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Nonlinear Rayleigh-Taylor Evolution of a Three-Dimensional Multimode Perturbation

M. M. Marinak, S. G. Glendinning, R. J. Wallace, B. A. Remington, K. S. Budil, S. W. Haan,
R. E. Tipton, and J. D. Kilkenny

Lawrence Livermore National Laboratory, Livermore, California 94551
(Received 18 December 1997)

The ablation front Rayleigh-Taylor evolution of a well-characterized 3D multimode surface
perturbation was measured on a foil accelerated with an x-ray drive as it progressed into the weakly
nonlinear regime. The perturbation pattern was locally random and consisted of modes within the
first ten harmonics of a300 mm square. The pattern evolved into bubbles separated by narrow,
interconnecting spike sheets, unambiguously indicating entry into the nonlinear regime. Nonlinear
effects occurred when mode amplitudes were relatively small:hn ø lny10. Experimental results are
in quantitative agreement with results of our numerical simulations. [S0031-9007(98)06073-6]

PACS numbers: 52.35.Py, 47.40.–x, 52.65.Kj, 52.70.La
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In order to ignite successfully an imploding inertia
confinement fusion (ICF) capsule the growth of pertu
bations due to hydrodynamic instabilities must be ke
within acceptable levels. If perturbations attain suffi
ciently large amplitudes, excessive mixing of materia
from the capsule shell into the core will degrade im
plosion performance [1–3]. In targets driven by x ray
from a hohlraum the hydrodynamic instabilities are usu
ally seeded principally by perturbations on the materi
surfaces. For ignition capsules, such as those designed
the National Ignition Facility (NIF), the Rayleigh-Taylor
(RT) instability [1,4] is responsible for most of the growth
of the perturbations. With the best attainable surface fi
ishes the RT growth of these perturbations progress
into the weakly nonlinear regime. There the amplitude
and shapes of these evolving features are determined
the nonlinear interactions between a broad spectrum
modes. Accurate modeling of nonlinear mode couplin
and saturation of the hydrodynamic instabilities is there
fore vitally important in predicting the performance o
these ignition capsules.

Our past work with planar foils studied the growth
of designated single mode and 2D multimode perturb
tions into the nonlinear regime [5–9]. Simulations of 2D
modes reproduced the variation in perturbation grow
with wavelength as well as various effects resulting from
2D mode coupling. One important reason for investiga
ing the behavior of 3D perturbations is that the nonlinea
saturation amplitude and growth rate of a mode depen
upon its 3D perturbation shape. Simulations of 3D R
growth at a classical interface in Cartesian geomet
[10,11], cylindrical converging geometry [11], and spheri
cal converging geometry [12,13], as well as on foil
driven directly by laser light [14,15], showed that the mos
round 3D perturbation shapes achieved the highest no
linear growth. A potential flow model of bubbles on a
classical interface [16], which extends the work of Layze
[17], also predicts that the most symmetric mode begin
to saturate at the largest amplitude. Experimental me
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surements of x-ray driven foils on Nova which compare
the evolution of a variety of pure modes having diffe
ent shapes but the same wave number demonstrated
effect, in agreement with simulations [18].

Ultimately we are interested in predicting the evolu
tion of a full spectrum of 3D modes growing simultane
ously and interacting through mode coupling. A previou
experiment studied the evolution of a foil driven d
rectly by laser light in which modulations in the illumi-
nation pattern seeded perturbations [19]. Previously
reported preliminary, semiquantitative experimental r
sults of growth on a randomly roughened surface, ge
erated by sandblasting a glass mold [7]. We repo
here the first experimental measurements, accompan
by simulations, of the evolution of a designated, we
characterized 3D multimode surface perturbation on
ablatively driven foil. Since the hohlraum x-ray drive i
essentially uniform over the foil, this experiment isolate
the effect of the surface roughness. The surface per
bation consists of a spectrum of modes which includ
those most dangerous for our ignition capsules. Instab
ties seeded by this perturbation evolve from the line
regime to a degree of nonlinearity which is relevant f
indirectly driven ignition capsules.

In the experiment surface perturbations are molded o
one side of a CHsBrd foil fC50H47Br2.7g 62 mm thick,
r ­ 1.26 gycm3, which is mounted across a750 mm di-
ameter hole in the wall of a3000 mm long, 1600 mm
diameter gold cylindrical hohlraum with the perturbation
facing inward [9]. The foil is illuminated from the back
by a 600 mm diameter source of x rays created by i
radiating a disk of scandium with two Nova beams [2
delivering3.2 kJybeam in a2 ns square pulse. Perturba
tions on the foil modulate the transmitted backlighter flu
according to

Isx, y, td ­ Iosx, y, tde2
R

kr dz,

wherek is the opacity. Measurements of the transmitte
backlighter intensity determine modulations of optic
© 1998 The American Physical Society
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depth and therefore the amplitude of the areal density
the perturbation. The flexible x-ray pinhole imager (FXI
[21] was used to obtain gated images. Its resolution f
these experiments was characterized earlier [18].

