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The evolution of shell modulations was measured in targets with titanium-doped layers using
differential imaging[B. Yaakobiet al, Phys. Plasmag, 3727 (2000] near peak compression of
direct-drive spherical implosions. Inner-shell modulations grow throughout the deceleration phase
of the implosion due to the Rayleigh—Taylor instability with relative modulation levels20% at

peak neutron production ane-50% at peak compressiof100 ps later in targets with
1-mm-diam, 20sm-thick shells filled with 4 atm of BHe gas. In addition, the shell modulations
grow up to about 1.5 times due to Bell-Plesset convergent effects during the same period. At peak
compression the inner part of the shell has a higher modulation level than other parts of the shell.
© 2003 American Institute of Physic§DOI: 10.1063/1.1558292

I. INTRODUCTION In addition, the modulations grow due to Bell-Plesd®)
- _ _ convergent effecfs throughout the compression.
The goal of inertial confinement fusidfCF) (Refs. 1, 2 Experimentally, the hydrodynamic growth of target per-

is to implode a spherical target to achieve fuel densities ang,rhations has been extensively studied using both %=fay
temperatures adequate to sustain thermonuclear burn. INgyg direct~® drive mostly in planar geometry. Both
spherical implosion the target is driven either by direct illu- ¢|assical=® and ablativé>8~1°RT instability linear growth
mination with laser beamedirect drive™ or by x rays pro-  rates have been measured using single-mode perturbations.
duced in a h2'9hZ enclosurghohlraum containing the target  \jyitimode®” and broadband perturbations were used to
(x-ray drive.” The unstable growth of target nonuniformities measure nonlinear saturatféi?®and mode-coupling effects.

is the most significant factor disrupting the symmetry of im-The highly nonlinear, turbulent mixing regime of the RT in-
plosions, reducing the target compression and fusion Yieldstapility relevant to ICF conditions has been studied using
A direct-drive implosion begins with an acceleration phasepjanar geometr§’ 3! Experiments in cylindricd?* and
when the laser beams ablate the shell surface directly anghherical geomet?}*® were used to measure acceleration-
the capsule starts to converge. At this stage, outer-shell nofyhase hydrodynamic growth including BP convergent ef-
uniformities, both existing imperfections of the shell surfacefects. Small-scale mix of the highly nonlinear classical RT
and imprinted due to nonuniformities in the laser drive, growinstapility has been inferred in both x-f8%’ and

due to the acceleration-phase Rayleigh—TayR¥) insta-  girect-drivé®*° spherical implosions. The deceleration-
bility. >~ As the shell accelerates, these front-surface pertuiphase RT growth has been measured in spherical implosions
bations feed through the shell, seeding perturbations on thgsing shell radiography by the x rays coming from the hot
inner surface. After the laser is turned off, the ablation frontcore emitted near peak compresstérf® This article pre-
becomes stable and the shell starts to decelerate while cogants the status of spherical deceleration-phase hydrody-
tinuing to converge. At stagnation, the shell stgpsak com-  namic growth measurements. It combines results from the

pression and then rebounds. During the deceleration phaseyrevious experiments to describe physics of unstable modu-

dpaper QI1 5, Bull. Am. Phys. Sod7, 248(2002.
lnvited speaker. Il. EXPERIMENTAL CONDITIONS

9Also at Harley School, 1981 Clover Street, Rochester, New York 14618. . .
9Also at Departments of Mechanical Engineering and Physics and As- The modulation evolution measurements are based on

tronomy. differential imaging'~*3 of shells with diagnostic titanium-
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FIG. 1. (Colon Schematic of spherical targets) a 20.um-thick shell filled ~ 2.05, 2.10, and 2.15 nérom Ref. 43.

