VOLUME 52, NUMBER 10

PHYSICAL REVIEW LETTERS

5 MARCH 1984
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The development of the Rayleigh-Taylor hydrodynamic instability was studied in laser-
accelerated targets by introduction of mass thickness variations in foil targets. Observations
made by side-on flash x radiography showed target structures and mass redistribution effects
which resemble Rayleigh-Taylor bubbles and spikes, including not only advanced broadening
of the spike tips on the laser-irradiated side of the foil but also projections of mass on the
unirradiated side. The observations compare well with numerical simulations.

PACS numbers: 52.50.Jm, 52.35.Py, 52.65+z

The Rayleigh-Taylor' (RT) hydrodynamic insta-
bility can arise when a fluid of lower density ac-
celerates a fluid layer of a higher density. The RT
instability causes ripples at the interface between
the fluids to grow in amplitude until the fluids in-
terpenetrate each other as bubbles (of the lower-
density fluid) and spikes (of the higher-density
fluid), which can eventually shred the interface.
The spikes grow as dense protrusions into the
lighter material, locally increasing the mass thick-
ness normal to the original interface. In the non-
linear regime, the spike tips can develop a mush-
room shape similar to a Kelvin-Helmholtz? rollup.?
In addition, the confluence of mass into the spike
can result in protrusions on the rear of the denser
layer.* Using x radiography, we have obtained the
first images of a laser-accelerated foil showing struc-
tures which resemble these Rayleigh-Taylor signa-
tures. Such phenomena are of concern to inertial
confinement fusion,?>~% since implosion symmetry
and fuel integrity may be spoiled by the RT instabil-
ity.

Previous experiments with laser-accelerated tar-
gets without intentional target nonuniformities
yielded no observable RT growth.® The first use of
rippled and bar targets showed growth of initial per-
turbations, although the mechanisms remained in
question.” Measured growth rates of mass modula-
tions developing in corrugated foils, examined by
streaked x radiography viewing normal to the foil,
were in agreement with RT numerical simulations.®
A face-on flash-x-radiographic technique® using bar
targets has recently shown evidence for RT growth.

In this work, planar foils were structured periodi-
cally in mass thickness, in order to initiate the hy-
drodynamic instabilities with a predetermined
wavelength. The spatial wavelength A and thick-
ness of the mass modulations were varied. The tar-
gets were made of plastic (1.0 g/cm?), having rec-

tangular bars of length L, of width A\/2 and separat-
ed by A/2, placed on the rear (nonirradiated) side of
a base foil (see Fig. 1). The foils were irradiated at
5x10'2 W/cm? [computed from the temporal full
width at half maximum (FWHM) and the 90% en-
ergy contour of an equivalent focus] in the quasi-
near field of a single driver beam of the Pharos II
Nd-glass laser operating at 1.05-um wavelength
with a 4-ns pulse. The focal diameter was 650 um.
The bar length L for backlighting was 400 um, i.e.,
less than the focal diameter. The laser’s second
beam was shortened to ~ 300 ps and directed onto
an adjacent Al target at 45° incidence to produce a
flash backlighting source of 1.6-keV x rays'® de-
layed ~ 6 ns after the peak of the driver pulse. A
pinhole array imaged the x-ray source and also

FIG. 1. Setup. Driver laser beam (DB) was focused
into a large spot (§) at 6° incidence onto a plastic foil
target (7) having bars (B) on the rear. An optical py-
rometer (OP) and an x-ray pinhole camera (RC) viewed
from the rear. A second laser beam (BB) irradiated an
Al target (Al) to provide a backlighting x-ray flash for ra-
diography of the accelerated foil using a pinhole array
(PA) to image onto a film pack (FP).
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viewed parallel to the bars on the foil to produce x
radiographs at a magnification of 3.0; resolution was
10 um, i.e., measurements are ~ + Sum. Another
pinhole camera, behind and 20° from the target
normal, recorded the self-emission of the accelerat-
ed foil and verified alignment of the bars.

Pyrometric blackbody-brightness measurements!!
of the rear of the targets gave temperatures of only
4.5+1 eV, regardless of target structure (unper-
turbed or A=38, 25, or 50 wm) on nonbacklighting
shots, as well as on two backlighting shots. Thus,
the backlighter did not appreciably heat the driven
foil. Rear pinhole images and laser-focal diagnos-
tics showed circular fringes in the incident beam
and also a pattern of 40-50-um bands parallel to
the bars in perturbed targets. The effects of this
laser nonuniformity are observable in the original
radiograph of an accelerated unperturbed target as a
gentle modulation in the accelerated target [Fig.
2(b)].

