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Strongly Inhibited Rayleigh-Taylor Growth with 0.25-um Lasers
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It is shown through numerical simulation that the Rayleigh-Taylor growth rate for targets ac-
celerated by laser ablation, is reduced below the classical value, (kg)Y2, by factors of 3—4 with
0.25-um laser light. The simulation results are supported by an analytical expression for the growth
rates. These results provide further evidence for the viability of high—aspect-ratio shells in direct-

drive laser fusion.

PACS numbers: 52.35.Py, 47.20.—k, 52.50.Jm, 52.65.+z

One of the most critical issues facing direct-drive
laser fusion is that of hydrodynamic stability. In laser
fusion a pellet is imploded by ablation of material from
the outer surface. The acceleration of a cold, dense
shell -by a hot, light blowoff plasma is an unstable ar-
rangement. The Rayleigh-Taylor (RT),! or inter-
change, instability transposes the position of the more
dense fluid with the fluid of lower density. This insta-
bility is a potential obstacle to laser fusion since it can
cause shell fracture, fuel mix, or, in its mildest form, a
nonuniform implosion that will reduce the conver-
gence and severely diminish the energy gain of the
fusion pellet.

Perhaps the most serious implication of the RT in-
stability is that it ultimately dictates the allowed aspect
ratio R/AR (ratio of the distance pushed to the shell
thickness). The allowed aspect ratio both fixes the
pressure required to drive the shell inward and in-
directly determines the efficiency of the energy cou-

pling between the laser and the shell.? If the RT insta-
bility grows at its classically predicted rate, thick,
low-aspect-ratio shells must be used. This, in turn,
implies laser intensities at or above the threshold for
plasma instabilities and unacceptably low rocket effi-
ciencies. The use of high—aspect ratio shells has been
discussed in the literature® and thin-walled glass shells
have been imploded with a reasonable degree of suc-
cess.*

The allowed aspect ratio for the laser-ablative case is
a function of the RT growth rate and the wavelength
of the most dangerous mode. Classical theory!
predicts that an initial perturbation, mg, on the inter-
face of an unstably stratified fluid in planar geometry
will grow as n(r)=mnge?’, where y=(4kg)?,
k =2m/\. Here \ is the wavelength of the perturba-
tion, g is the acceleration, 4 = (p, —p;)/(p, +p;) is
the Atwood number, and p, (p,) is the density of the
heavy (light) fluid. (4 ~ 1 in the laser-ablative case.)
If the perturbation wavelength is much smaller than
the radius (Ry) of a spherical pellet, then the planar

growth rate can be applied, at a first approximation, to
spherical geometry. Let us assume that the growth
rate for the laser-ablative case is e(kg)Y2, where
€ < 1. If the shell is imploded halfway inward at con-
stant acceleration then the number of e foldings of un-
stable growth is yr=e(2wRo/N\)V2 Classical, in-
compressible theory suggests that the most dangerous
mode is A=AR, the thickness of the shell; for this
mode the inner and outer surfaces are strongly cou-
pled. However, numerical simulations have shown
that when compressibility and nonlinear effects are
taken into account, it is those perturbation
wavelengths several times the shell thickness that are
most damaging to the implosion process.” We set
A=mwAR, and the limiting aspect ratio is given by
Ry/AR =+ (yt/e).

This limit is quite severe since an initial aspect ratio
of 10 or so can become an in-flight aspect ratio
(IFAR) of ~— 150 as a result of compression. Consid-
er a pellet polished so that after compression the larg-
est surface perturbation has an amplitude of ~ 100 A,
and assume that the implosion process can survive six
e foldings of RT growth. If the RT instability grows at
its classical rate (e=1), then the maximum IFAR is
limited to a value less than 20. The initial aspect ratio
for this pellet would be about 1.5. The laser intensity
required to generate sufficient pressure to accelerate
this shell to implosion velocities would be well above
the threshold for plasma instabilities. These thick
low—-aspect-ratio shells would also severely limit the
efficiency and gain of a fusion pellet.®

Both numerical simulations’ and experiments® with
1-um laser light indicate that the RT growth rate in the
laser-ablative case is about % of the classically predict-
ed value (e=+). This would allow an IFAR ~ 70,
which is marginal at best. Unless the RT growth rate is
reduced even further than that obtained with 1-um
laser light, thin, high—aspect-ratio shells will rupture
well before the fuel compression stage. It is this
enhanced reduction in the growth rate at shorter laser
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FIG. 1. Comparison of the classical growth rate [ (kg)"?]
to the simulation results and to the theoretical results. For
the 1-um case, the solid line is the classical growth rate,
solid circles are the simulation results and open circles are
the theoretical predictions. For the %-p.m case, the dashed
line is the classical growth rate, solid triangles are the simu-
lation results, and open triangles are the theoretical predic-
tions.

wavelengths we wish to discuss in this Letter.

