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Abstract 

A comprehensive set of measurements of the growth of ablatively 

stabilized Rayleigh Taylor instabilities in laser driven direct drive and indirectly 

drive planar foils is presented. For both cases, imposed single Fourier modes 

are seen to grow as a planar foil is accelerated. Harmonics of the imposed 

wavelength are observed as the sinusoidal perturbation becomes a classic 

bubble and spike. Independent measurements of the foil acceleration are 

made by sidelighting the foils. For small amplitude initial perturbations, a 

shaped indirect drive has been used to achieve growth rates as large as 80. 

Two dimensional simulations of the foils demonstrate excellent agreement with 

the measured growth rates and non-linear saturation. For both direct and 

indirect drive, the small amplitude growth rates are seen to be in agreement 

with simple dispersion relations Y-aVicg"- p kva albeit with different values of the 

constants for the two cases. Further experiments with radiatively accelerated 

planar foils with two imposed modes of wavenumber ki and k2 show mode 
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coupling with sum and difference modes, again in agreement with theory. 

Experiments have also been performed measuring the modulations in areal 

density of unperturbed foils. The early time non-uniformity cf the laser beam 

can be varied by changing the bandwidth of the SSD smoothing scheme. As 

the smoothing of the laser drive beam is increased, the degree of non miformity ' 

of the accelerated foil decreases. For indirect drive there is no measufcjle non-

uniformity of an initially smooth accelerated foil. Indirect drive experiments 

need a rough foil with a 4 um surface finish to see any growth of Rayleigh Taylor 

non-uniformity. 

Manuscript 

In ICF designs, a high aspect ratio shell is required to increase the 

ablation pressure of drive. However, the growth of the dominant mode of 

hydrodynamic instability of a shell during an implosion increases with the 

shed's aspect ratio, requiring an accurate modeling of the instability so that it 

does not dominate the ignition physics. In this paper measurements of the 

Rayleigh Taylor hydrodynamic growth rates for both indirect and direct drive 

acceleration of a planar foil are presented, and show good agreement with 

calculations of both the linear growth rate and the rate of mode coupling. For 

radiative drive, these measurements are made for hydrodynamic growth factors 

similar to high gain designs and give confidence that the modeling of the critical 

hydrodynamic instabilities for ignition designs is correct. Moreover the growth 

of instability seeded by laser beam non-uniformity's and surface roughness are 

measured for the first time. 
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ICF desiflns are possible despite the Rayleigh Taylor instability because of two 

ameliorating effects. First, ablative stabilization reduces its growth rate to 

significantly below the classical value of y- aVkg". Numerical studies [1] have 

shown that a simple dispersion relation y- aYkjf - p kva fits the calculate"linear 

growth rate with different values for a and p for indirect and direct drive. For 

values of drive appropriate to ICF capsules, a reduction of the linear growth 

rates to 60-70% of classical is predicted, with a concomitant large increase in 

the acceptable in flight aspect ratio of a capsule. Second, non-linear effects [2] 

are important but not dominant, requiring an accurate description of the weakly 

non-linear phase of the hydrodynamic instabilities. Experiments described in 

this paper with both indirect (x-ray) drive and direct drive have verified that the 

calculations of the growth and mode coupling of the hydrodynamic instabilities 

are accurate. Measurements of the growth of multi-mode instabilities seeded by 

the early time laser beam non-uniformity of a smoothed laser beam have also 

just started. 

To measure the growth of Rayleigh-Taylor instabilities, planar foils with small 

initial perturbations have been accelerated by x-rays [3] or by direct drive [4]. 

Face-on radiography, as illustrated in Fig. 1, for the indirect drive experiments, 

accurately measures the growth and non-linearity of small perturbations, after 

careful account is taken of the backlighting x-ray spectrum and the spatial 

resolution of the several x-ray microscopes used. For the indirect drive 

experiments most of the measurements were made with a Wolter (22X) x-ray 

microscope coupled to an x-ray streak camera. The time dependence of the 

growth in the modulation in x-ray opacity, normal to the direction of the initial 

modulations, is then measured along the x-ray streak. For the direct drive 

experiments a multi aperture, 80 psec, x-ray pinhole camera [5] was used to 
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record a series of two-dimensional framed radiographs. This novel technique 

allows the growth in modulation to be observed by frame to frame comparison 

and moreover allows two dimensional modulations to be measured. In both 

cases the object plane spatial resolutions were 10 urn. 