Eight l ­ 0.351 mm, 2.5 kJ shaped Nova beams ir-
radiate the hohlraum with a low intensity,1.0 ns foot
followed by a rapid increase to peak power which i
maintained over the interval 2.5–4.4 nsec, with the rat
of peak to foot laser power being,5. This new x-ray
drive, which has been measured with the Dante x-r
diode array [22], creates a period of nearly uniform a
celeration lasting,1.5 ns. The drive model employed in
the simulations was obtained from a LASNEX [23] gold
hohlraum simulation, with the amplitude renormalized t
match the Dante measurement, corrected for the albedo
the hohlraum wall. This drive model reproduced well th
measurement of the shock breakout trajectory through
aluminum wedge mounted on a hohlraum as viewed by
streaked uv imager [24] and measurement of the positi
of the back side of the foil using streaked side-on radio
raphy [6,7,9]. Simulated conditions at the ablation fron
resembled those described for previous CHBr experime
[8]. In one of these experiments measurements of a fl
CHBr foil in the same experimental geometry used he
showed modulations induced by drive asymmetry we
too small to measure [7].

Simulations of the ablatively driven foils were per
formed using the 3D radiation hydrodynamics cod
HYDRA [25]. These simulations employed STA opaci
ties [26] with multigroup diffusion, and a Kevlar
fC14H10N2O2 sr ­ 1.26 gycm3dg equation of state table
[27]. To test further the components of our model w
simulated foils having a variety of 2D single mode
perturbations accelerated in Nova experiments utilizin
this new drive. These had perturbation wavelengt
of 30, 50, and 100 mm, initial amplitudes between
0.5 1.0 mm, and foil thicknesses of,60 mm. As seen
in Fig. 1 the results showed good agreement with th
time evolution of the Fourier modes of ln(exposure
measured in the experiments, as was the case for pre
ous experiments performed with similar targets using

FIG. 1. Fourier components of ln(exposure) vs time for wav
lengths of 30, 50, and100 mm. The closed (open) symbols are
the fundamental mode (second harmonic) obtained from rad
graphs. The solid (dashed) curves are the fundamental mo
(second harmonic) from simulations.
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different drive [8]. For foils 62 mm thick simulations
of small amplitude perturbations, which remained linea
predicted growth factors which peaked at waveleng
l ­ 50 mm, at a value of 50 at the end of 6.0 ns.

The mold used to create the multimode perturbation w
itself formed by laser ablation of 400 Gaussian-shaped p
[28] within each300 mm square on the target. The pertur
bation was designed so that these pits overlap, creatin
locally random, isotropic perturbation, shown in Fig. 2(a
which spans nearly a decade in Fourier space. Sin
weakly nonlinear mode coupling occurs over a bubb
width, the short length scale random variation in the pe
turbation sets conditions for bubble formation and sa
ration. Over the largest transverse length scales of
system, the pattern possesses reflection symmetry; e
150 mm square is symmetric about its boundaries. T
length scale of the reflection symmetry is too long for th
lowest modes to determine weakly nonlinear saturation
the bubbles. The pattern is continued on the foil for a
extra 1

2 period beyond the300 mm square, which defines
the fundamental wavelength. This enables rigorous tre
ment of the boundary conditions in the code simulatio
The perturbation placed on the foil was measured with
contact radiograph [9]. Details of this measurement w
be described elsewhere. This specified surface pertur
tion, initialized in the simulation, consists of modes o

FIG. 2. (a) Contours of the designated initial multimode pa
tern shown on a300 mm square. Darkest regions correspon
to greatest foil thickness. (b) Density isocontour of0.2 gycm3

from the HYDRA simulation at 6.0 ns. Perspective show
bubbles rising in the ablation front. (c) Experimental radio
graph of the foil at 6.0 ns. The spikes appear dark in the rad
graph. (d) Simulated radiograph at 6.0 ns, which includes
effect of instrumental resolution. Gray scales for (c) and (
cover the same change in optical depth.
4427
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the form cosskxxd cosskyyd, whereskx , kyd ­ 2psm, ndyL
with sm, nd ­ s0 12, 0 12d. A total of 168 modes was
initialized with amplitudes obtained from the specifie
initial pattern, scaled to match the total measured0.66 mm
rms obtained from the radiograph.

