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Abstract: Material strength can affect the growth of the Rayleigh-Taylor instability in solid materials'®, where
growth occurs through plastic flow. In order to study this effect at megabar pressures, we have shocked metal foils
using hohlraum x-ray drive on Nova, and observed the growth of pre-imposed modulations with x-ray radiography.
Previous experiments employing Cu foils’ did not conclusively show strength effects for resolvable wavelengths.
Therefore, we have redesigned the experiment to use aluminum foils. As aluminum has higher specifc strength at
pressures ~1 Mbar, the new design is predicted to show growth reduction due to strength of at least a factor of two
for some wavelengths in the observable range of 10 - 50 um. We have also modified the drive history to extend the
interval of uniform acceleration and to reduce the risk of melting the foils with coalesced shocks. The design
changes, as well as Nova operational constraints, limit peak pressures to 1-1.5 Mbar. Foil surface motion has been
measured with high sensitivity by laser interferometry to look for thermat expansion due to preheat. We have
continued to pursue dynamic x-ray diffraction as the most definitive measurement of crystal state.

1. Introduction

The Rayleigh-Taylor (RT) instability occurs when a light fluid accelerates a heavy fluid, and results in exponential
growth of modulations at the interface between the two fluids. Material strength influences the growth of this
instability in solids. If stresses do not exceed the yield strength of the material, the instability is stabilized, while if
stresses are higher, growth will occur by plastic flow but at a lower rate than for a classical fluid. RT growth in
strong materials has importance in geophysics, such as for cratering’ and for flows in the earth’s interior’, in some
engineering applications including explosive welding®, as well as having interest as fundamental materials
dynamics.

Barnes et al./ examined stability of Al plates with machined surface perturbations which were accelerated by
explosives. They observed the transition between stability and growth modified by strength. More extensive
experiments of this type have been reported by Lebedev et al.? Nizovtsev and Rayevski’ present theoretical
analysis of the stability boundary. Stability occurs for perturbation amplitudes less than the critical amplitude of

7 = (1= 0856 )1 =Y (47 7)%) where A, =4xul pg, n. =27/ pg, k=274 is the modulation
wavenumber, 4 is the foil thickness, g is the acceleration, p is the density, x is the shear modulus, and Y is the yield

strength. Also, stability can only occur for A <4, =24, /[1+ 84/3¢2 / ghl''?, where c is the sound speed. Thus, the
stability is dependent upon the constitutive model of the material as well as upon the parameters of the experiment.

A constitutive model, such as that of Steinberg®, describes dynamic material response, and specifies properties such
as shear modulus and strength. Strength properties for materials may be measured by several methods. Quasistatic
properties at high pressures may be measured on diamond anvils, while dynamic response has usually been
measured by flier plates experiments using gas guns or explosives. Lasers offer a platform for reaching pressures
and strain rates higher than those which have been achieved by other means. Such experiments could test material
strength parameters in a new regime.

We have been conducting experiments on the Nova laser to examine RT instability in metal foils at pressures
greater than 1 Mbar. Earlier experiments using Cu foils? were presented at the Marseilles meeting. Effects of
strength in those experiments were not large enough to be resolved. Therefore, we developed a new experiment
design using Al foils and modified drive conditions. In this paper, we present details of the target design, X-ray
drive characterization, and growth measurements for experiments using Cu and Al foils.

2. Experimental conditions

The geometry of the experiment is shown in Figure 1. The Nova experiments were conducted using x-ray drive in
cylindrical gold hohlraums. Eight beams of the laser shone into the ends of the cylinder, producing x-rays with a
nearly Planckian spectrum. A hydrodynamic package, consisting of an ablator of CH doped with 2% Br, pressed in
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Figure 1. Experiment geometry (a) hohlraum target; (b) Rayleigh-Taylor package

contact with a metal foil, was mounted over a hole in the central wall of the cylinder. Sinusoidal modulations were
machined onto the surface of the foil toward the ablator. X-rays from the hohlraum ablated the CH(Br), launching a
series of shocks into the package which compressed it and accelerated it away from the hohlraum wall. Conical
shields between the central portion of the hohlraum and the ends protected the package from a direct view of the
spots where the laser beams struck the hohlraum wall. The shields were intended to prevent preheat of the package
by more energetic x-rays generated in the laser spot, particularly the 2.5-4 keV Au M band. The two remaining
Nova beams were directed at a Sc foil to generate a large area (0.7 mm diameter) 4.3 keV backlighter. A pinhole
camera imaged the backlit foil onto a gated microchannel plate® to give face-on radiographic images of the
accelerated foil. The growth of modulations at the CH(Br)-metal interface may be inferred from variations in the
optical depth of the package.