Perturbed targets were accelerated under the
same illumination conditions. For these targets, the

() ()

FIG. 2. (a) Schematic of radiographs, laser incident
from below, including £, self-emission from blowoff of
driven foil; SU, shadow of unaccelerated margin of foil;
XRB, region of x-ray backlighting; and SA, shadow of ac-
celerated foil (only part of which is seen in any one radio-
graph), and distance scale for (b)-(d). Light regions in
left corners of radiographs are from nearby pinholes. (b)
Radiograph of an 11.2-um unperturbed target. (c) Ra-
diograph of bar target with 1.05 thickness ratio. Between
(c) and (d) is a 140-um marker. (d) Bar target with 1.15
initial thickness ratio.
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base thickness was 9.7 um, i.e., about five ablation
depths.!? The bar thickness was systematically in-
creased to 2.7 um, but all had A =50 um. A modu-
lation of 50-um periodicity is observed in the radio-
graph of an accelerated foil with 0.5-um-thick bars
[Fig. 2(c)], for an impressed thickness ratio of
1.05=1(9.740.5)/9.7. Darker regions correspond
to higher x-ray absorption and higher areal mass
density. For an increased thickness ratio of 1.15 the
striations of higher and lower density regions are
more accentuated [Fig. 2(d)]. The mean target dis-
placement was about 140 um, with dense material
extending rearward as far as 200 um. Larger dis-
placements (accelerations) off the axis of the focus
result from an annular region of increased incident
irradiance.

In a radiograph of this annular region at the still
greater thickness ratio of 1.3, the tips of the denser
structures become pronounced and are seen to ex-
tend from the accelerated region of the foil proper
back toward the laser. In Fig. 3, we compare the
experimental radiograph [Fig. 3(a)] with numerical
simulation results. Note especially the identifica-
tions of the spike and bubble regions. The projec-
tion of dense mass protrusions back toward the
laser (downward in Fig. 3) is characteristic of spikes
in the Rayleigh-Taylor instability. In Fig. 3(a), a
bridge, at least 3 times thinner than the 80 +5 um
axial extent of the accelerated unperturbed target,
appears to connect neighboring spikes. The spikes
extend about 60 +5 um to the front (toward the
laser) of this bridge. Smaller projections of mass
are also observed to the rear of each spike. Pho-
tometric measurements of x-ray intensities!? in the
images of the spike tips and the intervening bubble
regions were made with calibrated photographic
emulsion.!? Self-emission of the foil was negligible.
Converting these measurements to average mass
thicknesses as in Ref. 10 yields densities at least
0.10 of solid in the spikes, if we assume an x-ray
path length equal to the bar length. Bubble densi-
ties are smaller than spike densities by factors of
2.5-4. Accounting for the presence in the x-ray
path of the target material at the rim of the focal
spot would increase this factor. The overall axial
extent, from tip to rear of the target shadow, is
about 105 wm, which is greater than the unper-
turbed target (80 +5 wm). These modulations in
mass density, and the thinness of the bridge region,
indicate that mass redistribution has taken place
leaving bubble volumes deficient in mass. The pro-
jected radiographic image of the spike tips also ap-
pears to exhibit advanced lateral broadening, indica-
tive of the nonlinear stage of the RT instability.!* 13
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FIG. 3. Comparison of results for thickness ratio of 1.3 and A =50 wm. Laser incident from below, target accelera-
tion upward, direction of spike growth downward. (a) Experimental radiograph of bar target. Initial cross section and
scale (A =350 um, thickness exaggerated) is diagrammed below image. Within the backlit region (upper % of image),
dense target material (including spikes, rear projections, and bridge) appears dark; low-density regions (bubbles, area to
rear of accelerated target) appear bright. Accelerated target is to right of bracket. (b) Numerical simulation of accelerat-
ed target. The 0.2pn,x contour from (c) is repeated to show multiple spikes and demagnified so that the lateral scale of
(b) matches (a). Axial positions of corresponding features are conveyed by horizontal arrows extending from (b) to (a).
Features of major importance are identified as spikes, bubbles, ST (spike tip), SP (spike), BR (bridge), and RP (rear
projection). (c) Isodensity contours from FasT2p simulation at Tdelay fOr conditions given in text. Contours are in 0.10 in-
crements of the maximum (pmp.=0.661 g/cm?), with additional contours at 0.03 and 0.01 of p.x. Bubbles are the
large, mass-deficient volumes (between the 0.01 and 0.03 contours). Development of spike, bubble, and rear projec-

tions, as well as broadening of the spike tips, is evident in these experimental and numerical results.

These highly developed features are compared
below with numerical simulation.

The evolution of a perturbed target under condi-
tions similar to those of the experiment was
modeled with the FAST2D3 !4 laser-shell simulation
code. For the numerical run shown in Fig. 3(c),
the initial target mass was structured the same as
the experimental target of Fig. 3(a), while the in-
cident laser intensity was 8x10'2 W/cm? in a
Tiaser =9 Ns FWHM pulse. The average final target
velocity was 3.8x10® cm/s and the total distance
pushed (measured in the bridge connecting the
spikes at 74e,y=5 ns) was 180 um. Rear surface
temperatures were 4-6 eV at 74.,y. The most un-
stable mode, A =50 um=2x/k, follows an initial
phase of amplitude decay while the flow patterns
evolve into an eigenmode and then grows exponen-
tially by mass redistribution until k4 =<1, after
which the amplitude 4 of the perturbation grows at
the slower free-fall rate,'* AA=-;g(At)2, with
g=1.56 um/ns?.