The RT instability is modeled by use of the FAST2D
laser-shell simulation code. This is a fully two-
dimensional Cartesian code with a sliding Eulerian grid
with variable grid spacing. The grid spacing is 0.25 um
for fifteen zones on either side of the ablation layer
and increases uniformly to 2 um for most of the rest
of the grid. FAST2D solves the ideal hydrodynamic
equations using the flux-corrected-transport algo-
rithms with two-dimensional classical (7%2) plasma
thermal conduction. The code has been extensively
documented against experimental data®® and is dis-
cussed in some detail in Ref. 9 and references cited
therein. The initial steady-state density profile is per-
turbed at its peak with a single sinusoidal mode corre-
sponding to a total initial mass perturbation of less
than 0.5%. The laser pulse has a 2-ns Gaussian rise
after which the laser intensity is held constant. The
computational growth rates are obtained by Fourier
transformation of the summed mass of the foil, which
is integrated from the rear of the foil to the ablation
edge for each transverse coordinate. The growth rate
is measured during the constant phase of the laser
pulse. Typically six to seven foldings of exponential
growth are obtained.

Figure 1 compares the growth rate obtained from
the FAST2D simulation to (kg)? for 1-um laser light
with an absorbed intensity of 10" W/cm? impinging a
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FIG. 2. Ratio of the numerical growth rate to (kg)"? for
1- (solid circles) and 4-um (crosses) laser light. The ratio

for the 40-um perturbation wavelength is for an absorbed
intensity of 10'* W/cm?.

20-pum-thick plastic (CH) target. The computational
growth rates have a k'/? dependence with a moderately
strong cutoff for the short-wavelength modes. The
computational growth rates are about a factor of 1.5-2
less than the classically predicted value.

The inhibited nature of the RT growth rate for the
laser-ablative case is even more apparent for shorter-
wavelength lasers. For this case, the laser intensity
was increased to a value closer to fusion conditions.
Figure 1 also compares the FAST2D simulation results
to (kg)'? for +-um laser light with an absorbed laser
intensity of 3x10'* W/cm?. The target is a 20-um-
thick plastic (CH) foil. The numerical growth rates for
this case are a factor of 3-4 less than the classically
predicted values. The ratio of the numerical growth
rate to (kg )2 for both the 1-um case and the §+-um
case is plotted as a function of perturbation wavelength
in Fig. 2. Note that for wavelength perturbations of
~ 60 pum, 3 times the foil thickness, the growth rate
has been reduced by a factor of 1.8 for 1-um lasers
and by a factor of 3.5 for 4-um lasers. Figure 3 com-
pares the density and pressure profiles for both the 1-
and +-um cases at / = 3 ns. The density-gradient scale
lengths are 0.49 and 0.40 wm, respectively, and are too
small to reduce the RT growth rate by density-gradient
stabilization.'®

The strong dependence of growth rate upon the
laser wavelength can be understood in terms of the
mechanism that we believe is responsible for the
reduction below the classical value: the ablative con-
vection of the vorticity away from the unstable abla-
tion surface.!' It is the vorticity generated at the un-
stable interface that controls the interchange of the
two fluids. As a result of the laser-ablative process,
part of that vorticity is convected away, thereby reduc-
ing the growth rate of the instability. If the ablation
velocity (V) is included in the two-dimensional vorti-
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FIG. 3. One-dimensional density and pressure profiles for
the cases (a) 1 pum, 10'* W/cm? and (b) 4 wm, 3x10'
W/cm? at ¢ = 3 ns, with a perturbation wavelength of 20 um.
The pressure in (b) is in units of 10 Mbar.