We used shaped laser pulses to generate muitiple shocks to accelerate the metal foils without melting them. To
reach pressures above the melt pressure on the principal hugoniot, it was necessary to use at least two shocks, which
were timed to break out sequentially from the back of the package. A third shock was generated when the
rarefaction from release of the back surface returned and was reflected from the ablation front. It is difficult to
obtain shockless acceleration on Nova because practical pulse lengths are comparable to the sound transit time
through the foil.

Kalantar et al.3 show results from the first set of Nova experiments, which used Cu foils driven at a peak pressure
of 3 Mbar. The preliminary analysis shown at the Marseilles meeting suggested that greater strength than that
predicted by the Steinberg model was needed to fit the experimental data. Modeling which takes into account the
foil thicknesses and laser energies of the individual shots fits the data whether purely fluid behavior or nominal
Steinberg strength is assumed. The effect of nominal strength is too small to be resolved for our experimental
uncertainties. Measured growth factors at 20 um wavelength, 1 um amplitude, and 50 um wavelength, 2.5 pm
amplitude, together with simulations with and without strength, are shown in Figure 2.

A =50um, ag=2.5 um, 22.1 kJ
@)~ x=20um, ap=1pm, 224k b)) = KM, 89 H

EG_J.u.x.».:.Iu.nu.l.l.nnx.n.L

"5_12__].:.“(-x.l-nl.n.l-l-».l-x.nE. % E E
800 - =53 -
g : 84: z
§' 8- < §. z :
"E g T3 z
s - fluid : 8,: :
8 4= . § : =
g 2- \strength - '§1; strength z
g) 0‘ [:_ eo%‘l‘lll‘l'[‘l'l' |' f:_.‘
RN R RN TN R R A (RN KRR NN

—6 '5 10 15 o g 5 10 15

time (ns) time (ns)

Figure 2. (a) Measured modulation growth faclo\r vs. time for Cu.foxls. 20 um wavelength, and simulations without (fluid) and with strength; (b)
same for S0 pm wavelength. Results shown are for 2 or 3 shots with similar laser energies, compared with simulations with drives appropriate for
those energies. The full Cu data st includes several more shots with different energies, for which the simulation fits are comparable to these cases.
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Figure 3. (a) Drive for Al experiment. Laser power vs. time uses scale on right; each segment of the pulse uses one pair of beams. X-ray drive
uses left scale. Dante measured radiation temperature, albedo-corrected Dante, and drive simulated with LASNEX are shown. (b) Pressure,
material temperature (Te), yield strength (Y) and melt temperature vs. time at the ablator-Al interface, from a 1-D simulation.

Consequently, the experiment was redesigned to use Al, for which larger strength effects are predicted than for Cu.
The drive was also redesigned. Figure 3a shows the laser power and resulting x-ray drive for the Al design (which
may be compared with Figure 2 in Kalantar ef al.) The foot of the pulse is higher and longer than for the Cu design
in order to assure that the second shock does not overtake the first before it breaks out of the foil. The peak power
part of the pulse has been lengthened in order to give a longer interval of acceleration. Because of Nova energy
constraints, the peak power is lower than for the Cu design. We used 0.35 um light for this experiment vs. 0.53 um
for the Cu experiment as the former is measured on Nova with greater precision. The new design also uses
staggered laser beams; that is, a different pair of beams is used to produce each segment of the pulse shape. This
gives higher conversion efficiency of the laser light to the third harmonic than use of a single shaped pulse for all

beams.

