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Hydrodynamic growth of shell modulations in the deceleration phase
of spherical direct-drive implosions a…
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The evolution of shell modulations was measured in targets with titanium-doped layers using
differential imaging@B. Yaakobiet al., Phys. Plasmas7, 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 levels of;20% at
peak neutron production and;50% at peak compression~;100 ps later! in targets with
1-mm-diam, 20-mm-thick shells filled with 4 atm of D3He 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 Physics.@DOI: 10.1063/1.1558292#
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I. INTRODUCTION

The goal of inertial confinement fusion~ICF! ~Refs. 1, 2!
is to implode a spherical target to achieve fuel densities
temperatures adequate to sustain thermonuclear burn.
spherical implosion the target is driven either by direct il
mination with laser beams~direct drive!1 or by x rays pro-
duced in a high-Z enclosure~hohlraum! containing the targe
~x-ray drive!.2 The unstable growth of target nonuniformitie
is the most significant factor disrupting the symmetry of i
plosions, reducing the target compression and fusion yie2

A direct-drive implosion begins with an acceleration pha
when the laser beams ablate the shell surface directly
the capsule starts to converge. At this stage, outer-shell
uniformities, both existing imperfections of the shell surfa
and imprinted due to nonuniformities in the laser drive, gr
due to the acceleration-phase Rayleigh–Taylor~RT! insta-
bility.3–16As the shell accelerates, these front-surface per
bations feed through the shell, seeding perturbations on
inner surface. After the laser is turned off, the ablation fro
becomes stable and the shell starts to decelerate while
tinuing to converge. At stagnation, the shell stops~peak com-
pression! and then rebounds. During the deceleration pha
the inner surface of the shell is subject to RT instability.17–22

a!Paper QI1 5, Bull. Am. Phys. Soc.47, 248 ~2002!.
b!Invited speaker.
c!Also at Harley School, 1981 Clover Street, Rochester, New York 1461
d!Also at Departments of Mechanical Engineering and Physics and

tronomy.
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In addition, the modulations grow due to Bell–Plesset~BP!
convergent effects23 throughout the compression.

Experimentally, the hydrodynamic growth of target pe
turbations has been extensively studied using both x-ra2–7

and direct8–16 drive mostly in planar geometry. Both
classical3–5 and ablative3–5,8–10RT instability linear growth
rates have been measured using single-mode perturbat
Multimode6,7 and broadband16 perturbations were used t
measure nonlinear saturation24–26and mode-coupling effects
The highly nonlinear, turbulent mixing regime of the RT in
stability relevant to ICF conditions has been studied us
planar geometry.27–31 Experiments in cylindrical32,33 and
spherical geometry34,35 were used to measure acceleratio
phase hydrodynamic growth including BP convergent
fects. Small-scale mix of the highly nonlinear classical R
instability has been inferred in both x-ray36,37 and
direct-drive38–40 spherical implosions. The deceleratio
phase RT growth has been measured in spherical implos
using shell radiography by the x rays coming from the h
core emitted near peak compression.41–43 This article pre-
sents the status of spherical deceleration-phase hydr
namic growth measurements. It combines results from
previous experiments to describe physics of unstable mo
lation growth and discusses future experiments.

II. EXPERIMENTAL CONDITIONS

The modulation evolution measurements are based
differential imaging41–43 of shells with diagnostic titanium-

.
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1 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



rg
o
h
d
er

ile

t
th
rb

n
a

n
s

A
en

s

w

r
fo
r

on

le

es-
r
r-
lec-
for

ho-
du-
ni-
the

ve

of
The

een
al-

y
nts

nsity
the
ail-
ing
hell

g of
of

la-

en

ns
ry
ly
e

ains
en
the
be

ity

re

0-
0,

1862 Phys. Plasmas, Vol. 10, No. 5, May 2003 Smalyuk et al.
doped layers. Near peak compression of a spherical ta
implosion, when the maximum density and temperature
cur, the hot, compressed core and inner surface of the s
produce strong x-ray emission. This emission can be use
a backlighter to probe the outer, colder shell. The exp
ments use shells with titanium-doped layers and imaging
photon energies above and below the titaniumK edge. Core
images at photon energies below theK edge~not absorbed by
the shell! provide the spatial shape of the backlighter, wh
core images at photon energies above theK edge ~highly
absorbed by the shell’s titanium! contain information abou
the structure of shell-areal-density modulations in
titanium-doped layer. The modulations in the cold, or abso
ing, part of the shell areal densityd@rd#(r ,t) at time t ~r is
the spatial coordinate! are proportional to the modulation i
the logarithm of the ratio of intensities of the two images
photon energies above~highly absorbing by the shell! and
below ~weakly absorbing by the shell! the titanium K
edge.41–43