The exponential growth rate was measured nu-

merically to be 7x 108 s~ !, which is about 1.5 times
smaller than the linear classical value, in good
agreement with the linear growth rates of long-
wavelength sinusoidal perturbations for constant
laser intensity.!* There were 3 e-foldings of ex-
ponential growth above the minimum amplitude.
The spike-bubble amplitude (on the 30% density
contour) at Tye,y is 65 wm [Fig. 3(c)], which com-
pares favorably with experimental observation
(60 +£5 um).

An experimental growth factor of 22= (60
um)/(2.7 um), over a growth time of no more than
Tdelay T Tiaser» iMplies an exponential growth rate
greater than ymin=1n(22)/10 ns=3x10% s~!. Ac-
counting for initial or free-fall phases of evolution
would give larger growth rates. The final amplitude
may be compared to a simple model in which ex-
ponential growth proceeds at the linear classical
rate, and in which the initial phase, the free-fall
rate, and the amplitude of transition to free fall are
as simulated numerically; the calculated final ampli-
tude is greater than that observed by a factor of 1.5.
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The nonlinear Kelvin-Helmholtz-like spike-tip
broadening!*!® is clearly evident in Fig. 3(c). The
vorticity generated by the noncollinear nature of
the density and pressure profiles collects behind the
heads of the spikes causing the spike tips to widen.
This effect becomes appreciable when the ampli-
tude of the perturbation is about half the
wavelength of the perturbation.“‘ The 20% density
contour at the rear of the target, Figs. 3(b) and
3(c), delineates rearward mass projections similar to
those found experimentally. These projections in
the simulation are due to the collision of mass flow-
ing from adjacent bubble regions into an intermedi-
ate spike, resulting not only in spike growth but
also in a rearward jetting.*

Several mechanisms other than RT were con-
sidered: differences in acceleration for thicker and
thinner portions of bar targets; preferential thermal
broadening of the spike tips; various geometric
mechanisms such as viewing parallax; etc. From
the combination of the observed structures and
simulation results on temperature contours, the
most likely explanation for the structures in the ra-
diographs remains hydrodynamic instability.

In summary, several basic features of the ad-
vanced development of the RT hydrodynamic insta-
bility have been identified in the numerical results
and compared with experimental observations. The
observations are consistent with mass redistribution
into a high-density spike and a mass-deficient bub-
ble, with broadening of the spike tips. Moreover,
rearward projections were observed experimentally
and interpreted with the numerical simulation
results. Mass redistribution processes such as those
observed could significantly affect inertial-fusion
pellet performance. Extensive further experimental
work is needed to relate these hydrodynamic
phenomena to laser-fusion reactor scenarios.
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FIG. 2. (a) Schematic of radiographs, laser incident
from below, including E, self-emission from blowoff of
driven foil; SU, shadow of unaccelerated margin of foil;
XRB, region of x-ray backlighting: and SA, shadow of ac-
celerated foil (only part of which is seen in any one radio-
graph), and distance scale for (b)-(d). Light regions in
left corners of radiographs are from nearby pinholes. (b)
Radiograph of an 11.2-um unperturbed target. (c) Ra-
diograph of bar target with 1.05 thickness ratio. Between
(c) and (d) is a 140-pum marker. (d) Bar target with 1.15
initial thickness ratio.
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FIG. 3. Comparison of results for thickness ratio of 1.3 and A =50 um. Laser incident from below, target accelera-
tion upward, direction of spike growth downward. (a) Experimental radiograph of bar target. Initial cross section and
scale (A =150 wm, thickness exaggerated) is diagrammed below image. Within the backlit region (upper % of image),
dense target material (including spikes, rear projections, and bridge) appears dark; low-density regions (bubbles, area to
rear of accelerated target) appear bright. Accelerated target is to right of bracket. (b) Numerical simulation of accelerat-
ed target. The 0.2pm.x contour from (c) is repeated to show multiple spikes and demagnified so that the lateral scale of
(b) matches (a). Axial positions of corresponding features are conveyed by horizontal arrows extending from (b) to (a).
Features of major importance are identified as spikes, bubbles, ST (spike tip), SP (spike), BR (bridge), and RP (rear
projection). (c) Isodensity contours from rast2p simulation at 74,y for conditions given in text. Contours are in 0.10 in-
crements of the maximum (ppe=0.661 g/cm?®), with additional contours at 0.03 and 0.01 of p... Bubbles are the
large, mass-deficient volumes (between the 0.01 and 0.03 contours). Development of spike, bubble, and rear projec-
tions, as well as broadening of the spike tips, is evident in these experimental and numerical results.



