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Instability of Taylor-Sedov Blast Waves Propagating through a Uniform Gas
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We present the first measurements of an instability in Taylor-Sedov blast waves propagating through
a uniform gas. The instability occurred in a gas whose adiabatic index was low. Amplitude perturba-
tions grew as a power of time. Our observations are compared to theory.

PACS numbers: 47.40.Nm, 28.70.+y, 47.20.—k, 52.35.Tc
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FIG. l. Experimental setup.

Blast-wave instability may contribute to the structur-
ing observed in supernovae and play a role in the forma-
tion of stars and galaxies. ' Unfortunately, knowledge of
blast-wave instabilities is based almost entirely on
theoretical considerations, and these have been accom-
panied by considerable controversy. Unstable blast
waves had not been observed experimentally, leading
some to conclude that blast waves must be stable.

We present the first measurements of an instability in

Taylor-Sedov blast waves propagating through a uni-
form gas. The instability occurred in an ambient gas
whose adiabatic index y was a low 1.06+.0.02. Pertur-
bations grew as a power of time. Our observations are
compared to a theory described in papers by Vishniac
and Ryu.

Blast waves, in our experiment, are produced by the
expansion of ablation plasma from the surface of laser-
irradiated foils into an ambient gas (Fig. 1). A 6-pm-
thick polystyrene foil is placed in a chamber which is
first evacuated and then filled to 5-torr pressure of nitro-
gen or xenon gas. The foil surface is heated to about
800 eV with a 200-J, 1.054-pm, 5-ns pulse from the
Pharos III Nd-glass laser, which is focused to a 3-
TW/cm, 880-pm-diam spot. Ablation plasma from the
hot foil surface propagates supersonically into the back-
ground gas at about 700 km/s and, much like the prod-
ucts of a chemical explosion, forms a blast wave.
(Simultaneously, the background gas is photoionized by
radiation from the vicinity of the laser's focal point. )

We have verified through extensive experimentation that
this laser-ablation method forms classical Taylor-Sedov
blast waves when the interaction between the ablation
plasma and the gas is collisional, and when the mass of
the swept-up ambient gas is greater than the mass of the
ablation plasma. For nitrogen, collision al coupling
occurs at gas pressures exceeding 0.5 torr.

Blast-front structure is photographed using the well-
known dark-field imaging method, which is sensitive to
the square of fluctuations in the index of refraction. In
our implementation, a 0.53-pm, &1-ns-duration, 5-cm-
diam, few-mJ laser probe illuminates the blast wave
side-on. Electron-density gradients within the blast wave
deflect a part of the probe while the remainder passes
through undisturbed. The probe beam emerging from
the blast-wave region is then relayed onto a film surface
with a telescope. A stop placed at a focal point inside
the telescope blocks the undisturbed component of the
probe light but passes the deflected part, thereby forming
an image in which fluctuations in the index of refraction
(and hence electron density) appear as bright features on
a dark background.

In addition, visible emission from the blast front is
photographed with a very fast (120-ps to 5-ns gate
time), four-frame, microchannel-plate intensifier camera.
This, together with the dark-field image, provides five

photographs per shot of the blast wave at diferent times
in its evolution. The dynamics of the blast wave are
reconstructed by combining the results of dark-field and
emission photographs taken at diA'erent times on indivi-
dual and multiple shots. Also, the spectrum of light em-
itted by the ambient gas before and after the passage of
the blast wave is measured with temporal and spatial
resolution. To do this, we image a 3-mm-diam spot in
front of the foil onto the slit of a spectrometer and record
the resulting spectrum with a streak camera.

