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Large Growth Rayleigh-Taylor Experiments Using Shaped Laser Pnlses
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imposed on one side of a 750-pm-diam fluorosilicone
(SiOC4H7F3) planar foil. Fluorosilicone (FS) was
chosen because this admixture of opacities allows an ex-
tended acceleration period without early foil burn
through or decompression due to preheat. The uncertain-
ties in foil thickness, perturbation wavelength, and ampli-
tude are estimated to be + 2%, + 2%, and + 10%, re-
spectively. The foil is mounted across a hole on the wall
of a gold cylindrical hohlraum with the perturbations fac-
ing inwards, and accelerated as shown schematically in
the figure for face-on geometry. The perturbation growth
is measured by x-ray backlighting onto a streaked Wolter
x-ray microscope (the "22X") [13]. The spatial and
temporal resolution of the 22& and streak camera are ap-
proximately 10 pm and 150 ps in these experiments. The
x-ray drive was generated by focusing eight 0.35-pm,
2.2-kJ, 3.2-ns Nova [5] beams into the hohlraum. The
ablation pressures thus generated in the foil are measured
in separate shock-breakout experiments [5] and are a fac-
tor of several larger than for typical direct drive experi-
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FIG. I. Schematic of the experimental setup (not to scale).
The foil is mounted on the wall of a cylindrical gold hohlraum
with surface perturbation facing inwards, and eight drive laser
beams entering the ends of the hohlraum generate an x-ray
drive. As the foil accelerates by x-ray ablation towards the 22x
magnification x-ray microscope, another laser beam striking a
backlighter disk generates a back illumination of x rays which
traverse the hohlraum and the accelerating foil. Modulations in
foil areal density translate to modulations in exposure at the x-
ray camera.
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Large growth Rayleigh-Taylor (RT) experiments have been conducted by pulse-shaped
celeration of planar fluorosilicone foils with 50-pm-wavelength initial surface perturbation
large-amplitude initial perturbation quickly enter the nonlinear RT regime, and show little
with very-small-amplitude initial perturbations grow exponentially for longer, and show
growth factors. From comparisons with two-dimensional computer simulations, we deduce
served growth is about 60% of that expected for classical RT growth.

PACS numbers: 52.35.Py, 52.65.+z, 52.70.—m

Hydrodynamic instabilities [I] play a pivotal role in
current approaches to inertial confinement fusion [2]
(ICF). In the direct drive approach [2-4], multiple
lasers simultaneously illuminate the outer surface of a
spherical capsule vaporizing the ablation layer, causing
the inner pusher layer to accelerate inward. This
compresses and heats the nuclear fuel contained inside in-
itiating fusion and the release of energy. In indirect
drive, lasers [5,6] or ion beams [7] first convert to x rays
inside a high-Z enclosure (hohlraum), which then drive
the implosion. Regardless of approach, a low-density
plasma blowoff' accelerates a higher-density pusher at the
ablation front; hence, capsule surface imperfections will

grow due to the Rayleigh-Taylor (RT) instability
[1-4,8]. Sufficient perturbation growth can lead to shell
breakup or seed perturbations on the inner surface of the
shell which in turn grow during the deceleration phase,
degrading capsule performance. High-gain capsule
designs [2-5,7,8] call for shaped drive pulses and large
aspect ratios (radius/wail thickness) to maximize the im-
plosion hydrodynamic eSciency. The steep density gra-
dient, thin capsule wall, and extended acceleration phase

backlof these high-gain designs, however, create a particularly di
suitable environment for large RT growth [3]. Experi-
rnents of perturbation growth in this environment are cru-
cial to the fate of ICF.

Experiments to date have measured RT growth on pla-
nar foils accelerated by direct laser illumination [9], by
illumination with smoothed laser pulses [10], by indirect
drive using I-ns-square laser pulses [11], and by direct
drive implosions [12]. Though the amount of growth typ-
ically observed was limited and the drive pulse shapes
rather arbitrary, the measured RT growth rates were Accelerating

foil
somewhat reduced from classical. The extent to which
surface imperfections grow in an extended, shaped ac-
celeration, however, is still a very open question. We re-
port here the first experimental measurements of RT
growth using a pulse-shaped drive similar to a scaled ver-
sion of those being considered for high-gain implosions.
In this series the drive, foil thickness, and perturbation
wavelength were held fixed, and only the perturbation
amplitude was varied, with the smallest value approach-
ing the scale of typical surface imperfections.

