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With use of the vAsT2D laser-shell model, the acceleration of a 20-pm-thick plastic
foil up to 160 km/s has been simulated. lt is possible to follow the Rayleigh- Taylor
bubble-and-spike development far into the nonlinear regime and beyond the point of foil
fragmentation. Strong shear flow develops which evolves into the Kelvin-Helmholtz
instability. The Kelvin-Helmholtz instability causes the tips of the spikes to widen and

as a result reduce their rate of "fall."
PACS numbers: 52.65.+z, 52.35.Py, 52.50.Jm

The Rayleigh-Taylor (RT) instability arises in
the acceleration of a fluid by one of lower density.
This instability may represent an obstacle to
inertial-confinement fusion by destroying the
spherical symmetry of high-aspect-ratio implod-
ing shells. The RT instability causes corruga-
tions on the ablation layer between the cold, high-
density shell and the hot, low-density ablated
material. These corrugations eventually grow
nonlinearly to form the typical bubble-and-spike'
structure. In addition the shear flow that de-
velops as the bubble-and-spike structure evolves
can lead to the Kelvin-Helmholtz (KH)'~ instabil-
ity.

We report here on our investigation of the RT
and KH instabilities in laser ablatively acceler-
ated flat targets using the FAST2D laser-shell
simulation code." This is a fully two-dimen-
sional Cartesian code with a sliding Eulerian
grid with variable grid spacing. The grid spacing
is 0.25 p,m for ten zones on either side of the
ablation layer and increases uniformly to a 2- p,m

spacing for most of the rest of the grid. The
finely zoned region near the ablation layer is re-
quired in order to resolve accurately the steep
density gradient. The refined subzoning follows
the ablation front throughout the course of the
run. The zones in the underdense plasma beyond
the critical surface and in the low-density rear
portion of the foil are stretched. The system has
40 zones transverse to the laser beam (y direc-
tion) and 120 zones parallel (x direction). The
system is periodic in the transverse direction.

FAST2D solves the ideal hydrodynamic equations
using the flux-corrected transport (FCT)' algo-
rithms with a two-dimensional classical (T' ')
plasma thermal conduction routine. The initial
density, pressure, and temperature profiles for
a 20-pm-thick, plastic (CH) foil irradiated with
an absorbed laser intensity of 1.0 &&10" W/cm'

(1.05 pm) are generated from a one-dimensional,
analytic, quasistatic equilibrium model. ' The
analytic solutions have been shown to have pro-
vided an adequate steady state when FAST2D is
run in a one-dimensional mode, ' i.e., sans per-
turbation. There are only minor changes in the
profiles [0 (0.5%) change in the density gradient]
after 1000 time steps (-3 ns). FAST2D also com-
pares well with Naval Research Laboratory ex-
perimental data on hydrodynamic efficiencies,
ablation pressures, and target velocities' and

with fluid blowoff profiles. "
The initial perturbation is obtained by perturb-

ing the density profile at its peak. The first ten
modes are excited with equal amplitudes and
random phases corresponding to a total initial
density perturbation of 8% [(p „-p . )/(p)
=0.08). The longest wavelength excited is 100
pm.

The growth rates for the first five modes are
compared with the classical value, y, = (hg)'~',
in Fig. 1. These growth rates are well below the
classical value, in agreement with other time-
dependent calculations. "

Figure 2 shows a time sequence of density con-
tours when the system is far into the nonlinear
regime. By 8 ns the bubble-and-spike structure
is quite prominent. The spikes grow rapidly in
amplitude and the classical tip spreading is well
developed at the shoulders of the spikes by 9.2
ns. As the spikes accelerate, lateral flow con-
tinues to widen the tips until the foil fragments
at 10.6 ns.

The tip spreading is due to the nonlinear wrap-
up phase of the Kelvin-Helmholtz instability in
the shear layer at the interface between the fall-
ing spike and the rising bubble. That a very
strong shear layer develops between the bubble
and the spike is evident in the vector fluid veloc-
ity field (Fig. 3) spanning the region between the
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FIG. 1. A comparison of the growth rates of the first
five modes with the classical value y, = (kg)' '.

arrows on the density contour plots of Fig. 2.
The lateral flow that causes the tip widening is
clearly apparent in the velocity plots. The solid
line is the 10% density contour. Note that the
shear flow and the strong circulatory flow (vor-
tex flow) develops on the high-density side of the
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FIG. 2. Density contours at different times showing
the development the bubble-and-spike formation and
the subsequent tip spreading. The lines are contours
of constant density in 10' increments of the maximum
density (p ~» = 0.71 g/cm ) counting from the outside
inward. The right-most contour is the critical surface.
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contour. The vortices are typically entrained
between the 10% and 30%%uo contours giving an
Atwood number of 0.5, within the range for the
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FIG. 3. Vector fluid velocity plots for the region
spanned by the vertical arrows of Fig. 2. The solid
line is the 10% density contour. Note the vortices de-
veloping at the bubble-spike interface at 9.2 and 10 ns.