We find that Taylor-Sedov blast waves formed in ni-
trogen gas are always stable and smooth —like the exam-
ple in Fig. 2(a). In startling contrast [Fig. 2(b)], the
surface of the blast fronts launched into an ambient xe-
non gas is wrinkled like a dried prune. This wrinkling is
quantified by tracing and then Fourier transforming the
outer edge of the front, which is equivalent to looking at
the projection onto a plane of the edge of an unstable

2738 1991 The American Physical Society



VOLUME 66, NUMBER 21 PHYSICAL REVIEW LETTERS 27 MAY 1991

FIG. 2. Dark-field shadowgraph of (a) a stable blast wave in nitrogen gas, and (b) an unstable blast wave in xenon gas (at
243 ns).

sphere. The results are presented as A, (k )/R vs

log~p(kR), where A, (k) is the full amplitude of the
mode with wave number k at time t, and R is the aver-

age radius of the blast-front boundary.
The blast-wave trajectory in xenon and the evolution

of instability amplitude A, (k)/R are shown in Fig. 3.
From 6 to 18 ns the front moves at a constant speed cor-
responding to the velocity of the ablation plasma, a blast
wave not yet having formed. The front is slightly struc-
tured, but these nonuniformities do not grow. By 25 ns a
blast wave propagating with the t Taylor-Sedov
dependence has formed. Now the surface becomes
significantly more wrinkled and spikelike protuberances
shoot ahead of the front: A, (k)/R increases as a power
of time until 300 ns. It is noted that the blast wave does
not fall apart or otherwise dissipate, but propagates as a
shocklike, albeit structured, front. As the protuberances
get larger they become increasingly more difficult to ob-
serve. By 400 ns they are not seen at all and the blast
wave takes on the appearance of a slightly structured but
basically stable shock.

A power law of the form A, (k)/R = t was fitt—ed
to the A, (k)/R-vs-time data during the period of growth,
with the results shown in Fig. 3(c). We find clear
growth for modes satisfying 0.7 & ln(kR) & 2. Max-
imum growth occurs at ln(kR) =1, where S=1.6, and
minimum growth, with S =0.3, occurs at In(kR) =2.
The fit by a power law is very good (correlation & 0.7)
for ln(kR) & 1.5, but worse (i.e., data are more noisy)
for larger values of ln(kR). Noise may be the reason
why S(kR) stays clamped at 0.3 for 2 & ln(kR) & 3 and
does not decrease to zero.

A basic diA'erence between stable blast waves in nitro-
gen and unstable blast waves in xenon is that the former
propagate in a gas with adiabatic index yN =1.3~0.1,
and the latter in a gas with yx, =1.06+ 0.02. To derive

yx, we utilize the observation that blast waves in nitro-

gen and xenon propagate according to the Taylor-Sedov
blast-wave relation '

t/s
7S() —1)()+1)'

16tr(3 y
—1)pp

where d is the distance between the focal spot and the
blast-wave front and po is the gas mass density. There-
fore, by dividing the measured d in nitrogen by the mea-
sured d in xenon at any given time we arrive at a rela-
tionship between yx„yN, and the mass of each gas
species. Solving numerically for yx, as a function of yN,
we find that as yN varies from 1 to 3, yx, varies from 1

to 1.13. Hence, for any reasonable value of yz the value
of yx, is less than 1.13. In past experiments we have
measured yg to be 1.3 ~ 0.1, which implies that
yx, =1.06+ 0.02.

yx, is lower than y~ because prior to the arrival of the
blast wave xenon gas radiates much more than nitrogen
gas. (Radiation increases the degrees of freedom within
a gas and hence reduces its efi'ective y. ) This is demon-
strated by examining the spectrum of light emanating
from a spot in front of the laser's focal point [Fig. 3(d)].
In nitrogen gas the laser-induced explosion produces lit-
tle measurable emission prior to the arrival of the blast
wave. Immediately before the blast wave arrives at the
observation point there is a slight increase of N'+ and
N + lines: These lines are probably excited by UV or
heat from the blast wave. When the blast front arrives,
there is a sudden increase in emission from the N'+,
N +, and target C + lines, as well as an increase in con-
tinuum emission. In contrast, xenon emits copiously in

many Xe'+ and some Xe + lines from the moment the
laser strikes the foil. Arrival of the unstable blast wave
is signaled by a more gradual increase in continuum
emission, but line emission is not changed significantly.
We conclude, therefore, that it is the radiation in xenon
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FIG. 3. Instability growth. (a) Blast-wave trajectory. (b) Amplitude growth as a function of time for diff'erent values of In(kR).
&he scatter of points between 30 and 45 ns at each value of ln(kR) indicates the shot-to-shot reproducibility in this experiment. (c)
Growth exponent S(kR). (d) Emission spectra as a function of time in nitrogen and xenon gas from a spot which is 2 cm from the
laser's focal point.