The experimental setup is illustrated in Fig. 1. A
sinusoidal surface perturbation of wavelength 50 pm is
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FIG. 2. Total power, summed over the eight 0.35-pm drive

lasers, for each shot in the amplitude (ao) scaling series. A

backlighter pulse typical for the series is shown by the dotted
curve.
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ments [9,10]. The laser pulse shape, shown in Fig. 2, has
a contrast of peak/foot=(0. This shape is designed to
minimize the shock heating and subsequent decompres-
sion of the foil [5], as in high-gain implosion designs
[2-4,7,8]. The foil was backlit with a 750-pm-diam spot
of x rays created by irradiating a dysprosium or rhodium
disk with a ninth Nova beam of wavelength, shape, and
energy of 0.53 pm, 5 ns square, and 2.5 kJ, respectively.
After including the 22X response, the dominant feature
in the backlighter spectrum is a band of x rays at 1.5-1.9
keV for Dy and 2.7-3.2 keV for Rh. The growing modu-
lations in the foil areal density cause modulations in the
x-ray optical depth and hence in the exposure at the im-
age plane of the detector which are recorded as a function
of time by the streaked 22x. The image begins promptly
when the backlighter beam turns on, and the relative tim-
ing between the backlighter beam and the drive beams is
measured on optical and on UV streak cameras on each
shot, thus establishing t =0.

Figure 3 shows ln(exposure) profiles for an accelerated
thin FS foil with a large-amplitude (1.9 pm) initial per-
turbation. The peak-to-valley modulation in these curves
will be referred to as "contrast. " This representation of
the data is chosen because exposure cc e ', where K rep-
resents average opacity and p, =fpdz is the foil areal
density. Hence, ln(exposure) ee —tcp, and growth in con-
trast is equivalent to growth in foil fpdz. At early times
the contrast is small and sinusoidal in shape, indicating
that the RT instability is in the linear regime. Late in
time, the contrast is greater and distinctly nonsinusoidal,
exhibiting the "bubble-and-spike" shape characteristic of
the nonlinear RT regime [8]. The ilattening of the modu-
lations in the top curve results from burn through, when
the bubbles have broken out the back side of the foil.

The foil trajectory was measured by observing a thick
FS foil edge-on as it accelerates across and progressively
blocks the backlighter spot. A trajectory can be con-
structed [14] by following the point where the optical
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FIG. 3. Measured In(exposure) curves vs time for an ac-

celerated thin Auorosilicone foil with an initial 50 p m-
wavelength, 1.9-pm-amplitude sinusoidal surface perturbation,
and a Dy backlighter. Each curve represents the average over a
400-ps time interval, and is oAset vertically from bottom to top
in order of increasing time. Three phases of the foil evolution
(linear, nonlinear, burn through) are indicated, as are typical
examples of "bubble" and "spike. " The dashed curves repre-
sent an estimate of the average long-range structure due to
backlighter nonuniformity.

depth (OD) of the back edge increases above the base
line by some 8(OD). Averaging over the ensemble gen-
erated by varying 8(OD) over the range 0.25-1.50, we
show the average foil trajectory in Fig. 4(a). The back
edge of the foil does not start to accelerate until the shock
breaks out at about 2.5 ns. The drive lasers turn off at
3.2 ns, after which the foil moves at approximately con-
stant velocity. Also sho~n is the corresponding trajectory
from one-dimensional simulations using the computer
code LASNEX [15]. (The essential features of LASNEx
have been compared extensively with theory [16] and
with results of experiments on Nova [5].) The simula-
tions use a measured x-ray drive spectrum. We also show
from the simulations the evolution of the acceleration of
the zone of peak density.

In our amplitude scaling series, we accelerated in face-
on geometry thick FS foils with initial amplitude ao of
4.5, 0.8, and 0.16 pm. The periodic modulations in
ln(exposure) were Fourier analyzed, and the coefficient of
the fundamental mode for each experiment is shown in

Fig. 4(b). For the foils with large ao (4.5 pm) and with
intermediate ao (0.8 pm), contrast was observable
throughout the experiment, including at t =0 when the
drive beams just turn on. For the small ao (0.16 pm)
foil, initial contrast was not resolved but can be calculat-
ed very reliably [14]. The perturbation for the large ao
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FIG. 4. (a) The average trajectory of the foil back edge,
measured in edge-on geometry using a Rh backlighter. The
solid curve represents the corresponding one-dimensional trajec-
tory simulation with the computer code LAsNEx. The dashed
curve gives the acceleration of the zone of peak density from the
simulation (scale given on right). (b) The fundamental
Fourier-transform coeIItcient of In(exposure), measured in
face-on geometry with a Rh backlighter, for accelerated foils
with large (circles, solid curves), intermediate (triangles,
dashed curves), and small (squares, dash-dotted curves) initial
amplitude perturbations. The error bars represent the standard
deviation of the Fourier transforms of the individual periods at
each time bin. The smooth curves are the results of two-
dimensional LAsNEx simulations. The thick curves assume con-
stant backlighting from the backlighter disk only; the thin
curves include an additional transitory contribution from
hohlraum emission.

