High Energy Density
Laboratory Astrophysics

Edited by .
George A. Kyrala —

@ Springer



HIGH ENERGY DENSITY LABORATORY
ASTROPHYSICS

Edited by:
G.A. KYRALA

Reprinted from Astrophysics and Space Science
Volume 298, Nos. 1-2, 2005

@ Springer



Library of Congress Cataloging-in-Publication Data is available

ISBN 1-4020-3483-0

2003055495

Published by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands.

Printed on acid-free paper

All Rights Reserved
(© Springer 2005
No part of the material protected by this copyright notice may be reproduced or
utilized in any form or by any means, electronic or mechanical,
including photocopying, recording or by any information storage and
retrieval system, without written permission from the copyright owner.

Printed in the Netherlands



TABLE OF CONTENTS

Preface

J.C. WHEELER, S. AKIYAMA and P.T. WILLIAMS / Asymmetric Super-
novae: Yes, Rotation and Magnetic Fields are Important

C.C. KURANZ, R.P. DRAKE, D.R. LEIBRANDT, E.C. HARDING, H.F.
ROBEY, A.R. MILES, B.E. BLUE, J.E. HANSEN, H. LOUIS, M.
BONO, J. KNAUER, D. ARNETT and C.A. MEAKIN / Progress
Toward the Study of Laboratory Scale, Astrophysically Relevant,
Turbulent Plasmas

A.R. MILES, M.J. EDWARDS and J.A. GREENOUGH / Effects of Initial
Conditions on Compressible Mixing in Supernova-Relevant Labora-
tory Experiments

A.C. CALDER / Laboratory Astrophysics Experiments for Simulation Code
Validation: A Case Study

J.M. LAMING and U. HWANG /How Did Cassiopeia A Explode? A Chandra
VLP

A.D. EDENS, T. DITMIRE, J.F. HANSEN, M.J. EDWARDS, R.G. ADAMS,
P. RAMBO, L. RUGGLES, I.C. SMITH and J.L. PORTER / Studies
of Laser-Driven Radiative Blast Waves

R.P. DRAKE / Radiative Shocks in Astrophysics and the Laboratory

J.F. HANSEN, M.J. EDWARDS, D. FROULA, G. GREGORI, A. EDENS
and T. DITMIRE / Laboratory Simulations of Supernova Shockwave
Propagation

M. KOENIG, T. VINCI, A. BENUZZI-MOUNAIX, S. LEPAPE, N. OZAKI,
S. BOUQUET, L. BOIREAU, S. LEYGNAC, C. MICHAUT, C.
STEHLE, J.-P. CHIEZE, D. BATANI, T. HALL, K. TANAKA and
M. YOSHIDA / Radiative Shock Experiments at Luli

X.RIBEYRE, V.T. TIKHONCHUK and S. BOUQUET / Analytical Study of
Supernova Remnant Non-Stationary Expansions

K. NOMOTO, K. MAEDA, N. TOMINAGA, T. OHKUBO, J. DENG and
P.A. MAZZALI / Hypernovae and Gamma-Ray Bursts

P. HOFLICH / Radiation Hydrodynamics in Supernovae

C. COURTOIS, R.A.D. GRUNDY, A.D. ASH, D.M. CHAMBERS, R.O.
DENDY, K.G. MCCLEMENTS and N.C. WOOLSEY / Experiment
on Collisionless Plasma Interaction with Applications to Supernova
Remnant Physics

P. HARTIGAN / Laboratory Experiments of Stellar Jets from the Perspective
of an Observer

1-2

3-8

17-24

25-32

33-37

39-47
49-59

61-67

69-74

75-80

81-86
87-92

93-98

99-105



A. FRANK, E.G. BLACKMAN, A. CUNNINGHAM, S.V. LEBEDEYV, D.
AMPLEFORD, A. CIARDI, S.N. BLAND, J.P. CHITTENDEN and
M.G. HAINES / A Hed Laboratory Astrophysics Testbed Comes of
Age: Jet Deflection via Cross Winds

R.V.E. LOVELACE, PR. GANDHI and M.M. ROMANOVA / Relativistic
Jets from Accretion Disks