The new design gives a first shock pressure of 300 kbar and a peak pressure of 1.7 Mbar in the Al. The simulated
pressure, temperature, and yield strength vs. time at the ablator-Al interface are shown in Fig. 3b. The melt

temperature is from a modified Lindemann law, T,, = Tn,oeza(l"")nz(" == Here, T., is the melt temperature at
constant volume, n = p/p, is the compression, v, is the Griineisen gamma, and a is the coefficient of volume
dependence of y. The strain rate is up to 2x10® s, which is very large compared to laboratory or explosive-drive
experiments. The yield strength of Al at 1.7 Mbar reaches nearly 4 GPa due to the increase with pressure, and is
about the same as that of Cu at 3 Mbar because Al has a stronger pressure dependence than Cu in the Steinberg
miodel. However, the lower density of Al raises the critical amplitude for stability in the Nizovtsev and Rayevsky
formula. A comparison of the critical amplitudes is shown in Fig. 4. The experimental amplitudes in the figure are
values after compression. We were also able to employ lower initial amplitudes for Al than for Cu since the less
massive Al foils moved further, giving larger growth. All of the Al experiments had 0.5 pm initial amplitude.
Finally, by using 5 um diameter pinholes we were able to measure growth of 10 um wavelengths. It can be seen
that the Al design permits experiments straddling the stability threshold while the Cu experiments are substantially
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Figure 4. Stability boundary from Nizovtsev and Rayevsky based on simulated time-average conditions for Nova Cu and Al experiments.
Amplitudes less than the criticat amplitude are predicted to be stable. Experimental wavelengths and post-shock amplitudes are shown with
symbols.
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Figure 5. Modulation growth factor vs. time for the Al experiment, wavelengths of 10 pm, 20 um, 50um. Lines are simulations with or
without strength. Simulations for the drives of two different shots are shown for the 20 um case. Symbols are data; open symbols for targets
with 10 um and 20 um side-by-side, filied symbols for targets with 20 um and 50 pm side-by-side.

above the threshold. Note that the points in the figure use parameters which were time averaged over the main
interval of acceleration, 8-12 ns for the Al design and 6-9 ns for Cu. Most parameters vary substantially even over
this limited time interval. Also, this stability threshold is based upon elastic response. As pointed out by Legrande'’,
even unmodulated foils are mostly plastic during acceleration for this experiment, due to the unsteady acceleration.
Legrande points out that plastic flow is equivalent to viscous flow (also noted by Colvin'!). Viscosity is also more
effective at reducing the growth of short wavelengths but the reduction is not dependent upon amplitude and does
not give absolute stability at finite wavelength.

X-ray drive was measured directly with the Dante'? x-ray diode diagnostic, which observes emission of a patch of
the hohlraum wall through a diagnostic hole. The Dante measurément was corrected for the wall albedo to get the x-
ray flux incident upon the wall, which is equivalent to the flux onto a package. At radiation temperatures of 30-80
eV, the albedo correction is larger and more uncertain than that for T, ~ 150-250 eV more commonly employed for
ICF. The x-ray drive was also predicted by integrated hohlraum simulations. These assumed 2-D axial symmetry,
which may be less accurate for the staggered beam drive than for cases in which 8-10 beams are on at the same
time. Figure 3a includes the measured and albedo-corrected Dante drives, as well as the drive simulated by
LASNEX. Finally, the motion of the foil was measured by streaked side-on imaging. All of these techniques are
consistent within experimental uncertainties.

3. Simulations

Foil acceleration and instability growth were simulated with LASNEX. Calculations were run in a Lagrangian
mode. The strength modeling assumed elastic-perfectly plastic flow using the Steinberg constitutive model, which is
not rate dependent for Cu or Al The Steinberg model gives for the form of the shear modulus,

H=p{l+ API;“”3 — B(T —T,)], where P and T are the pressure and temperature, 44 is the initial shear modulus,
and 4 and B are fitting coefficients. For Al, 4 = 6.52 Mbar", giving substantial increase in strength with pressure.

