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High Mach number shockwaves were launched in labo-
ratory plasmas to simulate supernova shockwave propagation.
The experiments were carried out at inertial fusion facilities
using large lasers. Spherical shocks were created by focusing
laser pulses onto the tip of a solid pin surrounded by ambient
gas. Ablated material from the pin would rapidly expand and
launch a shock through the surrounding gas. Planar shocks
were created by ablating material from one end of a cylindri-
cal shocktube. Laser pulses were typically 1 ns in duration
with ablative energies ranging from <1 J to >4 kJ. Shocks
were propagated through various plasmas, and observed at
spatial scales of up to 5 cm using optical and x-ray cameras.
Interferometry techniques were used to deduce densities, and
emission spectroscopy data were obtained to infer electron
temperatures. Experimental results confirm that spherical
shocks are Taylor-Sedov, and that radiative shocks stall
sooner than non-radiative shocks. Unexpected results include
the birth of a second shock ahead of the original, stalling
shock, at the edge of the radiatively preheated region. We
have begun experiments to simulate the interaction between
shocks and interstellar material (ISM), and the subsequent
turbulent mixing. Comparisons between experimental data
and numerical simulations of shock evolution, stall, second
shock birth, and interstellar material (ISM) interaction will be
presented.

I. INTRODUCTION AND MOTIVATION

Interstellar space consists not of absolute vacuum but of a
very tenuous plasma, capable of propagating shocks over great
distances. Shocks originate in supernova (SN) explosions®®
and other astrophysical phenomena, e.g., T Tauri stars and
stellar winds. The nature of these shocks is interesting in itself,
because of conditions not traditionally attainable in laborato-
ries (conditions such as high Mach numbers and radiative
properties), but is also important to understand as the shocks
mix up interstellar matter and thus affect stellar formation and
the history of the Milky Way and other galaxies.®®

Recently, experiments aiming to recreate SN shockwaves
in the laboratory have begun. We have carried out such ex-
periments at inertial fusion facilities such as the Janus laser at
the Lawrence Livermore National Laboratory in California,
and the Omega laser at the Laboratory of Laser Energetics in

New York. In the Janus experiments, spherical shocks are
created and allowed to expand through a simulated homoge-
neous or inhomogeneous interstellar medium. In the Omega
experiments, planar shocks are created and allowed to interact
with various surfaces and spheres. Together, the experiments
aim to answer questions surrounding three different phases of
a SN event: the explosion, the expansion of the shock, and the
interaction between the shock and interstellar accumulations
of matter (ISM) or “clouds.”

Il. RESULTS AND DISCUSSION
I1.A. Explosion phase

The explosion phase of a SN, whether generated by a core
collapse (Type Ib, Ic, and Il SN) or a thermonuclear runaway
(Type la SN), is a poorly understood phenomena. One ques-
tion in need of an answer is to what extent Rayleigh-Taylor
(RT)**° and Richtmeyer-Meshkov (RM)**? instabilities play
a role during the explosion following a core collapse.

We have carried out experiments at Omega studying these
instabilities in the following manner: a small Be shocktube
(1.5 —= 3 mm long; 0.8 mm inner diameter) is filled with low
density plastics or foams. One end of the shocktube is then
ablated by laser beams, causing the ejection of ablated mate-
rial in one direction to launch a planar shock in the opposite
direction, down the shock tube. Good planarity of the shock is
ensured by using multiple (~10), superimposed beams, each
with a super-gaussian beam profile (created by a phase plate in
the focusing optics) with a flat top matching the diameter of
the shock tube. The total laser energy is ~4 kJ with a pulse
duration of ~1 ns. A short distance (~75 pum) into the shock-
tube, there is an interface between two different density mate-
rials; the shock initially propagates through a denser material
(~1.4 g/cm®), then through the interface to a lighter material
(~50 mg/cm®) causing the onset of RT and RM instabilities.