city equation through the convective term, the growth
rate for the RT instability in a laser ablatively ac-
celerated target is given by!2

y=[(kV,/2) 2 +931V2 = kV,/2, 1)

where yo= (kg)V?, the classical growth rate. When
the ablation velocity is large, the classical RT growth
rate is strongly reduced. The above expression is com-
pared to the FAST2D simulation results in Fig. 1. The
agreement is quite good for both the 1- and +-pum
cases. The ablation velocities are taken from the nu-
merical simulations and are measured at the center of
the unstable shear layer on the ablation front. See Fig.
4. The ablation velocities have the values of 1.3x10°
cm/s for the 1-um case, at 10'* W/cm?, and 5.5x 10°
cm/s for the +-um case, at 3x 10 W/cm?. The lack
of agreement at the short-wavelength perturbations for
the 1-um case is due to the assumption of an infinitely
thin vortex sheet at the ablation layer. If yq in Eq. (1)
is replaced by the growth rate for an exponential densi-
ty layer of finite thickness, the cutoff is reproduced.'?
The strongly inhibited growth for +-um lasers is
due to a very large ablation velocity. This high mass
ablation rate for short-wavelength lasers produces a
higher acceleration of plasma away from the target sur-
face, and therefore a larger value of V,. Figure 5 is a
plot of the ablation velocity (V,) obtained from the
FAST2D model as a function of the distance from the
target surface for three laser wavelengths (1, %, and %
um). All the calculations were with a 20-um-thick CH
foil with approximately the same isentrope at an ab-
sorbed laser intensity of 5x 10> W/cm?. Note that at
a distance of + um from the target surface, which is at
the center of the unstable shear layer, the ablation
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FIG. 4. Isovorticity contours, in 10% increments of the
maximum, on the target surface early in the evolution of the
20-um RT instability for the 1-um, 10'*-W/cm? laser case.
The laser is impinging on the target from the right. The spa-
tial dimensions are in micrometers. The dashed (solid) con-
tours indicate clockwise (counterclockwise) flow. The wavy
bold lines delineate the 10% (right) and 80% (left) density
contours. The ablation velocity (V,, cm/s), which is con-
vecting vorticity away from the target surface, is plotted on
top of the vorticity contours. The value of V, at the center
of the layer is 1.3 x 10® cm/s.

velocity for +-um light is over 3 times larger than for
1-um light.

This result can be seen more clearly from a scaling
argument. The expansion velocity measured near crit-
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FIG. S. Ablation velocity (V,) as a function of distance
from the target surface (¥) for 1- (solid), +- (dashed), and
+-um (dash-dotted) laser light at 5x 10'> W/cm? impinging
on a flat 20-um-thick plastic (CH) foil. At distances —~ 40
um from the target surface, the blowoff velocity of the 1-
um light exceeds that of 71—- and %-ym light. The vertical
lines bracket the vortex layer (see Ref. 11).
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ical scales as V o« (/A?)"? and the ablation pressure
scales as P, (1/X;)¥? in planar geometry,'* where [ is
the laser intensity and A; is the laser wavelength.
From the conservation of mass p, V, =p V., where p,
(V,) is the density (velocity) to be determined very
near the ablation layer. Assume that the target and
laser profiles can be designed so that the targets are on
the same isentrope; i.e., P,/pJ/*=const, irrespective
of laser intensity and wavelength. If the ablation pres-
sure is kept constant as the laser wavelength is re-
duced, [« A, and the ablation velocity scales as
V, A\~ '. If the ablation pressure is allowed to vary
then V,« A, '¥15. Thus, although the blowoff velocity
at critical decreases with decreasing laser wavelength,
the ablation velocity measured near the target surface
increases with decreasing laser wavelength. Note that
the target acceleration (g = P,/M, where M is the tar-
get mass) is constant if the ablation pressure is held
fixed and scales as g« A\, %3 if P, is allowed to vary
with laser wavelength. The scaling for the ablation
velocity is a stronger function of laser wavelength.
The growth rate for the RT instability will then be
more strongly inhibited with short-wavelength lasers
than with 1-um laser light, since the vorticity will be
convected away at a faster rate.

We have shown that the RT growth rate for laser ab-
latively accelerated targets is strongly reduced below
the classically predicted value for short-wavelength
lasers. By combining the most damaging perturbation
wavelength of — 60 wm, about 3 times the shell thick-
ness, with a growth rate that is 3.5 times smaller than
the classical value, e = 1/3.5, and up to six e foldings
of exponential growth, we conclude that the maximum
IFAR for a reactor-sized pellet driven with +-um laser
light is R/AR =220. If one designs for a direct-
illumination pellet with an IFAR of order 150 using
—}—p.m light, then the net (rocket times absorption) ef-
ficiency can be as high as 10%.% Pellet gains can then
be on the order of 200-300, or even higher, depending
on other physics constraints.? This suggests that
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high-aspect-ratio shells are indeed a viable and highly
attractive design for direct-drive laser fusion. Clearly,
we now need additional experimental data on the RT
instability under various conditions to test these pre-
dictions.
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