The yield strength is ¥ =Y, (1+ fe)" 1/ 4y, where g4 is the yield strength at the Hugoniot elastic limit, £ is the

equivalent plastic strain, and S and # are fitting parameters for work hardening. Note that Y increases with pressure
in the same manner as p. If the experiments become good enough to test the constitutive model, other models may '
readily be inserted into the calculational method. The equation of state is the Thomas-Fermi QEOS" model.
Simulations were postprocessed for comparison to radiography data. Transmission of backlighter photons was
calculated using rays propagated through the mesh. These calculations assumed a monochromatic backlighter.
Calculated profiles of optical depth vs. transverse position were corrected for the measured modulation transfer
function (mtf) of the gated imager. The result is profiles of optical depth as resolved by the instrument, which
should be directly comparable to data lineouts. Modulation growth factors were obtained by dividing the contrast by
the initial contrast to get optical depth growth factor vs. time. Perturbations are sufficiently linear that this growth
factor is not very different from the growth factor in modulation of Al column density, pAx. Consequently, the
simulated growth factors are fairly insensitive to backlighter spectrum and instrument resolution.

Figure 5 shows simulated modulation growth factors for wavelengths of 10, 20, and 50 pm from calculations
employing the Steinberg strength model, and also for simulations assuming no strength. The growth factors are in
optical depth as would be resolved by the instrument, as described above. The effect of strength is modest for the 50
pm wavelength. while growth for 20 um is reduced by a factor of more than two, and the 10 um case is predicted to



have little growth for the case with strength. These results are in qualitative agreement with the predictions of the
Nizovtsev and Rayevsky theory as the 10 um case is well below the stability boundary, the 50 um case is well
above it, and the 20 um case is near the boundary.

4. Al instability growth measurements

Measured modulation growth factors are also shown in Figure 5. Data from experiments with 10 um and 20 pm
modulations side-by-side are shown as open symbols while results from target combining 20 um and 50 pm
modulations are plotted as filled symbols. The data shows a range of growth from near predictions for the fluid case
to substantially below fluid, near the simulations assuming strength. There is some shot-to-shot variation in the
fabricated foil thicknesses and in the laser power histories, which were measured for every shot. Drives for
individual shots have been approximated by scaling from the drive measurement according to laser power history.
Fig. 5b shows the predicted growth factor difference for two representative shots with differing thicknesses and
laser powers. The variation from this source is not large enough to account for the range in measured growth for 10
and 20 um wavelength.

We have considered several possible causes for the shot-to-shot variation in measured growth. Pinhole degradation
may have affected some shots. The instrument response has been checked by observing contrast for undriven foils
with large machined modulation. After one such measurement showed lower than expected contrast, apparently due
to debris in the pinholes, the pinholes were replaced. All of the data shown in Fig. 5 are from measurements made
with new pinholes, for which the instrumental resolution was measured to be satisfactory. Additional data from a
larger number of shots for which the pinhole status is uncertain span approximately the same range in growth factor.

Also, there is variation in grain structure between different foils. All of the foils with the 10-+ 20 um wavelength
combination were cut from one piece of aluminum, and the 20 + 50 um combination from another piece. Figure 6a
shows a micrograph of an unmodulated section of one of the aluminum samples, with grain structure apparent.
Similar-looking structure is seen in the experimental radiograph, Figure 6b. The structure in the radiograph is
unlikely to have grown up from random surface finish modulation as the deviations from the intended sinusoid were
measured to be much smaller in amplitude than the sinusoid, ~5 nm. The grain structure is elongated in the direction
in which the aluminum plate was rolled during the course of its preparation. Comparison of perturbation growth
between foils with modulation machined parallel or perpendicular to the rolling direction shows no apparent
correlation with rolling direction.