FIG. 4. Bubble-and-spike contours at various times.
Note the large increase in the area of the bubble be-
tween 9.33 and 10.01 ns.
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KH instability. ' '" The lack of a strong spiral
rollup in the wake of the bulge'" is due to the
density gradient and mass ablation effects; how-
ever, the lateral growth of the spike tips, the
vortices at the spike shoulders, and the flatten-
ing of the rear edge of the spike (due to the re-
verse flow set up by the vortices) are all defini-
tive signatures of the KH instability.

The time evolution of the bubble-and-spike
formation is shown in Fig. 4. Up to about 10 ns
the growth of the spike outpaces that of the bubble.
Initially the spike experiences less drag than the
bubble since the "heavy" spike is replacing fluid
with a smaller density whereas the "light" bubble
is attempting to rise through a denser medium.
It is not until the area of the bubble becomes
quite large, thereby increasing its buoyancy,
that the bubble velocity approaches the spike
velocity.

The amplitude of the bubble-and-spike forma-
tion (LX q, ) is plotted as a function of time in Fig.
5. Here we have also plotted the distance from
the critical surface to the spike tip (d X„)and
the distance from the rear of the foil to the bubble
(SX,z) a, measure of how far the bubble has
"risen. " The spike "falls" nearly exponentially

IOO

up to saturation at about I0 ns. Note the reduc-
tion in the spike growth rate after 8 ns. It is at
about this time that the tip widening appears.
The bubble "rise" is much slower and approaches
zero between 9 and 10 ns. During this period the
area of the bubble is increasing radically (see
Fig. 4) until the bubble buoyancy is large enough,
coupled with the reduced mass of the shell due to
ablation, that the bubble bursts through the rear
of the foil.

The temperature contours, Fig. 6, indicate a
strong temperature gradient at the spike tip, cor-
responding to a large mass-ablation rate there,
albeit not large enough to cause a recession oft

the spike growth. " Note that the temperature of
the bubble is quite cold and uniform, and thus
mass ablation must be removed from considera-
tion as a possible stabilizing mechanism for the
KH instability that appears at the spike-bubble
interf ace.

The KH instability is, in fact, the stabilizing
mechanism here. The spike tip widening is due

to the growth of the KH instability in the shear
la er at the bubble-and-spike interface. Thisayer
tip widening increases the frontal area of the

spike, thereby increasing its drag and reducing
its rate of "fall." With a thicker shell and for
short-wavelength perturbations the spike tips
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FIG. 5. A plot of the spike amplitude {~g,), the
distance between the critical surface and spike tip
{~ ) and the distance between the rear of the foilCS

and the bubble (~,I, ) as a function of time.
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FIG. 6. Temperature contours corresponding to
Figs. 2 and 3. The maximum temperature is 700 eV.
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may widen enough to seal off the bubble and form
a uniform ablation front, thereby saturating the
spike growth well before shell fragmentation.
This aspect of the problem is now being investi-
gated and is the subject of a future report.

Since the growth rates of the instability are well
below the classical values, at 10 ns the rear of
the foil is still being accelerated uniformly. At
this time the foil velocity is 160 km/s within
the range required for inertial fusion. The foil
has been pushed a distance of 800 pm .orty
times its original thickness.
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The simple neoclassical nonresonant-point model of Hedrick et a/. is slightly modified
by leaving the ion transport unspecified (eince it is now known to be resonant). Small
continuous changes in the microwave power/neutral density can cause hysteresis and
catastrophe jumps in the equilibria, in qualitative agreement with experiment.

PACS number: 52.55.Gb

In the ELMO bumpy torus (EBT) experiment, a
series of toroidally linked mirror machines are
stabilized by hot-electron rings which are them-
selves stabilized by the toroidal core plasma.
The usual vertical drifts are now modified by the
poloidal v7B and E & B drifts (produced by the
bumpiness in the toroidal magnetic field and by
the ambipolar radial electric field) yielding par-
ticle confinement without the tokamak/stellarator
use of a rotation transform.

One of the interesting experimental observa-
tions made on EBT is the -existence of three dif-
ferent modes of operation as a function of the two
normal experimental parameters: Po the back-
ground pressure, and P„, the microwave power
delivered to the plasma at the appropriate reso-
nant frequencies necessary for the generation of
the hot-electron rings (Fig. I). For large &„(and
sufficiently small P,) one encounters the so-called
mirror or M mode in which the plasma behaves
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