Figure 1~a! shows a schematic of a spherical target a
the position of the diagnostic titanium layer used in the
experiments. The targets with;450-mm initial radii and 20-
mm-thick shells, filled with 4 or 18 atm of D3He gas, were
imploded by 351-nm laser light using the 60-beam OMEG
laser system44 with a 1-ns square pulse shape at a total
ergy of ;23 kJ. All shots were taken with laser beam
smoothed by distributed phase plates~DPP’s!;45 1-THz, two-
dimensional smoothing by spectral dispersion~2-D SSD!;46

and polarization smoothing~PS! ~Ref. 47! using birefringent
wedges. The average beam-to-beam energy imbalance
;3% in all implosions. Targets with 20-mm-thick shells
filled with 4 and 18 atm of D3He gas exhibit similar behavio
during their laser-driven acceleration phases and there
have similar perturbations at the beginning of the decele
tion phase. Because of their differing gas-fill pressures~4 and
18 atm!, these targets experience different decelerati
phase growth near peak compression.

The ;2-mm-thick, titanium-doped~;6% by atom! CH
layers were offset from the inner surface by;1 mm of pure
CH. Figure 1~b! shows the temperature and density profi
of one of the targets@shown in Fig. 1~a!# with a 20-mm-thick

FIG. 1. ~Color! Schematic of spherical targets:~a! a 20-mm-thick shell filled
with 4 or 18 atm of D3He gas.~b! Simulated profiles of target density~solid
line! and temperature~dashed line! at peak compression for the 18-atm
target. The position of a diagnostic titanium-doped layer is shown by the
region.
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shell filled with 18 atm of gas, calculated at peak compr
sion by the 1D codeLILAC .48 The diagnostic titanium laye
~shown by the red region! was located close to the inne
shell, unstable RT interface near peak compression. The e
tron temperature in the diagnostic layer was low enough
the titanium in the layer to absorb the core radiation at p
ton energies above the titanium K edge used to image mo
lations. The measured evolution of titanium-doped layer u
formity around peak compression is used to quantify
deceleration RT growth in these implosions.

The areal-density modulations in the titanium layer ha
been measured with differential imaging41–43,49,50 using a
framing camera. Simultaneously, the spectral evolution
core emission was captured on an x-ray streak camera.
relative areal-density modulationsd@rd#/rd in the titanium-
doped layers, a measure of the shell integrity, have b
obtained by normalizing the framing camera images of are
density modulationsd@rd#(r ,t) to the average areal densit
@rd#(t) measured with the streak camera. Figure 2 prese
images of measured areal-density modulationsd@rd#(r ,t)
for a shot with a 20-mm-thick shell and 4 atm of D3He fill
around peak compression. The average titanium areal de
@rd#(t) is not an accurate measure of compression in
layer because the amount of titanium atoms and ions av
able for absorption can be modified by the rapidly chang
core radiation and the increasing temperature in the s
around peak compression. The shell integrityd@rd#/rd is
not affected by these effects; however, an understandin
the implosion hydrodynamics requires measurements
shell-areal-density evolution along with that of the modu
tions.