Preheat is another factor which could affect modulation growth. Preheat of only 0.1-0.2 eV, would cause all or part
of the aluminum to melt after shock compression. One known preheat source in laser hohlraums is x-rays from the
Au M band in the 2.5-4 keV band, emitted by plasma directly heated by the laser. Shielded hohiraums were used for
this experiment to block lines of sight to the foil from the laser spots on the hohlraum wall. However, during the
laser pulse the hohlraum fills with plasma, and the package is not shielded from much of the laser path between the
entrance hole and the wall. Hohlraum simulations predict that flux in the 2.5-4 keV band is only about 0.05% of the
total x-ray flux striking the package location, while foil simulations indicate that an M band flux fraction of ~0.5%
would eliminate most of the stabilizing effect of strength. The predicted M band fraction of 0.05% has negligible

(a) (©)
1.0 v g 00 i a1 a1 L
horizontal
0.8 J
] o 08¢ M
S 2
S S 0.4l . ]
— 5 W vertical
—
0.2{ W 4
6 100 200 300 400
900 pm Position (pixels)

Figure 6. (a) micrograph of one of the Al samples from which experimental foils were cut: (b) radiograph at a time of 21.6 ns showing 50 um
and 20 um modulations and 3-D structure; (c) horizontal and vertical lincouts from (b) showing that amplitudes of 2-D and 3-D structure are
comparable.



effect upon the predicted strength stabilization. For comparison, typical ICF hohlraums without shielding and
driven to higher radiation temperatures of 150-250 eV commonly have M band fractions of 2-10%.

However, the 2-D hohlraum simulation fails to represent important 3-D effects, most notably the effect of individual
beams turning on and off during the staggered beam pulse. When a new beam turns on, it goes into a part of the
hohlraum which did not have a beam gping through it earlier in the pulse. Beams create lower density channels by
heating the plasma through which they pass. When a new beam is turned on, it hits denser plasma ablated by x-rays
from wall not illuminated by the laser. We made a crude attempt to estimate this effect with a 2-D simulation. A
hohlraum was heated with a uniform thermal x-ray source until the middle of the pulse, to give a plasma
configuration corresponding to x-ray heated walls. Then a laser beam was turned on to see the effect of introducing
a beam into cooler plasma. This simulation predicted an M band flux onto the sample of 0.3-0.5%. Shot to shot
preheat variation could be caused by beam pointing variations. If the preheat is near the melt threshold, growth
factors could be sensitive to small variations. N

The entire foil thickness is not melted during most of its acceleration by an M band fraction of 0.5%. Since the melt
temperature is increased several-fold by compression, and the pressure goes to zero at the free surface of the foil,
increasing preheat melts the foil progressively from the free surface toward the ablator interface. Similarly,
dropping drive late in the x-ray pulse results in the foil melting from decompression.

5. Preheat measurement

Since preheat is a critical issue for this experiment, it would be very valuable to measure foil preheating directly.
Unfortunately, this is quite difficult to do. Three techniques which could potentially give information about preheat
are drive spectrum measurement, optical interferometry, and dynamic x-ray diffraction.

It seems unlikely that we could measure an M band fraction in the drive flux to tenths of a percent of the total flux.
Current measurements are sensitive to ~1% of the total flux. Furthermore, it is not certain where in the hohlraum
preheat radiation might be coming from. The sample sees a hemisphere of illumination while the Dante looks along
a single angle. The normal Dante line of sight views x-ray heated hohlraum wall, which is not expected to emit M
band radiation. The instrument is not in a position to look alone the line of sight from the package into the primary
(laser-heated) section of the hohlraum.

We have attempted to measure preheat by measuring motion of foil surfaces with an optical interferometer', This
instrument was originally configured as a Michelson interferometer, which measure fringes between a beam
reflected off of the target and a reference beam. We used this instrument to measure the time of shock breakout
from a 17 um-thick Al foil with no CH(Br) ablator, driven by the pulse of the earlier Cu RT experiment. Our goal
for that measurement was to diagnose the drive of the foot of the pulse. We used an Al foil because we did not get a
good enough reflection off Cu to get fringes. Figure 7a shows the data, recorded with a streak camera, showing
fringe motion. Figure 7b shows foil surface motion inferred from fringe motion and simulation fits. A small amount
of motion is seen before breakout of the shock. This can be fit by assuming 200 K of preheat before 3.5 ns, which
causes ~0.15 pum of surface motion just from thermal expansion. The preheat was added as ad hoc volumetric
energy deposition. This amount of preheat would not have a significant effect upon the RT experiment. However,
this experiment is sensitive to preheat occurring before the shock breakout time of 4 ns, while M band preheat is
likely to be higher later in time, during peak drive.

