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and have found that OH fluorescence is independent of
water concentration and of the type of carrier gas.
Since the amount of OH generated is proportional to
water concentration, the observed results can be ob-

tained only if quenching is predominantly due to colli-
sions with water molecules.

9D. Kley and K. H. Welge, J, Chem. Phys. 49, 2870
(1968).
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A linear approximation method has been developed to study the stability of spherically
symmetric hydrodynamic motion. Application of this technique to laser-driven spherical
implosions indicates that the implosions are linearly unstable to perturbations at the ab-
lating surface.

The proposed schemes'~ for laser-driven im-
plosion of deuterium-tritium pellets to the super-
dense state necessary for thermonuclear burning
assume perfect spherical symmetry. Unavoid-
able departures from spherical symmetry cer-
tainly limit the compressions achievable in prac-
tice and raise the laser energy required for break-
even. Departures from symmetry during implo-
sion arise from inherent hydrodynamic instabili-
ties and these can be accelerated by nonuniform
laser illumination. Nonuniform laser energy de-
position leads to early-time nonuniform accelera-
tions which in turn cause the earlier and more
rapid growth of the instabilities.

The implosion consists of a dense layer of plas-
ma accelerated by material being ablated into the
hot, low-density blowoff (see Figs. 1 and 2). Sim-
ilar conditions occur in the Rayleigh-Taylor in-
stability which arises when two superposed fluids
of different densities are accelerated in a direc-
tion perpendicular to their interface. ' The inter-
face is unstable if the acceleration is directed
from the less dense to the more dense fluid. For
two inviscid, incompressible fluids with large
density differences, separated by a plane inter-
face, the growth rate of the perturbation on the
interface is given4 by y= (2ma jA)"~, where a is
the acceleration and ~ the wavelength of the per-
turbation. For laser-driven implosions, the ac-
celerations are = 10"cm/sec' giving growth
rates of 10' sec ' for perturbations with wave-
lengths of 100 pm. The inviscid growth rates in-
crease for shorter wavelengths but, below a cer-
tain wavelength, dissipative effects can no longer
be ignored. In addition to compressive effects,
the laser-driven implosion differs from the Ray-

leigh-Taylor problem through the presence of a
sharp temperature gradient and the ablating flow.
These change the basic unperturbed solutions and
warrant a detailed stability analysis.

The evolution of dense laser plasmas is des-
cribed by a one-velocity, two-temperature set of
hydrodynamic equations' which include separate
species temperatures and thermal conductivities
as well as Coulomb energy exchange between the
species. To study the stability of the flow, all
of the Lagrangian variables are resolved into a
zero-order, spherically symmetric component
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FIG. 1. Symmetric part of the density and the re-
duced-density perturbation versus radius at d ifferent
times. Vertical lines indicate positions of ablating sur-
face.
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and a small perturbation

IQ

where j is the spherical Lagrangian coordinate
and the perturbation has been decomposed into
spherical harmonics. Here $ represents any of
the set of fluid variables including the radial co-
ordinate, radial velocity, radial vorticity, diver-
gence of the velocity, density, pressure, and
temperature. The energy deposition term can
also be expanded in the form (I).

Through linearization of the basic equations,
we obtain a new self-consistent set of equations
for the spectral components of the perturbations.
In particular, the equations governing the radial
component of the perturbed velocity u„and the
perturbed electron temperature T, take the form
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FIG. 2. Symmetric part of the electron temperature
and the reduced-electron-temperature perturbation
versus radius at different times. Vertical lines indi-
cate positions of ablating surface.
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where r is the rad";al coordinate, p the pressure,
p the density, s the divergence of the velocity,
e„and K, the specific heat and thermal conductiv-
ity, respectively, of the electrons (given by Spit-

65zer 'j, v„. the electron-ion relaxation time, n the
number density, 0 the Boltzmann constant, and
W the nonuniform laser-energy deposition (the
superscripts have been surpressed). In addition
to Eqs. (2) and (3) there are equations for the
perturbed density, divergence of velocity, radial
component of vorticity, ion energy, and state of
the plasma. These equations are decoupled for
each l mode and degenerate with respect to the
m wave number. The zero-order, spherically
symmetric quantities appear as coefficients in
these perturbed equations.

The zero-order solutions are computed from
a. spherically symmetric Lagrangian code' which
is decoupled from the perturbed solutions. An ad-
dition to this code has been developed to compute
the evolution of the spectral components simul-
taneously with the advance of the zero-order re-
sults. This initial-value-problem approach to
stability analysis has been used previously in the

!
analysis of ionospheric instabilities. '

As a check on our methods, we have applied
the extended code to some test problems with
known analytic solutions. First, we considered
the case of a spherical shell of almost incompres-
sible fluid accelerated radially outward by inter-
nal pressure. The inner surface is unstable and
the computed growth of perturbations on this sur-
face agrees with that obtained analytically. ' Sec-
ond, normal modes of sound waves inside a spher-
ical cavity were calculated including the effects
of thermal dissipation. The solutions were ob-
served to oscillate with the correct eigenfrequen-
cy and to exhibit the correct damping decrement.