The temporal history of the shell areal density has be
inferred51 from the spectra of primary protons from the D3He
fusion reaction and the evolution of the primary neutro
from the simultaneous DD reaction. The emitted prima
14.7-MeV, D3He protons are slowed down by the relative
low-density fuel and the high-density shell while exiting th
target. The time-integrated proton energy spectrum cont
information about the target-areal-density evolution. Wh
the measured proton energy spectrum is coupled with
neutron production history, the areal-density evolution can
inferred during time of particle production.51 Figure 3 shows
the inferred temporal history of total target areal dens
~thick solid line! compared to a 1DLILAC prediction ~thin
solid line! in the shot with a 20-mm-thick shell and 4 atm of

d

FIG. 2. ~Color! Images of areal-density modulations for a target with a 2
mm-thick shell filled with 4 atm of D3He gas taken at times 1.90, 1.95, 2.0
2.05, 2.10, and 2.15 ns~from Ref. 43!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1863Phys. Plasmas, Vol. 10, No. 5, May 2003 Hydrodynamic growth of shell modulations . . .
D3He fill. The neutron-production history is shown by th
dotted line for comparison. The total target areal dens
shown in Fig. 3 consists of the shell areal density~about
90%–95%! and the gas fuel areal density~about 5%–10%!.
The target~and shell! areal density grows by a factor of;1.5
from the time of peak neutron production at;1.9 ns to the
time of peak compression at;2.0 ns. This growth will be
used below to estimate the BP contribution in the total mo
lation growth.

III. EXPERIMENTAL RESULTS

Figure 4 shows the modulation growth inferred for tw
shots 22102 and 22103~the images for one shot 22102 a
presented in Fig. 2! with 20-mm-thick shells, titanium-doped
layers, and 4 atm of D3He fill around peak compression. Th
s rms of the relative areal-density modulationsd@rd#/rd
grows by a factor of;10 during the;200 ps around peak
compression. The modulation levels are;20% at peak neu-
tron production~;1.9 ns! and ;50% at peak compressio
~;2.0 ns!. Figure 5 shows a comparison of the nonunifo
mity spectra taken at peak compression for targets with
mm-thick shells filled with 18 atm and 4 atm of D3He. These
targets exhibit similar behavior during their laser-driven a
celeration phases and therefore have similar perturbation
the beginning of the deceleration phase. Because of the
ferent gas-fill pressures~4 and 18 atm!, however, these tar
gets experience different deceleration growths near p
compression. The power per mode of relative modulat
levelsd@rd#/rd as a function of spatial frequency is show

FIG. 3. Inferred~thick solid line! and simulated~thin solid line! target-areal-
density evolutions for a 4-atm implosion. The measured~thick dotted line!
neutron production history for the 4-atm implosion is from Ref. 51.

FIG. 4. The evolution of inner-shell relative areal-density modulations rms

as a function of time for two shots@shown by triangles~shot 22102! and
squares~shot 22103!# with 20-mm-thick shells and 4 atm of D3He gas.
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in Fig. 5~a! for the more-stable 18-atm and in Fig. 5~b! for
the more-unstable 4-atm-D3He fills. The measured area
density modulation levels are 2365% and 53611% for shots
with 18-atm and 4-atm-D3He fills, respectively. In both spec
tra, measured perturbations have the highest amplitude
spatial frequencies of about 20–25 mm21 corresponding
to spatial wavelengths of 40–50mm ~or a mode number of
l;6), with the smallest detectable features having wa
lengths of about 15–20mm.

IV. DISCUSSION

The shell’s inner-surface modulations grow due to t
RT instability during the deceleration phase since the high
density shell is slowed down by the lower-density gas of
target core.25–30Unlike the acceleration-phase RT instabilit
where the outer-surface modulation growth is stabilized
mass ablation, the deceleration-phase RT instability is c
sical, with no ablative stabilization for these targets. In t
linear regime of the classical RT instability, the modulati
amplitudedr 1 for mode numberl @l5kR, wherek is a
modulation wave number andR(t) is the radius, or position
of the unstable surface# grows exponentially in time,2

dr 15dr 0 exp@AAT~,/R!gt2#, ~1!

whereAT is the Atwood number,dr 0 is the initial perturba-
tion amplitude,g is the deceleration, andt is time. The char-
acteristic of the classical RT instability is the rapid growth
short-scale perturbation that quickly enters the highly non
ear regime causing shell density perturbationsdr in addition
to shell amplitude perturbationsdr and shell-fuel mix. The
growth of longer-wavelength perturbations can be modifi
by the presence of mix because the mix increases the
pressure by supplying additional material into the core. A
result, the decelerationg increases and the Atwood numb
AT decreases, modifying the shell trajectory and the mo
lation growth.