For our recent experiments, the instrument was configured as a VISAR (Velocity Interferometer System for Any
Reflector). Both beams were reflected off of the experimental package, one delayed in time with respect to the
other. The fringe shift is determined by velocity if the time separation is small. However, we used the VISAR as a
position interferometer by timing the beams so that the earlier one was reflected before the drive started. The
package employed for a preheat diagnostic consisted of 19 pum of CH(Br), 42 um of CH, and 3 pm of Al. The
undoped CH was inserted between the ablator and the Al to delay the arrival of the shock at the back surface until
after most of the drive, at ~10 ns. Thin aluminum foil was used because the mean free path of M band radiation in
Alis ~3 pm, so M band preheat would not cause a visible effect at the rear surface of a 20 um thick Al foil as used
for the RT measurements. Figure 7¢ shows motion of the surface of this package from a single successful shot with
rather poor fringe quality. The data are consistent with simulations assuming M band preheat of ~0.5% of the x-ray
flux. Confidence in this result is limited both by the data quality and by the fact that interpretation is based upon the
simulation fit, which is subject to modeling uncertainties.
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Figure 7. (a) Streaked image of Michelson interferometer data for a 17 um-thick Al foil with no CH(Br) ablator and the drive of the Cu RT
experiment. (b) Back surface position vs. time inferred from the fringe motion of (a)and simulations with and withoutad hoc preheat of 200
K. (c) Interferometric measurement of motion vs. time for a 3 um Al foil, covered with 42 um CH and 19 pm CH(Br) ablator. Simulation
results are shown for drives with 0.1% and 0.5% of the total x-ray flux in the spectral range of the Au M band.

Dynamic x-ray diffraction is the most promising diagnostic of the solid state of the metal foils. We have performed
dynamic Bragg diffraction by reflecting a point source of x-rays off of the rear surface of a single crystal sample.
Shock compression changes the Bragg angle, giving a shift in position of the diffracted signal, which is recorded
with a streak camera. The measurement gives compression vs. time, as well as confirming the continued existence
of a crystal lattice. Data showing diffraction from shock-compressed material was obtained on Nova for Si crystals
driven with flat top pulses'’. However, in a number of attempts we were not able to see shifted diffraction features
indicating compression from Cu or Al crystals. Problems with the quality of the single crystal foils probably played
arole. We have seen diffraction signals indicating compression of Cu from more recent experiments on the Trident
and Omega lasers using direct drive with flat top pulses. Work is continuing on this project, which we hope may
eventually be able to confirm the solid state of foils driven to megabar pressures with shaped pulses.

6. Conclusions

RT growth of preimposed modulations of wavelength 10, 20, and 50 um has been measured in Al foils accelerated
by pressures of up to 1.5 Mbar. Observed growth varies between nominally identical shots, with some shots
showing growth near simulation predictions which assume no strength, while others show significantly lower
growth, in some cases near predictions of simulations including strength. One plausible hypothesis for the variable
growth is variable x-ray preheat from Au M band radiation. Partial melting and substantial reduction of the
hydrodynamic effect of strength is predicted for M band flux of ~0.5% of the total flux. Hohlraum simulations offer
some support for the plausibility of preheat of this order. Measurements of foil surface motion by optical
interferometry also show evidence of preheat. Dynamic x-ray diffraction is being developed as a direct measure of
the material state. More development of these diagnostics is needed.

Scaling of this design to NIF energies indicates that pressures up to 10 Mbar may be reached. However, it will be
necessary to have diagnostics of preheat and melting in order to verify the sample conditions that are achieved.
Iteration of the design, guided by such measurements, may be needed. Ongoing experiments on the Omega laser are
directed at development of dynamic diffraction and preheat diagnostics.

This work was performed under the auspices of the U. S. Department of Energy by the Lawrence Livermore
National Laboratory under Contract W-7405-ENG-48.
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