with 4 or 18 atm of DHe gas.(b) Simulated profiles of target densitgolid

line) and temperaturédashed ling at peak compression for the 18-atm

:2@15; The position of a diagnostic titanium-doped layer is shown by the re%he” filled with 18 atm of gas, calculated at peak compres-
9 sion by the 1D codeiLac.*® The diagnostic titanium layer
(shown by the red regionwas located close to the inner-
shell, unstable RT interface near peak compression. The elec-
doped layers. Near peak compression of a spherical targéton temperature in the diagnostic layer was low enough for
implosion, when the maximum density and temperature octhe titanium in the layer to absorb the core radiation at pho-
cur, the hot, compressed core and inner surface of the shethn energies above the titanium K edge used to image modu-
produce strong x-ray emission. This emission can be used dations. The measured evolution of titanium-doped layer uni-
a backlighter to probe the outer, colder shell. The experiformity around peak compression is used to quantify the
ments use shells with titanium-doped layers and imaging adeceleration RT growth in these implosions.
photon energies above and below the titanikiredge. Core The areal-density modulations in the titanium layer have
images at photon energies below thedge(not absorbed by been measured with differential imagfig*3“**°using a
the shell provide the spatial shape of the backlighter, whileframing camera. Simultaneously, the spectral evolution of
core images at photon energies above hedge (highly  core emission was captured on an x-ray streak camera. The
absorbed by the shell’'s titaniynecontain information about relative areal-density modulatio@$pd]/pd in the titanium-
the structure of shell-areal-density modulations in thedoped layers, a measure of the shell integrity, have been
titanium-doped layer. The modulations in the cold, or absorbebtained by normalizing the framing camera images of areal-
ing, part of the shell areal densigf pd](r,t) at timet (r is  density modulations[ pd](r,t) to the average areal density
the spatial coordinajeare proportional to the modulation in [pd](t) measured with the streak camera. Figure 2 presents
the logarithm of the ratio of intensities of the two images atimages of measured areal-density modulati@hgd](r,t)
photon energies abowvghighly absorbing by the shelland  for a shot with a 2Qum-thick shell and 4 atm of BHe fill
below (weakly absorbing by the shglithe titanium K around peak compression. The average titanium areal density
edge?! [pd](t) is not an accurate measure of compression in the
Figure Xa) shows a schematic of a spherical target andayer because the amount of titanium atoms and ions avail-
the position of the diagnostic titanium layer used in theseable for absorption can be modified by the rapidly changing
experiments. The targets with450-um initial radii and 20- core radiation and the increasing temperature in the shell
um-thick shells, filled with 4 or 18 atm of e gas, were around peak compression. The shell integ@fypd]/pd is
imploded by 351-nm laser light using the 60-beam OMEGAnot affected by these effects; however, an understanding of
laser systeitf with a 1-ns square pulse shape at a total enthe implosion hydrodynamics requires measurements of
ergy of ~23 kJ. All shots were taken with laser beams shell-areal-density evolution along with that of the modula-
smoothed by distributed phase plate$P’9;*® 1-THz, two-  tions.
dimensional smoothing by spectral dispersi@D SSD;* The temporal history of the shell areal density has been
and polarization smoothin@®S (Ref. 47 using birefringent  inferrecd® from the spectra of primary protons from théHze
wedges. The average beam-to-beam energy imbalance whassion reaction and the evolution of the primary neutrons
~3% in all implosions. Targets with 2m-thick shells from the simultaneous DD reaction. The emitted primary
filled with 4 and 18 atm of BHe gas exhibit similar behavior 14.7-MeV, D’He protons are slowed down by the relatively
during their laser-driven acceleration phases and thereforew-density fuel and the high-density shell while exiting the
have similar perturbations at the beginning of the deceleratarget. The time-integrated proton energy spectrum contains
tion phase. Because of their differing gas-fill pressieand  information about the target-areal-density evolution. When
18 atm), these targets experience different decelerationthe measured proton energy spectrum is coupled with the
phase growth near peak compression. neutron production history, the areal-density evolution can be
The ~2-um-thick, titanium-doped~6% by atom CH  inferred during time of particle productiot Figure 3 shows
layers were offset from the inner surface B1 um of pure  the inferred temporal history of total target areal density
CH. Figure 1b) shows the temperature and density profiles(thick solid line compared to a 1DILAC prediction (thin
of one of the targetsshown in Fig. 1a)] with a 20um-thick  solid line) in the shot with a 2Qsm-thick shell and 4 atm of

El1E=3
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neutron production history for the 4-atm implosion is from Ref. 51.
Spatial frequency (mm-1)
3 ) ) ) ) 18 atm D3He 4 atm D3He
D°He fill. The neutron-production history is shown by the 20-mm shell 20-rmm shell
dotted line for comparison. The total target areal density

. . . . FIG. 5. Power-per-mode spectra of relative areal-density modulations as a
shown in Fig. 3 consists of the shell areal densipout function of spatial frequency for 2@m-thick shells filled with(a) 18 atm

90%-95% and the gas fuel areal densitgbout 5%—10%  and(b) 4 atm of 'He taken at peak compression and averaged over two or
The targef{and shell areal density grows by a factor 6f1.5  three shots per conditiofirom Ref. 43.