Indirect drive experiments [3] have been conducted with eight beams of the 

Nova laser using 16 kJ of laser energy in a shaped pulse at 0.35 urn to produce 

an x-ray drive to accelerate a planar foil. The use of a shaped laser pulse of 

length 3.2 nsec and contrast of 6:1 between the 1 nsec foot of the pulse and the 

13 TW peak of the pulse, produces an x-ray drive that keeps the planar 

accelerated foil on a low adiabat and at a high density. Most of the experiments 

were performed with fluorosilicone or brominated plastic foils, both chosen for 

their high x-ray opacity leading to high in flight density and a relatively high 

Siydrodynamic growth rate. X-ray backlighting was performed by using another 

beam of Nova at 0.53 urn in a 5 nsec pulse onto disks of materials chosen to 

optimize the x-ray flux at a chosen wavelength. The x-ray drive has been 

characterized in several independent ways. The acceleration of the 

fluorosiicone (SiOC4H7F3) foil is measured by side-on radiography at 6 keV [6] 

and at 4 keV and is agreement with measurements of the radiation temperature 

from [1] the shock break out of wedged witness plates and [2] the x-ray flux. 

To measure the hydrodynamic growth of single modes, the planar packages 

were sinusoidally modulated on their drive side at wavelengths from 30 to 100 

Urn, with initial amplitudes from 0.16 urn to 4 urn. With the shaped pulse, the 

hydrodynamic growth factors were measured to be up to 80, and so for the 50 

urn wavelength the 0.16 urn perturbations only grow to about 10% of the initial 
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wavelength and so remain essentially linear. For larger modulations this is not 

so and harmonics are clearly seen to grow. 
+ 

A backlit streaked face-on radiograph of the growth in the modulations of optical 

• depth of the foil is also shown in Fig. 1. Fourier transforming this radiograph 

shows the initial growth of modulations. At later time the formation of higher 

harmonics of the initial modulations is seen as the amplitude of the modulation 

exceeds about X/10. Fig. 2 shows an amplitude scaling study of this 

experiment. Three initial amplitudes 0.16 jim, 0.8 u.m and 4.5u.m were used. As 

long as the initial perturbation is small enough that there is little saturation, a 

growth of single modes by as much as a factor of 80, close to the values 

required for ignition designs, is measured. Calculations with an average atom 

model for opacity (XSN) shows good agreement for the small initial amplitude 

case where a growth factor of 80 is measured. A super configuration transition 

array model for the x-ray opacity does not give such good agreement and 

differences in the modeling are currently being scrutinized. It is meaningful to 

compare the growth of the modulations with a simple dispersion relation 

y = aVkg". p kva only if the measurements are for a linear phase and after the 

shock has transited the foil. In this phase of the growth of modulations, the 

simple dispersion relation with p between 1 and 2 for the ablative stabilization 

term best fits the data. For these experiments the measured and calculated 

growth rates are about 60% of classical. 

In experiments when the initial perturbations become comparable in amplitude 
with their wavelength( 2nfkQ), harmonics kg + k0* 2k0 and k0 + 2k0 * 3 k$ are 

i clearly seen growing as the characteristic bubble and spike formation appears. 

In further experiments, two different initial perturbations ki and k2 (wavelength 
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50 iim and 70um), were imposed on an accelerated planar foil. Sum modes 

and difference modes, ki+k2, and M - k2, are clearly seen growing at a rate 

that agrees with simulations. 

Similar hydrodynamic growth rate measurements have been made for directly 

driven planar foils, at the lower end of the drive pressures envisioned for 

ignition implosions. A single 5 kJ, 3 nsec 0.53jim laser beam smoothed by the 

technique of smoothing by spectral dispersion (SSD) was split into nine and 

overlaid by steering wedges to provide a laser beam that had a 10 % large 

scalength non-uniform'rty over a 1mm focal spot at a peak intensity of 8 10 13 

W/cm2. The smoothing of the laser beam was varied by the bandwidth of the 

laser beam. Initially a large bandwidth of 0.15% was used that produced a 

small scale anisotropic perturbation 51/1 of 8% at (ate time: at early times the 

smoothing is less with the smoothing time decreasing with increasing 

bandwidth. The anisotropic smoothing is shown in Fig. 3. 

