similar for both implosions
at peak compression. In the experiment the expected trajec-
tory for an 18-atm implosion is close to the 1-D LILAC pre-
diction because the measured evolution of target areal density
iscloseto 1-D. Inthe4-atm implosion, however, the measured
target-areal-density evolution is much lower than the 1-D
prediction (as shown in Fig. 93.9) and only about 10% higher
than for the 18-atm implosion.®! The trajectories inferred
from the experimental observations are shown schematically
in Fig. 93.12(b) for both implosions. At peak compression
the trajectories R(t) are similar but the factor g’[2 /2 is higher
in theimplosion with a4-atm fill than in the 18-atm case. The
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higher fuel—shell mix isresponsiblefor thehigher deceleration
in the 4-atm implosion because the core pressure is increased
by the addition of shell material from the mix.38-40.52

In the experiments, the relative areal-density modulations
with spatial wavelengths ranging from about 15 to 60 um,
d[ pd]/ pd, grow by afactor of ~2.5 during the ~100 ps from
peak neutron production (~1.9 ns) to peak compression
(~2.0 ns) in the 4-atm implosion (see Fig. 93.10). The shell
areal density [pd] grows by afactor of 1.5 for the same period
(see Fig. 93.9) dueto the growth of both the density p and the
thickness d; therefore, the shell modulations (o ~d) should
grow by up to afactor of 1.5 dueto BPconvergent effects. The
BP effects do not contribute directly to the growth of shell
integrity, o[ pd]/pd therefore, the measured growth of
relative areal-density modulation should be entirely due to
the RT instability. In addition, themodul ation growth modifies
the shell trajectories leading to lower compression than pre-
dicted by 1-D in the more-unstable 4-atm implosion. At peak
compression, the measured areal-density modulation levels
are 23+5% and 53+11% for shots with 18-atm- and 4-atm-
D3Hefills, respectively.

Future Experiments

TheRT instability and BPgrowth are defined by the growth
of amplitude modulations dr. In future experimentsit will be
necessary to measure the evolution of density along with
average areal density and areal-density modulations in the
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titanium-doped layers to infer the evolution of amplitude
modulations o from the relative areal-density modulations
J[ pd]/ ad . The x-ray spectrum in the titanium 1s-2p absorp-
tion region is sensitive to the density, areal density, and
temperature of the layer. The time-resolved titanium absorp-
tion spectroscopy will provide the required information to
better understand the unstable growth. In addition, the absorp-
tionin the titanium 1s—-2p spectral region is higher by afactor
of ~10thanintheregion abovethetitanium K edge; therefore,
differential imaging of shell modulations using 1s-2p absorp-
tion will be more sensitive than the results presented here.

Asan example, preliminary, time-integrated shell-integrity
experiments®3 based on titanium 1s-2p absorption were con-
ducted with 20-um-thick plastic CH shellsfilled with 18 atm
of D3Hegas. Thediagnosticwasa1-um-thick, titanium-doped
(~2% by atom) CH layer offset from the inner surface by ~1,
5, 7, or 9 um of pure CH. These layers infer the shell-areal-
density modulations at the inner, central, and outer parts of
the shell at peak compression. Figure 93.13(a) showsthetem-
perature and density profiles at peak compression of arepre-
sentative target calculated by the 1-D code LILAC. At peak
compression, the diagnostic titanium layer offset by 1 umis
located on the slope of the density profile at the inner shell,
where the unstable surface is located. Titanium layers offset
by 5 um and 7 pm sample the central part of the shell, and
thelayer offset by 9 um representsthe outer part of the shell at
peak compression.
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Figure 93.13

(a) LILAC-simulated profiles of target density and temperature at peak compression for the implosion of a 20-um-thick shell filled with 18 atm of D3He gas.
The locations of titanium-doped (2% by atom) layers offset by 1, 5, 7, and 9 um of pure CH from the inner surface are shown by the gold areas. (b) Peak-
compression, relative areal-density modulation gyms as a function of the layer offset.
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At peak compression, time-integrated areal -density modu-
lations were measured using the ratios of monochromatic
core images taken inside and outside of the titanium 1s-2p
absorption spectral region. Therelative areal-density modul a-
tion Oyy,s Was 59+14%, 18+5%, 26+10%, and 52+20% in the
layers offset by 1, 5, 7, and 9 um, respectively, as shown in
Fig. 93.13(b). Themodul ations are highest at theinner surface
(in the 1-um-offset layer), which is unstabl e during the decel-
eration phase of the implosion near peak compression. As
expected, the modul ations decrease in the bulk of the shell (in
the 5- and 7-um-offset layers) but then increase at the outer
surface (inthe 9-um-offset layer), whichisunstable during the
acceleration phase of the implosion. Time-resolved experi-
ments based on differential imaging using the titanium 1s-2p
absorption region will be conducted to study the evolution of
shell nonuniformitiesin different parts of the shell.

Asdiscussedintheprevioussection, themodulationgrowth
of longer spatial wavelengths is modified by the presence of
fuel—shell mix, which comesfrom thegrowth of shorter spatial
wavelengths in the highly nonlinear phase of the classical
deceleration-phase RT instability. Direct measurementsof mix
evolution are essential not only to quantify the short-wave-
length RT growth but al so to explain the observed reduction of
shell compression and the modification of the longer-wave-
length RT growth.

Conclusions

Shell modulation growth has been measured on targets
with titanium-doped layers using differential imaging near
peak compression of spherical implosions with 20-pm-thick
plastic CH shellsfilled with 4 atm of D3He gas. The measured
perturbations have the highest amplitudes at spatial wave-
lengthsof about 40to 50 um (corresponding to amode number
¢ ~ 6), with the shortest detectable features corresponding to
wavelengths of about 15 to 20 um. At peak neutron pro-
duction, therelative areal-density modul ation level 5[ pd] / od
is~20% and growsto ~50% at peak compression 100 pslater
due to RT instability. For the same time period, the shell
modulations grow up to about 1.5 times due to BP convergent
effects. At peak compression the inner part of the shell has a
higher modulation level than the bulk of the shell.
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