from the time of peak neutron production-atl.9 ns to the
time of peak compression at2.0 ns. This growth will be = A
used below to estimate the BP contribution in the total modu! Fi9- 3@ for the more-sgable 18-atm and in Figlbb for
lation growth. the more-unstable 4-atm=He fills. The measured areal-

density modulation levels are 2%% and 5311% for shots

with 18-atm and 4-atm-BMe fills, respectively. In both spec-

IIl. EXPERIMENTAL RESULTS tra, measured perturbations have the highest amplitudes at

Figure 4 shows the modulation growth inferred for two Spatial frequencies of about 20-25 mmcorresponding
shots 22102 and 2210&he images for one shot 22102 are to spatial wavelengths of 40—5@m (or a mode number of
presented in F|g)2N|th 20_/_Lm_th|ck shells, titanium_doped )\"\‘6), with the smallest detectable features haVing wave-
layers, and 4 atm of e fill around peak compression. The lengths of about 15-2@m.
oms Of the relative areal-density modulation$ pd]/pd
grows by a factor of~10 during the~200 ps around peak V. DISCUSSION
compression. The modulation levels ar@0% at peak neu- The shell's inner-surface modulations grow due to the
tron production(~1.9 ng and ~50% at peak compression RT instability during the deceleration phase since the higher-
(~2.0 ng. Figure 5 shows a comparison of the nonunifor- gensity shell is slowed down by the lower-density gas of the
mity spectra taken at peak compression for targets with 20garget coré®~3°Unlike the acceleration-phase RT instability,
pum-thick shells filled with 18 atm and 4 atm ofBe. These \yhere the outer-surface modulation growth is stabilized by
targets exhibit similar behavior during their laser-driven ac-mass ablation, the deceleration-phase RT instability is clas-
celeration phases and therefore have similar perturbations gjca|, with no ablative stabilization for these targets. In the
the beginning of the deceleration phase. Because of the difinear regime of the classical RT instability, the modulation
ferent gas-fill pressuregt and 18 atm however, these tar-  gmpjitude 5r, for mode numbem [A=KR, wherek is a
gets experience different deceleration growths near peajnodulation wave number ar(t) is the radius, or position

compression. The power per mode of relative modulationyf the unstable surfaggrows exponentially in tim@,
levels 8 pd]/pd as a function of spatial frequency is shown

8= 6rexd VAT(¢/R)gt?], 1)
. whereA7 is the Atwood numbergr is the initial perturba-
z28 Peak neutron + R tion amplitude g is the deceleration, arids time. The char-
g =100 | production . acteristic of the classical RT instability is the rapid growth of
i w@ £ _+_ ] short-scale perturbation that quickly enters the highly nonlin-
s g "+":$: 1 ear regime causing shell density perturbatiépsn addition
EE I _+_ ] to shell amplitude perturbation® and shell-fuel mix. The
% = L :i: T Peak | growth of longer-wavelength perturbations can be modified
E g compression by the presence of mix because the mix increases the core
10 . . . pressure by supplying additional material into the core. As a
S ] 40 &l &l result, the deceleratiog increases and the Atwood number
Time (ns) A7 decreases, modifying the shell trajectory and the modu-
FIG. 4. The evolution of inner-shell relative areal-density modulatigp lation growth. L . .
as a function of time for two shotshown by trianglegshot 22102 and The other factor contributing to perturbation growth is
squaregshot 22108] with 20-um-thick shells and 4 atm of e gas. Bell-PlessetBP) convergent effects. As the shell converges
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I8 atm