The other factor contributing to perturbation growth
Bell–Plesset~BP! convergent effects. As the shell converg

FIG. 5. Power-per-mode spectra of relative areal-density modulations
function of spatial frequency for 20-mm-thick shells filled with~a! 18 atm
and~b! 4 atm of D3He taken at peak compression and averaged over tw
three shots per condition~from Ref. 43!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1864 Phys. Plasmas, Vol. 10, No. 5, May 2003 Smalyuk et al.
from radiusR0 ~with thicknessd0 and densityr0) to radius
R1 ~with thicknessd1 and densityr1), the shell modulation
dr 1 grows due to BP effects23 as dr 15dr 0(r0R0

2)/(r1R1
2)

5dr 0d1 /d0 . The shell modulation due to BP growth is pr
portional to shell thickness,dr;d. Note that the modulation
growth of shell integrity,d@rd#/rd, does not explicitly in-
clude BP effects$d@rd#/rd due to BP effects is constan
becaused~rd!;~rd!%; however, the convergent effects co
stantly modify the RT instability, which is responsible for th
modulation growth.

Figure 6 schematically presents a physical picture of
implosions to explain the experimental data. On
dimensionalLILAC predictions of the implosion trajectorie
with 4 ~red! and 18 atm~blue! of D3He are shown in Fig.
6~a!. The solid lines show the trajectories of the shell–fu
interfaces,R(t)5R02vt1gt2/2, for both implosions, and
the dashed lines show the free-fall trajectories of these in
faces,Rff(t)5R02vt, whereR0 is the radius andv is the
velocity of the inner-shell surface at the beginning of t
deceleration phase. The shell velocityv is higher in the
4-atm implosion compared to the 18-atm implosion beca
the pressure difference between the shell and the ga
higher in the 4-atm case. The RT growth rate of the unsta
modulations in the deceleration phase of the implosion
related to the difference between inner surface and free
trajectories,R(t)2Rff(t)5gt2/2. For any mode numberl,
the growth factor is higher in an implosion with a 4-atm fi
compared to a 18-atm fill of D3He because theR(t) is
smaller in the 4-atm implosion, and factorsgt2/2 are similar
for both implosions at peak compression. In the experim
the expected trajectory for an 18-atm implosion is close
the 1D LILAC prediction because the measured evolution
target areal density is close to 1D. In the 4-atm implosi
however, the measured target-areal-density evolution
much lower than the 1D prediction~as shown in Fig. 3! and
only about 10% higher than for the 18-atm implosion.51 The
trajectories inferred from the experimental observations
shown schematically in Fig. 6~b! for both implosions. At
peak compression the trajectories,R(t), are similar but the
factor gt2/2 is higher in the implosion with a 4-atm fill tha
in the 18-atm case. The higher fuel–shell mix is respons
for the higher deceleration in the 4-atm implosion beca

FIG. 6. ~Color! ~a! LILAC -simulated inner-surface trajectories~solid lines!
and free-fall trajectories~dashed lines! as a function of time for 20-mm-thick
shells filled with 18 atm~blue! and 4 atm~red! of D3He. ~b! The schematic
representation of the same trajectories as inferred from the experim
data.
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the core pressure is increased by the addition of shell m
rial from the mix.38–40,52

In the experiments, the relative areal-density modu
tions with spatial wavelengths ranging from about 15 to
mm, d@rd#/rd, grow by a factor of;2.5 during the;100
ps from peak neutron production~;1.9 ns! to peak compres-
sion ~;2.0 ns! in the 4-atm implosion~see Fig. 4!. The shell
areal density@rd# grows by a factor of 1.5 for the sam
period ~see Fig. 3! due to the growth of both the densityr
and the thicknessd; therefore, the shell modulations (dr
;d) should grow by up to a factor of 1.5 due to BP conve
gent effects. The BP effects do not contribute directly to
growth of shell integrity,d@rd#/rd; therefore, the measure
growth of relative areal-density modulation should be e
tirely due to the RT instability. In addition, the modulatio
growth modifies the shell trajectories leading to lower co
pression than predicted by 1D in the more-unstable 4-
implosion. At peak compression, the measured areal-den
modulation levels are 2365% and 53611% for shots with
18-atm and 4-atm-D3He fills, respectively.