which reduces its eA'ective y below that of nitrogen.
Among the various theories, the one by Vishniac

and Ryu" predicts that Taylor-Sedov blast waves in a
uniform gas with y & 1.2 will become unstable. In
spherical geometry, perturbations are predicted to grow
as Yi„,(0,p)r ', where Y~ are spherical harmonic
modes. In planar geometry, perturbations grow as
e' -'t ', ~here x is the direction of blast propagation.
For y =1.1, numerically calculated maximum growth
occurs at ln(l) =1.5 with Re[S(l)]=0.5, and ln(kx)—= 1.2 with Re[S(kx)] =0.3, for the spherical and pla-
nar cases, respectively. For @=1.06, a less precise but
analytic calculation'' in spherical geometry gives max-
imum growth at In(l) —= 1.7, with Re[S(l)]=0.7. Theo-
ry does not treat the large-amplitude regime where satu-
ration or stabilization may occur.

The basic predictions of this theory agree with our ob-
servations of t growth in a low-y uniform gas, but there
are diA'erences in the details. For @=1.06 we measure

maximum growth at ln(kR) =-1 with S—= 1.6, whereas
theory predicts maximum growth at higher ln(l) and
lower S: Theory predicts virtually no growth (S=0.04)
at ln(l) =1. Possible stabilization is seen at 400 ns. We
remind the reader, however, that the wave numbers in
our experiment were obtained from the projection onto a
plane of the edge of an unstable sphere. Thus, kR is not
identical to either 1 or kx. Also, there are a few alterna-
tive explanations for the observed apparent stabilization.
One may argue, for example, that the stabilization is a
real nonlinear phenomenon; or that y is large at some
point far from the focal spot and the blast wave stabi-
lized because it moved into that region; or that the insta-
bility is still growing but the density gradients in the
spikes are too gentle to measure at late times. These is-
sues will be addressed in future work.

We point out that the phenomenon described here is
not the Rayleigh-Taylor instability commonly associated
with decelerating systems. That instability is caused by
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opposing density and pressure gradients and exhibits ex-
ponential growth. This instability is associated with the
sloshing of material within the blast-wave shell and ex-
hibits power-law growth. Our instability mechanism
may be briefly explained as follows: The thermal pres-
sure which drives the blast wave is perpendicular to the
local blast shell surface, while the external ram pressure
(ambient density times square of blast speed) is antipar-
allel to the direction of propagation. In a uniform blast
wave the front and the direction of propagation are or-
thogonal so that the thermal and ram pressures are both
perpendicular to the shell surface. But in a rippled blast
wave the thermal pressure is no longer parallel to the
propagation direction while the ram-pressure orientation
does not change. Therefore, there appears a net pressure
along the blast front surface that accelerates mass into
the lagging trough parts of the ripple. The now heavier
trough has more momentum, slows less, and consequent-
ly moves ahead. Then the process reverses and an oscil-
lation ensues. This oscillation is damped out at wave-
lengths comparable to the blast shell radius and wave-
lengths much larger than the shell thickness. Otherwise,
it grows. Since shell thickness is related to y, so is the
growth exponent of the instability.

In conclusion, we have shown experimentally, for the
first time, that Taylor-Sedov blast waves in a uniform
gas are unstable when the adiabatic index y is suf-
ficiently low, in our case 1.06. Perturbed amplitudes
grow as a power of time. Our results confirm the basic
predictions of Vishniac and Ryu.
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