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Abstract

In this paper, we describe three different phenomena occurring on scales of 1 mm, 100 km, and almost a
light year. The smallest scale is a laboratory experiment. The intermediate scale is a rocket-borne space ex-
periment and the largest is an exploding star. In each case, deceleration creates a situation that is unstable to
the Rayleigh-Taylor instability. The similarity exists in the spatial and in the Fourier domains; that is, not
only are there obvious spatial similarities but the power spectra of the two phenomena are also nearly identi-
cal. The data compare favorably to published simulations.
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1. Introduction

As shown in the right-hand side of Figure 1, supernova
SN1987A was photographed using one of the Hubble
cameras [1]. The elliptical region of interest, the He/H
interface in the supernova (SN), is accelerated by a blast
wave that is created after the core of the star explodes.
The long-axis diameter of the structure was 1.2 x 10
km. The event has been studied in detail, and the hydro-
dynamic Rayleigh-Taylor instability is clearly the origin
of the clumping seen in the photo [2,3]. Here we com-
pare this natural event to two experiments involving the
Rayleigh-Taylor instability. Our main point is that the
evolution of this nonlinear process is nearly identical
over 19 orders of magnitude in scale.

The sounding rocket experiment was launched from the

Figure 1. From left to right, a laboratory experiment, a
rocket-borne space experiment, and a Hubble photo of the
SN1987A supernova.
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Poker Flat Research Range north of Fairbanks, Alaska
[4]. A radial-shaped charge was lined with barium,
which is vaporized using the thermite reaction, acceler-
ated by the shaped charge explosion, and carried away at
several km/s. Sunlight at apogee allows the gas to be
seen on the ground. The photo was taken from Ft. Yukon
nearly exactly up the magnetic field lines. As the vapor
expands, it collides with the neutral gas, decelerating and
creating an artificial gravity, an inertial force pointed
back toward the rocket. The resulting structure is
Rayleigh-Taylor unstable, creating the observed struc-
tures in the middle panel of Figure 1. The diameter of
the ring is 50 km.

The hydrodynamic processes that occur in a core-col-
lapse supernova, such as SN1987A, and in the rocket
experiment described earlier can be simulated in a well-
scaled experiment using a high-powered laser [5-7].
Kuranz et al. [8] used this method to study the hydrody-
namic instabilities that occur at the interface between the
helium and hydrogen layers during the blast-wave-driven
explosion phase of the supernova (SN). It is possible to
experimentally study such supernova-relevant hydrody-
namics because both the experiment and the related part
of the SN satisfy similarity conditions based on the Euler
equations [5]. The Euler equations remain invariant un-
der a transformation relating the two systems. Also, in all
three systems studied here, several similarity criteria are
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satisfied, including all three systems being highly colli-
sional and having negligible heat conduction, radiation
flux, viscosity, and gravitational and magnetic effects.
Having satisfied the pertinent scaling conditions, the two
experiments will have a similar hydrodynamic evolution.

Another important similarity factor is the accelera-
tion/deceleration of the systems. In the laboratory ex-
periment, a blast-wave structure crosses a density drop.
This is accomplished using laser beams at the Omega
laser [1] facility to create a shock wave in the denser
material by producing an ablation pressure of ~50 Mbars.
The laser pulse ends when the shock is approximately
halfway through this material. The plasma that has been
created expands, causing a rarefaction wave in the mate-
rial that overtakes the shock. This creates a blast-wave
structure moving towards an interface with a density drop.
This scenario includes a pressure gradient, created by the
blast wave, in the opposite direction of a density gradient,
created by the drop in density at the interface. This
causes the Rayleigh-Taylor instability [9,10] to develop.

The experiment uses a millimeter-scale target that con-
sists of a drop in density scaled to SN1987A. The denser
material is composed mostly of 150 um thick polyimide
(C2H1005N,) with a density of 1.41 g/cm®. It is followed
by a few mm of carbonized resorcinol formaldehyde
(CRF) foam, which has a density of 50 mg/cm®. The
primary diagnostic in this experiment is x-ray radiogra-
phy. A separate target is used to create ~4 keV x-rays for
the purpose of imaging the experiment. Experimental
radiographs can be seen in the left-hand panel of Figure
1. In each image, the shock waves are moving to the
right with the interface behind it. The structure on the
interface is due to the Rayleigh-Taylor instability.

In the remainder of the text, we concentrate on com-
paring the rocket and Hubble data, since they are both
cylindrically symmetric in two dimensions.
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2. Analysis

The supernova and rocket photos can be most easily
compared. The light intensities of both structures were
determined as functions of angular distance. Rotating the
image from the sounding rocket experiment from Yukon,
Alaska 38° counter-clockwise reveals the similarities to
that of the Hubble image of the SN1987A, as shown in
Figure 2. Both display about 15 blobs spaced 30° or so
apart, as shown Figure 2 and in the spectra shown in
Figure 3.

The self-similarity of these spectral features is re-
markable. There are sharp peaks around 2 rad™ followed
by power law, where the power law index for the rocket-
borne experiment and SN1987A are about 3.9 and 4.8,
respectively.
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Figure 2. The angular intensities of an image from the rock-
et-borne space experiment at Yukon, Alaska compared to
that of a Hubble image of SN1987A.

SN1987A spectrum
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Figure 3. The spectrum of the ring features of the rocket-borne space experiment at Yukon, Alaska compared to that of a

Hubble image of SN1987A.
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Numerical simulations have been reported [2,3] and
the clumping verified. In Figure 4, we compare the
simulation with both experiments and, in Figure 5, plot
the spectrum of the simulation. Note that like the spectra
of rocket-borne space experiment and the Hubble image
of SN1987A, there is also a peak at 2 rad™ followed by a
power law of similar magnitude. The power law indi-
cates a shock-like development.

The linear growth rate for the Rayleigh-Taylor insta-
bility is,

g'/vL 1
where ¢’ is the effective gravity, v, is the effective colli-
sion frequency, and L is the gradient scale length. This
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Figure 4. A comparison of azimuthal structures from the
rocket-borne space experiment at Yukon, Alaska, a Hubble
image of SN1987A, and numerical simulations done by
Fryxell et al. [2].
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Figure 5. The spectrum of the ring features of numerical
simulations by Fryxell et al. [2].
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has been shown to apply to the Hubble event [5] and here
we check it against the rocket experiment. The expand-
ing barium cools, leading to a thermal velocity of around
200 m/s. This wind drives a current given by J = o(U x
B), which drives the instability. From the photographs, L
~ 2000 m, leading to a growth rate of 3 Hz. In the
40-second development, many e-folds are possible and
the nonlinear approach is suitable.

3. Conclusions

These data and analyses show a self-similarity of the
Rayleigh-Taylor instability over 19 orders of magnitude
in scale.
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