The simulation of the multimode foil was performed
over the150 mm square section using a grid measurin
120 3 120 3 171 zones, with reflection boundary condi-
tions at the transverse boundaries. In the simulation t
first shock breaks out at 2.2 ns. After a period of sub
stantial linear regime RT growth the formation of broa
bubbles becomes apparent in the simulation near 4.0
indicating entry into the nonlinear regime. The perturba
tions become visible in the experimental radiographs du
ing the period of measurement between 4.0 and 6.0
Figure 2(c) shows an image in ln(exposure) of the mu
timode foil obtained with face-on radiography 6.0 ns
Under the influence of mode coupling, the pattern h
evolved into broad bubbles in close packing surround
by narrow, interconnecting spike sheets with local spik
maxima occurring at the intersection of two or mor
sheets. Yet the structures in Fig. 2(c) retain a correspo
dence to the initial pattern. The average diameter of t
bubbles at 6 ns is,50 mm, corresponding to the wave-
length at the peak of the growth factor spectrum. Th
simulated radiograph from theHYDRA calculation at 6.0 ns
is shown in Fig. 2(d). The comparison shows qualita
tively the simulation reproduces well the details of th
shapes and relative amplitudes of the various bubble-sp
structures. A quantitative comparison of mode amplitud
is given below. The very short scale speckles in the e
perimental radiograph are instrumental noise.

The topology of the bubbles rising during the nonlinea
phase is illustrated in Fig. 2(b), which shows a density is
contour in the ablation front from theHYDRA simulation at
6.0 ns. The tendency for the bubbles to assume the clos
possible packing was observed in previous simulations

FIG. 3. Fraction of simulated foil area which falls in the
lowest 20% of the instantaneous range of areal densities.
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3D multimode perturbations on foils [19,29,30] as well as
on a classical interface [31]. A measure of the change
shape of the features is illustrated in Fig. 3, which show
the fraction of the simulated foil area having areal den
sity within the lowest 20% of the range. The locations o
lowest areal density correspond to the tops of the bubble
The rapid rise in this fraction at 4 ns signals the onset o
bubble formation in the mode coupling regime. Subse
quent broadening of these bubbles is recorded in the co
tinuing rise. Second-order mode coupling theory [32] wa
applied, using results from a set of linear growth facto
calculations, and also predicts that broadening of bubbl
should start to become noticeable at 4.0 ns.

The quantitative comparison of the Fourier spectr
of the data with values obtained from the simulated
radiograph is shown in Fig. 4(a). The evolution of the
spectrum is well matched by the simulation. Both the
data and simulation show the peak of the Fourier spectru

FIG. 4. (a) Fourier spectra of ln(exposure) vs time. The
curves are from theHYDRA simulation and include the effect
of finite instrumental resolution. The symbols are obtaine
from the radiograph. (b) Solid curve shows the mode amplitud
spectrum obtained from the simulation at 6 ns. Dashed curv
is 10% of the wavelength. The dash-dotted curve is th
modal saturation amplitude specified by the saturation mod
Sskd ­ 2yLk2.
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has developed at mode 4, slightly below the peak
the growth factor spectrum. For the higher modes t
experimental error bars are dominated by the white no
present in the radiograph.

Estimates of the rms amplitudes of multimode perturb
tions in the weakly nonlinear regime are often obtain
from the Haan nonlinear saturation model [33]. In th
model the bubble side rms amplitude is derived from
quadrature sum of all the individual modes. The amp
tude of a particular mode is taken from linear regime evo
tion until it attains its saturation amplitudeSskd ­ nyLk2.
Here L is the fundamental wavelength, which is relate
to the density of modes. The saturation parametern

was originally taken as 4, but more recent simulatio
indicaten ­ 2 is a better fit [29,30,34]. A comparison
with the HYDRA simulation indicates that the saturatio
model with n ­ 2 estimates well the time of onset o
nonlinear saturation, when the bubble side rms begins
fall below the linear analysis result. Perturbation am
plitudes obtained from the simulation exceedSskd over a
broad range by 6 ns, but are much less thanlny10, as
shown in Fig. 4(b). Thus the collective nonlinearity ob
served in the experiment, evidenced by the broad bubb
is occurring for individual mode amplitudes much small
than 10% of the wavelength, the threshold for nonli
ear saturation of a single mode. The physical amp
tudes of the dominant features are determined by
sum of strongly interacting modes with similar wave ve
tors. Nonlinear saturation occurs when their collectiv
amplitude approaches the characteristic wavelength.

In conclusion, we have described in-flight measur
ments of a plastic target having a prescribed 3D m
timode surface perturbation. This perturbation, whic
included the range of modes predicted to be most dang
ous for our ignition capsules, seeded instabilities whi
grew into the weakly nonlinear regime. These evolve
into round, closely packed bubbles separated by narro
interconnecting spike sheets. The resulting topology
tained a correspondence with the initial perturbation p
tern. Simulations withHYDRA matched well the shapes
and amplitudes of the bubble and spike structures in
radiograph and were in quantitative agreement with t
evolution of the Fourier mode spectra. The experime
and simulation demonstrated that collective nonlinear
occurs in the multimode target when individual mode am
plitudes are close to values from a saturation model, mu
less than the saturation amplitude for a single mode.

We wish to thank T. Shepard for his assistance w
hohlraum simulations, and S. V. Weber and D. Ryutov f
helpful discussions. We acknowledge the support of t
technical staff at Nova. This work was performed und
the auspices of the U.S. DOE by the Lawrence Live
more National Laboratory under Contract No. W-740
ENG-48.
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