20} the core pressure is increased by the addition of shell mate-

rial from the mix38-4052
In the experiments, the relative areal-density modula-
tions with spatial wavelengths ranging from about 15 to 60
um, 8 pd]/pd, grow by a factor of~2.5 during the~100
ps from peak neutron productidr-1.9 ng to peak compres-
sion (~2.0 n9 in the 4-atm implosior{see Fig. 4. The shell
] areal density[ pd] grows by a factor of 1.5 for the same
11861 Time (ns) period (see Fig. 3 due to the growth of both the densipy
FIG. 6. (Color) (a) LiLac-simulated inner-surface trajectoriésolid lineg and the thicknessl; therefore, the shell mOdUIatlongsr(
and free-fall trajectorie@ashed linesas a function of time for 2Qsm-thick ~d) should grow by up to a factor of 1'5_due tO_BP conver-
shells filled with 18 atm(blue) and 4 atm(red of D*He. (b) The schematic ~ gent effects. The BP effects do not contribute directly to the
representation of the same trajectories as inferred from the experimentgrowth of shell integrity,5] pd]/pd; therefore, the measured
data. growth of relative areal-density modulation should be en-
tirely due to the RT instability. In addition, the modulation
growth modifies the shell trajectories leading to lower com-
pression than predicted by 1D in the more-unstable 4-atm
from radiusR, (with thicknessd, and densityp,) to radius  implosion. At peak compression, the measured areal-density
R; (with thicknessd; and densityp,), the shell modulation modulation levels are 285% and 5311% for shots with
5r, grows due to BP effect® as or,= 5r0(poRg)/(p1R§) 18-atm and 4-atm-BHe fills, respectively.
= 6rod,/dg. The shell modulation due to BP growth is pro-
portional to shell thicknessy¥~d. Note that the modulation
growth of shell integrity,é[ pd]/pd, does not explicitly in-
clude BP effecty d[pd]/pd due to BP effects is constant The RT instability and BP growth are defined by the
becaused(pd)~(pd)}; however, the convergent effects con- growth of amplitude modulation&r. In future experiments it
stantly modify the RT instability, which is responsible for the will be necessary to measure the evolution of density along
modulation growth. with average areal density and areal-density modulations in
Figure 6 schematically presents a physical picture of thehe titanium-doped layers to infer the evolution of amplitude
implosions to explain the experimental data. One-modulationsdr from the relative areal-density modulations
dimensionalLiLAC predictions of the implosion trajectories [ pd]/pd. The x-ray spectrum in the titaniuns32p absorp-
with 4 (red and 18 atm(blue) of D3He are shown in Fig. tion region is sensitive to the density, areal density, and tem-
6(a). The solid lines show the trajectories of the shell-fuelperature of the layer. The time-resolved titanium absorption
interfaces,R(t)=Ry,—vt+gt¥/2, for both implosions, and spectroscopy will provide the required information to better
the dashed lines show the free-fall trajectories of these interanderstand the unstable growth. In addition, the absorption
faces,Ri(t)=Ry—uvt, whereR, is the radius and is the in the titanium 5—2p spectral region is higher by a factor of
velocity of the inner-shell surface at the beginning of the~10 than in the region above the titaniredge; therefore,
deceleration phase. The shell velocityis higher in the differential imaging of shell modulations using-42p ab-
4-atm implosion compared to the 18-atm implosion becaussorption will be more sensitive than the results presented
the pressure difference between the shell and the gas fere.
higher in the 4-atm case. The RT growth rate of the unstable As an example, preliminary, time-integrated shell-
modulations in the deceleration phase of the implosion aréntegrity experiments based on titanium s-2p absorption
related to the difference between inner surface and free-falvere conducted with 2@sm-thick plastic CH shells filled
trajectories,R(t) — Ry(t) =gt?/2. For any mode numbex,  with 18 atm of D’He gas. The diagnostic was auln-thick,
the growth factor is higher in an implosion with a 4-atm fill titanium-doped(~2% by atom CH layer offset from the
compared to a 18-atm fill of #He because thdk(t) is inner surface by-1, 5, 7, or 9um of pure CH. These layers
smaller in the 4-atm implosion, and factay&’/2 are similar  infer the shell-areal-density modulations at the inner, central,
for both implosions at peak compression. In the experimenand outer parts of the shell at peak compression. Fig(ae 7
the expected trajectory for an 18-atm implosion is close teshows the temperature and density profiles at peak compres-
the 1D LILAC prediction because the measured evolution ofsion of a representative target calculated by the 1D code
target areal density is close to 1D. In the 4-atm implosionLiLAC. At peak compression, the diagnostic titanium layer
however, the measured target-areal-density evolution isffset by 1um is located on the slope of the density profile
much lower than the 1D predictidias shown in Fig. Band  at the inner shell, where the unstable surface is located. Ti-
only about 10% higher than for the 18-atm implostofthe  tanium layers offset by %um and 7um sample the central
trajectories inferred from the experimental observations ar@art of the shell, and the layer offset by.@n represents the
shown schematically in Fig.(B) for both implosions. At outer part of the shell at peak compression.
peak compression the trajectoriéqt), are similar but the At peak compression, time-integrated areal-density
factor gt?/2 is higher in the implosion with a 4-atm fill than modulations were measured using the ratios of monochro-
in the 18-atm case. The higher fuel-shell mix is responsiblenatic core images taken inside and outside of the titanium
for the higher deceleration in the 4-atm implosion becausds—2p absorption spectral region. The relative areal-density

t (a) L (b) 18 atm

DiHe

Position (m)

B } atm
I DPHe F 1 I DHe

V. FUTURE EXPERIMENTS
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