The interface between the two materials can be machined
to force the growth of RT modes with certain wavelengths.
Dual or multiple mode interfaces have been studied, as have
interfaces with modes in two directions. Tracer materials (e.g.,
Br, 1) that are relatively opaque to x-rays can be used to dope
the material prior to the interface, allowing the interface to be
imaged at some desired point later in time using x-ray pinhole



Figure 1: Experimental radiograph of the shock and interfacial
structure evolving from (a) a pre-imposed single mode sinusoidal
perturbation and (b) a pre-imposed perturbation with eight su-
perposed modes. Computer simulations of the two cases are
shown in (c) and (d), respectively. The simulation was computed
by the CALE code,** an arbitrary Lagrangian-Eulerian 2D code
including both hydrodynamic and radiative effects. Photon statis-
tics have been included in (d) to simulate the appearance of an
experimental radiograph.

cameras (see Figures la and b, and additional example in
Robey et al.'®). Numerical codes (CALE,* an arbitrary La-
grangian-Eulerian 2D code including both hydrodynamic and
radiative effects) have been developed and can successfully
model the experiments to some degree (see Figures 1c and d),
although eventually there is a transition to turbulence in the
experiments that is unattainable by the codes of today (due to
high Reynolds numbers/broad range of spatial scales).

11.B. Expansion phase

The expansion phase of the SN shock has been success-
fully recreated in experiments at Janus. Here, spherical shocks
are studied, and in particular we measure the radius of the
shock as a function of time, as well as temperature and density
profiles across the shock. The first step in creating a spherical
shock is to focus a laser pulse (duration 1 — 5 ns) onto the tip
of a solid (e.g., C, Fe, W) pin surrounded by an ambient gas
(e.g., N,, Xe). The laser energy (1 — 150 J) ablates pin material
which rapidly expands and launches a shock through the sur-
rounding gas.

Using a schlieren technique, we have photographed these
shocks up to spatial scales of ~5 cm (see Figure 2) and found
that the shocks grow as r ~ t2°, where r is the shock radius and
t is time, i.e., like Taylor-Sedov.™®*" This holds true even
when the shocks are highly radiative (shocks in Xe instead of
N>), which is surprising; a strongly radiative shock has been
theoretically™ and numerically® predicted to slow down
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Figure 2: Spherical shocks in 1.3 kPa N, photographed at
six different times after the initial 10 J laser pulse ablates some
pin material and creates the shock. The Fe pin extends from the
top of each frame (visible). Note that the last frame is a composite
of four times, 150 ns, 2 ps, 3 us and 6 ps. The shock is expanding
as r ~ t?® and is not radiative in N, (absence of glow around
shock, c.f., Figure 3). The shock structure deviates from a perfect
sphere on the left-hand side of each shock because of laser-
plasma interaction; the laser is incident from the left and ionizes
a channel through the N, gas.

Figure 3: Spherical shocks in 1.3 kPa Xe photographed at
eight different times after the initial 10 J laser pulse ablates some
pin material and creates the shock. The Fe pin is located at the
left edge of each frame, as indicated in the 1 ps frame. Note that
the last frame is a composite of two times, 8 ps and 30 s, again
with the pin located at the left edge of this frame. The initial

shock is expanding as r ~ t?° and is visible until 4 ps before it

stalls (not visible at 8 ps). The shock is strongly radiative and
creates a heat wave ahead of itself, visible as a glow around the
shock, e.g., at 150 ns. A second shock is born at the edge of this
heat wave, and first becomes visible at 4 ps. The second shock
continues expanding to late times (8 ps, 30 Hs).
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faster, like r ~ t" or r ~ t7°°, respectively. Why this is not the
case in the experiment is currently under investigation.

We have previously reported on the temperature and density
profiles in these shocks.?® Number densities have been meas-
ured using interferometry techniques. Temperatures were ob-
tained using emission spectroscopy data. For example, at t =
150 ns the peak density (density at the shock) is ~9x10%° m™
in N, and ~7x10%® m™ in Xe. Temperatures at t = 150 ns were
4-7¢eVinNjy;and2-5eV in Xe. These values are in

good agreement with 1D numerical simulations using the Las-
nex code.”*

The most interesting result from the expansion phase ex-
periments is the discovery of a second shock, forming ahead
of the original shock (see Figure 3). The discovery was made
while creating strongly radiative shocks, using Xe as the am-
bient gas. The original shock radiates and heats the surround-
ing gas, creating a heat wave that is also expanding toward
larger radii. The second shock forms at the edge of this heat
wave. Eventually, the original shock stalls as it loses much of
its energy by radiation, accumulates mass, and runs into the
thermal pressure of the heated gas ahead. However, the second
shock keeps expanding to much later times. The existence of
the second shock has subsequently been noted in Lasnex
simulations.