V. FUTURE EXPERIMENTS

The RT instability and BP growth are defined by th
growth of amplitude modulationsdr. In future experiments it
will be necessary to measure the evolution of density alo
with average areal density and areal-density modulation
the titanium-doped layers to infer the evolution of amplitu
modulationsdr from the relative areal-density modulation
d@rd#/rd. The x-ray spectrum in the titanium 1s–2p absorp-
tion region is sensitive to the density, areal density, and te
perature of the layer. The time-resolved titanium absorpt
spectroscopy will provide the required information to bet
understand the unstable growth. In addition, the absorp
in the titanium 1s–2p spectral region is higher by a factor o
;10 than in the region above the titaniumK edge; therefore,
differential imaging of shell modulations using 1s–2p ab-
sorption will be more sensitive than the results presen
here.

As an example, preliminary, time-integrated she
integrity experiments53 based on titanium 1s–2p absorption
were conducted with 20-mm-thick plastic CH shells filled
with 18 atm of D3He gas. The diagnostic was a 1-mm-thick,
titanium-doped~;2% by atom! CH layer offset from the
inner surface by;1, 5, 7, or 9mm of pure CH. These layers
infer the shell-areal-density modulations at the inner, cent
and outer parts of the shell at peak compression. Figure~a!
shows the temperature and density profiles at peak comp
sion of a representative target calculated by the 1D c
LILAC . At peak compression, the diagnostic titanium lay
offset by 1mm is located on the slope of the density profi
at the inner shell, where the unstable surface is located.
tanium layers offset by 5mm and 7mm sample the centra
part of the shell, and the layer offset by 9mm represents the
outer part of the shell at peak compression.

At peak compression, time-integrated areal-dens
modulations were measured using the ratios of monoch
matic core images taken inside and outside of the titan
1s–2p absorption spectral region. The relative areal-dens

tal
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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modulations rms was 59614%, 1865%, 26610%, and 52
620% in the layers offset by 1, 5, 7, and 9mm, respectively,
as shown in Fig. 7~b!. The modulations are highest at th
inner surface~in the 1-mm-offset layer!, which is unstable
during the deceleration phase of the implosion near p
compression. As expected, the modulations decrease in
bulk of the shell~in the 5- and 7-mm-offset layers! but then
increase at the outer surface~in the 9-mm-offset layer!,
which is unstable during the acceleration phase of the im
sion. The time-resolved experiments based on differen
imaging using the titanium 1s–2p absorption region will be
conducted to study the evolution of shell nonuniformities
different parts of the shell.

As discussed in the previous section, the modulat
growth of longer spatial wavelengths is modified by the pr
ence of fuel–shell mix, which comes from the growth
shorter spatial wavelengths in the highly nonlinear phase
the classical deceleration-phase RT instability. Direct m
surements of mix evolution are essential not only to quan
the short-wavelength RT growth but also to explain the
served reduction of shell compression and the modifica
of the longer-wavelength RT growth.

VI. CONCLUSIONS

Shell modulation growth has been measured on tar
with titanium-doped layers using differential imaging ne
peak compression of spherical implosions with 20-mm-thick
plastic CH shells filled with 4 atm of D3He gas. The mea
sured perturbations have the highest amplitudes at sp
wavelengths of about 40–50mm ~corresponding to a mod
number l;6!, with the shortest detectable features cor
sponding to wavelengths of about 15–20mm. At peak neu-
tron production, the relative areal-density modulation lev
d@rd#/rd, is ;20% and grows to;50% at peak compres
sion 100 ps later due to RT instability. For the same ti
period, the shell modulations grow up to about 1.5 times
to BP convergent effects. At peak compression the inner
of the shell has a higher modulation level than the bulk of
shell.

FIG. 7. ~a! LILAC -simulated profiles of target density and temperature
peak compression for the implosion of a 20-mm-thick shell filled with 18
atm of D3He. The simulated location of titanium-doped~2% by atom! layer
offset by 1mm of pure CH from the inner surface is shown by the gray ar
Also it schematically indicates positions of layers offset by 5, 7, and 9mm
from the inner surface.~b! Peak-compression, relative areal-density mod
lation s rms as a function of the layer offset~from Ref. 53!.
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