foil appears to be growing nearly linearly between 0.5 and
3.0 ns, then starts to decrease. The second and third har-
monics appear [14] (not shown here) at about 1.5 and 3.3
ns and grow to peak values of 38% and 18% of the peak
value of the fundamental, indicating that the perturbation
has evolved into the bubble-and-spike nonlinear RT phase
[8]. Indeed, the "roll over" in the fundamental mode is
probably because the spikes are becoming too narrow to
resolve with the 22x. For the intermediate ao foil, the
growth appears to be nearly exponential until about 3.3
ns, then rolls over and starts to decrease. A weak
second-harmonic component is seen [14] after about 3.0

ns, growing to a peak value of 19% of the fundamental.
For the small ao foil, contrast becomes observable after
2.0 ns, and grows exponentially until about 3.5 ns, after
which the perturbation appears to grow linearly during
this "drift" phase. A second harmonic is seen after —3.5
ns, reaching 31% of the fundamental (though with a large
uncertainty). An accelerated blank foil (no imposed sur-
face perturbation) showed no contrast at any time.
Defining an optical depth growth factor (GFQQ) as the
ratio of maximum to initial contrast for the fundamental
mode, we get GF~p =6+ 1, 22 ~ 6, and 75+ 31 for the
large, intermediate, and small ao foils, respectively.
These growth factors are much larger than the GF~ 5
observed with FS foils indirectly driven using 1-ns-square
laser pulses [11]. The difference is attributed to the steep
density gradient and extended acceleration [see Fig. 4(a)]
with the shaped drive used in the present work.

The smooth curves shown in Fig. 4(b) represent two-
dimensional LASNEx [15] simulations. The results of the
simulations are postprocessed by transporting the mea-
sured backlighter x-ray spectrum through the calculated
foil opacity, folding in the measured instrument re-
sponses. In addition to the x-ray backlighting resulting
from the 5-ns laser pulse incident on a Rh disk, there is
additional backlighting due to thermal emission from
plasma filling the hohlraum. This latter component exists
only as a short burst just after peak power of the drive
lasers, and was measured on separate shots. Results of
the calculated contrast, both with and without hohlraum
emission in the backlighter spectrum, are shown in the
figure. This short burst of added backlighting does not
afIect the interpretation of our results, and will be
neglected in the remainder of our analysis. For large ao
and to a lesser extent for intermediate ao, the calculated
foils appear to burn through somewhat earlier in time
than was observed. This most likely results from inade-
quate treatment of the detailed shape of the nonlinear
spikes and bubbles, as agreement during the linear RT
growth phase is excellent. Another possibility is the
opacity modeling, since the amount of opacity in the hot
blowoA plasma determines how much x-ray drive reaches
the ablation front. We also note that in the simulations
GFoo is equivalent to the growth in areal density Jpdz to
better than 5 Jo, since the ablated FS foil material main-
tains its opacity to the —3-keV backlighter x rays.

We next compare our measurements with classical
growth [1], a(r) =aoe""', where y, i=(ka)'~', k=2m/
X~„i„„b,and a is the foil acceleration. (The reduction of
y, i due to the finite thickness of the foil [17] is a small
effect, less than 7% for our experiments [14].) Integrat-
ing the growth rate over time using the time-dependent
acceleration from the simulation shown in Fig. 4(a), we
have calculated the number of classical e-foldings, fy, ~dt,
for the small ao foil. The observed (and simulated) e
foldings is about 60% of that predicted for classical
growth, namely, @=0.6y, i. We have also compared our
measurements with a simple expression incorporating ab-
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lative I]ow across a density gradient [18],

@=a(ka) '
pkv, ,

where a=(1+kL) 't, L is the density gradient scale
length (L =p/Vp), v, is the ablation velocity (v, =m/
pA, A being cross-sectional area), and p is a multiplier
thought to be between 1 and 3. The Atwood number, to
a good approximation, is set to 1 in this comparison. The
data and simulation fall in between the e-folding curves
for p= 1 and p=2, reduction in growth rate due primari-
ly to ablation. The effect of the density gradient is small,
since I = 1 pm during peak growth.

In conclusion, by amplitude scaling on radiatively ac-
celerated foils, we have measured RT growth over an ex-
tended range, spanning the linear into the nonlinear RT
regime. For large ao (4.5 pm), the RT instability is non-
linear from the onset, bubble-and-spike formation com-
mences quickly, and only limited growth occurs:
GF =6~ I. For small ao (0.16 pm), the instability does
not enter the nonlinear phase until much later, and sub-
stantial exponential growth occurs: GF =75 ~ 31. The
intermediate ao (0.8 pm) case falls in between these two
extremes, and GF =22 ~ 6. Computer simulations indi-
cate that growth factors in contrast are approximately the
same as those for foil areal density. Comparing with the
calculated classical e foldings, we conclude that the ob-
served growth is about 60% of classical. Comparisons
with an expression including the density gradient and ab-
lation velocity suggest that ablation is the dominant
mechanism by which growth is reduced. Foils accelerat-
ed by a shaped x-ray drive show substantially more per-
turbation growth than with a square drive, due to a steep
density gradient at the ablation front and a sustained foil
acceleration.
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