To examine the stability of the laser-driven im-
plosions, we consider a deuterium-tritium pellet
with a dense 400- pm-radius core surrounded b
a Iow-density corona. The pellet is irradiated
by an optimally tailored" 60-kJ pulse, and a,ll of
the la, ser energy is assumed to be absorbed at
the critical surface into an electron Maxwellian
distribution (as has been assumed in previous
spherical calculations). '~ Typical zero-order
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FIG. 3. Root-mean-square density perturbations for
different modes as functions of time for the case with
initial random density perturbations of level 10 {uni-
form heating).

FIG. 4. Root-mean-square density perturbations for
different modes as functions of time for initial random
density perturbations of level 10 3 and nonuniform heat-
ing of 1%.

density and temperature profiles are shown in

Figs. 1 and 2. To start the perturbation calcula-
tion, we consider an initial random density per-
turbation of amplitude ~ and observe the spatial
distributions of growing modes shown in Figs. 1

and 2. In Fig. 1 we plot the reduced-density per-
turbations p, /p as a function of r for the I = 10
mode at different times, where p, = p —(&p/Br)r
is the Eulerian density perturbation. Figure 2

is a similar plot for the electron temperature
perturbations. These results are representative
of the linear instabilities found in all of our cal-
culations.

The initial random density perturbation was ob-
served to grow several orders of magnitude in a
few nanoseconds. The perturbations gr ow' at the
ablating surface and are propagating inward fast-
er than the ablating flow can convect them away.
To characterize the growth rates, we plot the
rms density perturbations versus time for differ-
ent modes in Fig. 3. Dissipation such as arises
in the l(l +1) lateral-heat-conduction term in Eq.
(3) tends to damp the modes with shorter wave-
lengths. It can be seen that modes with large l
are damped, while the growth rates for lightly
damped modes amplify with time as the radial
acceleration grows. %e also observe some slow
growth of the perturbations at shock fronts, and

these may be related to instability of converging
shocks. " (As another check, we ran the code
without the laser pulse and observed no anoma-
lous growth of the initial perturbations. )

In a reference frame moving locally with the
ablating surface, one sees an approximately sta-
tionary density gradient. This reference frame
is accelerated radially inward and fluid elements
in this frame experience a radially outward iner-
tia force. This force, coupled with the zeroth-
order density gradient, drives the instability,
and initial density perturbations at or near the
ablating surface are thus amplified.

%e have also performed a series of computa-
tions with a perturbation of level e' in the laser
illumination [Win Eq. (3)] in addition to the den-
sity perturbation of level c. The rms density
perturbations are shown in Fig. 4. Although lat-
eral heat conduction will eventually smooth the
laser-generated temperature perturbations in
the region between the critical and ablating sur-
faces, ' the early-time temperature perturbations
lead to enhanced density perturbations. This is
easily seen in a comparison of Figs. 3 and 4
where the lightly damped modes go unstable ear-
lier with the added heating perturbation and grow
more rapidly. A similar type of behavior is also
observed when we perform the computation with
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the laser perturbation only.
The results presented here do not agree with

the statements made in Ref. 1 where an ad hoc
argument shows that the implosion is stabilized
by ablation. Two-dimensional calculations, using
cylindrical symmetric but nonuniform laser heat-
ing, have also shown that Taylor instability will
occur unless the laser pulse is tailored in fre-
quency and unless a sufficient low-density atmo-
sphere is maintained around the pellet. " The
ablative stabilization argument must then be in-
terpreted as indicative of the fact that stability
can be achieved only if a large enough region of
sufficiently hot plasma is maintained between the
critical and ablating surfaces.

In conclusion, we have observed that the laser-
driven spherical implosion is linearly unstable
to perturbations at the ablating surface and that
these instabilities are present even with uniform
laser heating. Nonuniform heating leads to an
earlier and more rapid growth of the instabilities.
The perturbations can amplify several orders of
magnitude in a few nanoseconds, but as soon as
the perturbations begin to grow the linear approx-
irnation breaks down. Further computations must
be performed to determine the parameter range
(laser frequency history, initia1 low-density at-
rnosphere created by a prepulse, initial heating
rate, etc. ) in which a stable implosion can be
obtained. A realistic multidimensional, nonlin-
ear treatment is required to follow the complete
evolution of the disturbances which occur in the
unstable cases.
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A perturbation method is developed for nearly spherical heat and Quid Qow. It shows
that electron thermal conduction may be sufficiently symmetrizing to allow laser-driven
fusion with a single beam.

One-dimensional, spherically symmetric cal-
culations have predicted that small spheres" or
spherical shells' of thermonuclear fuel can be
made to give economical nuclear-fusion energy
yields when imploded and heated by as little as
1 kJ of absorbed laser-pulse energy. These pre-

dictions depend in an essential way on the spheri-
cal character of the flow. The parameter of mer-
it of the imploded core of the pellet of fuel is pA
(density&radius), and only through a spherically
converging flow can the necessary values of
about 0.1 g/cm' or more' be achieved at thermo-