I1.C. Interaction between the shock and simulated ISM

We have begun experiments at both Janus and Omega to
simulate the interaction between shocks and ISM, and to study
the subsequent turbulent mixing. At Omega we use shocktubes
similar to those described in II.A, but filled with a ~300
mg/cm® foam and with an embedded 120 pum diameter Al
sphere (2.7 g/cm?) located on the shock tube axis 500 um from
the ablative surface. Results from the experiment can be seen
in Figure 4. As the shock runs over the sphere (t = 5 ns), its
speed inside the sphere is greatly reduced, leading to a Kelvin-
Helmholtz instability and its characteristic roll-up (t = 12 ns).
Soon thereafter, a Widnall-type instability occurs, typically
creating a mode five azimuthal periodicity when viewed from
a point on the extended shock tube axis (not visible in the
view of Figure 4). Sphere material is then stripped away from
the bulk of the Al plasma by a possibly turbulent mechanism (t
= 19 ns), and a second Kelvin-Helmholtz roll-up appears (t =
26 ns). Experiments are planned to go to much later times (up
to 100 ns) to follow the transition to a fully turbulent state.
Compared to the performance in Il.A, numerical simulations
with the CALE code have not been as successful in reproduc-
ing the experimental data. Only the very early behavior of the
shocked sphere is accurately reproduced. The Widnall

Figure 4: Planar shock running over a sphere (from left to
right), photographed at four different times (actually four differ-
ent experiments). The sphere is nine times denser than the sur-
rounding material. Note the Kelvin-Helmholtz roll-up at 12 ns,
the stripped away material at 19 ns and 26 ns, and the second
Kelvin-Helmholtz roll-up in the very faint, stripped away mate-
rial at 26 ns.

Figure 5: Spherical shock in N, running over a column of Xe gas,
photographed at four different times (actually four different
shocks). Note how the shock slows down in the denser Xe, creat-
ing a “beach ball effect,” and leaving behind a loop structure.
The schlieren knife-edge was oriented horizontally for these im-
ages, emphasizing horizontal features (like the shock) and de-
emphasizing vertical features (like the Xe column).



instability is inherently 3D and cannot be modeled with the 2D
CALE code, but also the stripped away sphere material does
not appear in the numerical simulation.

Experiments at Janus used the same set-up as described in
11.B, but with an added object near the pin for the expanding
spherical shock to interact with. Initially, low density aero-gel
foams were placed 3 — 10 mm from the pin, but the energy
inthe shock proved insufficient in ionizing the foam (the foam
would merely shatter, and the fragments accelerate while re-
maining in solid form).

Recently, a low-pressure gas jet was used to locate a
small amount of Xe gas surrounded by ambient N, and then
the shock was allowed to interact with the Xe. The N, pressure
was chosen to be 8.00 kPa, the highest possible pressure
through which we were able to propagate a 5 ns, 10 J, 1064
nm laser beam without creating shock waves other than at the
pin. The Xe jet pressure was chosen by trial and error to give
the best contrast in the schlieren images, and we found that a
pressure ratio of approximately eight (Xe pressure of 66.7
kPa) worked the best. Some resulting images are shown in
Figure 5. The shock is here propagating in a direction parallel
to the column of Xe gas, in a direction toward the nozzle. The
shock slows down in Xe, as expected, and in the schlieren
images this slow-down causes the spherical shock to look like
a beach ball where the Xe column is like a finger pushing in
the surface of the ball. The shock now turns in toward the Xe
column, i.e., the shock takes a conical shape, and self-
interaction in this conical shock results in the formation of a
loop or drop structure, as seen in Figure 5.