When this laser beam was incident on a 20 u.m thick plastic foil an ablation 

pressure of 8 Mbar was produced as measured by the acceleration from side on 

radiography of the foil, and by measurements of the shock transit time through 

wedged witness plate. This is the pressure' expected from simulations with the 

80-100% absorption expected from measurements of other authors at this 

intensity. As in the indirectly driven case. 

In separate experiments we have measured the growth of 1jim initial amplitude, 

20-70 (im wavelength perturbations on the foil. Up to 12 sequential gated 

radiographs, one of which is shown in Fig. 4, measured the perturbation growth * 

by up to a factor of 5. This frame of the experiment show both the initial 
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perturbation of wavelength 90 urn (in this case) as well as modulations that are 

imposed by the anisotropy of the laser beam. For the imposed wavelength, 

modal analysis shows the second, third and fourth harmonic growing as shown 

in Fig. 4. Two dimensional simulations are also shown on Fig, 4 showing 

agreement with the experiments. 

As well as the imposed perturbations (Fig. 4} at late time, shows a perturbation 

that resembles the striated structure of the smoothed laser beam. This 

observation prompted experiments where the degree of smoothing of the laser 

beam was varied by the bandwidth of the laser. Bandwidths from 0% to 0.15% 

were used and as the bandwidth was increased, the modulations of the areal 

density decreases. 

This work has shown that the linear and quasi-linear simulation of x-ray drive 

and directly driven foils, at ablation pressures relevant to ICF capsules, and for 

growth factors similar to those expected for ICF capsules, agree with 

experiments. As the hydrodynamic models of mix rely on the linear and quasi-

linear growth rates, this work validates the accuracy of these models. Further 

work will directly measure the growth of a spectrum of modes. 

This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under contract no. W-7405-Eng-48 
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Fig. 1. Experimental setup and sample raw data, (a) Schematic of the 

experimental setup (not to scale): the foil is mounted on the front wall of a 

cylindrical gold hohlraum with surface perturbation facing inwards, and drive 

beams entering the ends of the hohlraum generate a thermal x-ray drive. 

As the foil accelerates by x-ray ablation toward the 22X magnification x-ray 

microscope, a backlighter beam striking a Rh disk generates a back 

illumination of x-rays which travel through the hole on the back wall of the 

hohlraum, and subsequently through the accelerating foil. Modulations in 

foil area density then translate to modulations in exposure at the x-ray 

camera, (b) A one-dimensional image of the opticai depth modulation of an 

accelerated foil "streaked" vertically versus time. The overall increasing 

brightness with time is from foil thinning due to bubble formation and from 

hohlraum emission (see text), and the abrupt cessation of the brightness 

occurs when the backlighter beam turns off. (c) A two-dimensional x-ray 

"snapshot" of the same accelerating foil during a 100 psec window centered 

at 2.6 nsec after the start of the drive. Little if any transverse distortion or 

bowing is observed. 
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Rg. 2. Coefficient of the fundamental mode (circles), second harmonic 
(squares), and third harmonic (triangles) from a Fourier transform of the In 

(exposure) curves for accelerated thick fluorosilicone foils with large (a), 

intermediate (b), and small (c) initial amplitude perturbations (names ̂  = 

4.5,0.8, and 0.16 urn, respectively). The data have not been corrected for 

the instrumental resolution (MTF). The smooth curves are the results of 

two-dimensional computer simulations, including the effect of the instrument 

MTF. The thick curves assume constant back-illumination from the rhodium 

backlighter disk only; the thin curves include the additional transitory 

contribution from hohlraum emissions (see text). All curves are timed 

relative to the start of the drive lasers at t = 0. For the intermediate-aO foil, a 

calculation using a different opacity model, default XSN, is shown with the 

dot-dashed curves for the fundamental and the second harmonic. All other 

curves correspond to simulations using a modified opacity model. 
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Fig. 3. Time integrated far field image of the drive beam (a) full beam and (b) 

expanded view of center 300 uin x 500 mm. The contour on the full beam 

picture is the 90% maximum intensity. 

* 
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Fig. 4. Direct drive experiments with a framing camera show Rayleigh Taylor 

growth in agreement with simulations. 
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