111. SUMMARY

Laboratory astrophysics experiments provide a new tool
to use in learning about the universe around us. Experiments
can be used to verify theoretical or numerical conjectures, but
can also go beyond that; we report here on the discovery of a
second shock ahead of an expanding supernova-like shock,
which has not been predicted theoretically. We also present
results from shock interaction with simulated interstellar mate-
rial, approaching a 3D, turbulent regime currently unattainable
by numerical simulations.

1IV. ACKNOWLEDGMENTS

Thiswork was performed under the auspices of the
U.S. Department of Energy by University of Cali-
fornia, Lawrence Livermore National Laboratory
under contract No. W-7405-Eng-48.

V. REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

E. MULLER, B. FRYXELL, and D. ARNETT, Astron.
Astrophys. 251, 505 (1991).

J. 1. REED, J. J. HESTER, A. C. FABIAN, and P. F.
WINKLER, Astrophys. J. 440, 706 (1995).

G. SONNEBORN, C. S. J. PUN, R. A. KIMBLE,

T.R. GULL, P. LUNDQVIST, R. MCCRAY, P. PLAIT,
A. BOGGESS, C. W. BOWERS, A. C. DANKS,

J. GRADY, S. R. HEAP, S. KRAEMER, D. LINDLER,

J. LOIACONO, S. P. MARAN, H. W. MOQS, and

B. E. WOODGATE, Astrophys. J. Lett. 492, L139 (1998).
B. A. REMINGTON, D. ARNETT, R. P. DRAKE, and H.
TAKABE, Science 284, 1488 (1999).

N. BARTEL, M. F. BIETENHOLZ, M. P. RUPEN, A. J.
BEASLEY, D. A. GRAHAM, V. I. ALTUNIN, T.
VENTURI, G. UMANA, W. H. CANNON, and J. E.
CONWAY, Science 287, 112 (2000).

C. F. MCKEE and B. T. DRAINE, Science 252, 397
(1991).

D. A. ALLEN and M. G. BURTON, Nature 363, 54
(1993).

R. I. KLEIN and D. T. WOODS, Astrophys. J. 497, 777
(1998).

LORD RAYLEIGH, Scientific Papers Il (Cambridge,
England), 200 (1900).

G.l. TAYLOR, Proc. Roy. Soc. London, Ser. A, 201, 192
(1950).

R.D. RICHTMYER, Commun. Pure Appl. Math. 13, 297,
(1960).

E.E. MESHKOV, lzv. Acad. Sci. USSR Fluid Dynamics 4,
101, (1969).

H.F. ROBEY, A.R. MILES, J. F. HANSEN, and B.E.
BLUE, IFSA Proceedings, W019.2, (2003).

R. T. BARTON, in Numerical Astrophysics, ed. J. M.
Centrella, J. M. LeBlanc, and R. L. Bowers (Jones and
Bartlett, Boston), 482 (1985).

G. I. TAYLOR, Proc. R. Soc. London A 201, 159 (1950).
L. I. SEDQV, Similarity and Dimensional Methods in
Mechanics (Academic, New York, 1959).

Y. B. ZEL’DOVICH and Y. P. RAIZER, Physics of

Shock Waves and High-Temperature Hydrodynamic Phe-
nomena (Academic, New York, 1966).

J. M. BLONDIN, E. B. WRIGHT, K. J. BORKOWSKI,
and S. P. REYNOLDS, Astrophys. J. 500, 342 (1998).

. C.F. MCKEE and J.P. OSTRIKER, Astrophys. J. 218,

148 (1977).

J.F. HANSEN, D. FROULA, G. GREGORI, D. PRICE,
M.J. EDWARDS, A. EDENS, and T. DITMIRE “Labo-
ratory Simulation of Supernova Shockwave Propagation”.
Presented at American Physical Society Division of
Plasma Physics Annual Meeting in Orlando, FL, USA
(2002).

G. B. ZIMMERMAN and W. L. KRUER, Comments
Plasma Phys. Controlled Fusion 2, 51 (1975).