P.A. ROSEN, B.H. WILDE, RJR. WILLIAMS, J.M. FOSTER, PA.
KEITER, R.F. COKER, T.S. PERRY, M.J. TAYLOR, AM.
KHOKHLOV, R.P. DRAKE, G.R. BENNETT, D.B. SINARS and
R.B. CAMPBELL / Recent Experimental Results and Modelling of
High-Mach-Number Jets and the Transition to Turbulence

W.B. HUBBARD / Hydrogen EOS at Megabar Pressures and the Search for
Jupiter’s Core

D. SAUMON and T. GUILLOT / Astrophysical Implications of the Recent
Shocked Deuterium Experiments

W.J. NELLIS / Deuterium Hugoniot up to 120 GPa (1.2 Mbar)

P.A.M. VAN HOOF, M.E. FOORD, R.F. HEETER, J.E. BAILEY, H.-K.
CHUNG, M.E. CUNEO, W.H. GOLDSTEIN, V. JONAUSKAS, F.P.
KEENAN, R. KISIELIUS, D.A. LIEDAHL, C. RAMSBOTTOM, S.J.
ROSE, P.T. SPRINGER and R.S. THOE / Modeling X-Ray Photoion-
ized Plasmas Produced at the Sandia Z-Facility

K. MASAI/ Radiation Properties of High-Energy Astrophysical Plasmas

PA. KEITER, G.A. KYRALA, R.G. WATT, G.C. IDZOREK, R.R.
PETERSON, B. WOOD, P. ADAMS, R.E. CHRIEN, D. PETERSON
and M. WOOD-SCHULTZ / Preliminary Results from an Astrophys-
ically Relevant Radiation Transfer Experiment

FEM.KERR, A. GOUVEIA,R.W. LEE, P.K. PATEL, O. RENNER, S.J. ROSE,
H.A. SCOTT and J.S. WARK / X-Ray Line Transfer in Plasmas with
Large Velocity Gradients

M.W. POUND, J.O. KANE, B.A. REMINGTON, D.D. RYUTOV, A.
MIZUTA and H. TAKABE / Eagle Nebula Pillars: From Models to
Observations

D.D. RYUTOV, J.O0. KANE, A. MIZUTA, M.W. POUND and B.A.
REMINGTON / Two Models of Magnetic Support for Photoevap-
orated Molecular Clouds

R.J.R. WILLIAMS and D.L. YOUNGS / Shock Propagation Through Multi-
phase Media

A.MIZUTA, H. TAKABE, J.0. KANE, B.A. REMINGTON, D.D. RYUTOV
and M.W. POUND / Hydrodynamic Instability of Ionization Front in
HII Regions: From Linear to Nonlinear Evolution

107-114

115-120

121-128

129-134

135-140
141-145

147-153
155-162

163-170

171-176

177-181

183-190

191-196

197-202



PM. BELLAN, S. YOU and S.C. HSU / Simulating Astrophysical Jets in
Laboratory Experiments

E. LIANG / Particle Acceleration in Relativistic Magnetized Plasmas

H.JI,R. KULSRUD and M. YAMADA /Magnetic Reconnection, Turbulence,
and Collisionless Shock

S.P. REGAN, T.C. SANGSTER, D.D. MEYERHOFER, K. ANDERSON,
R. BETTI, T.R. BOEHLY, T.J.B. COLLINS, R.S. CRAXTON, J.A.
DELETTREZ, R. EPSTEIN, O.V. GOTCHEYV, V.YU. GLEBOV, V.N.
GONCHAROV, D.R. HARDING, P.A. JAANIMAGI, J.P. KNAUER,
S.J. LOUCKS, L.D. LUND, J.A. MAROZAS, FJ. MARSHALL,
R.L. MCCRORY, PW. MCKENTY, S.EB. MORSE, P.B. RADHA,
W. SEKA, S. SKUPSKY, H. SAWADA, V.A. SMALYUK, J.M.
SOURES, C. STOECKL, B. YAAKOBI, J.A. FRENJE, C.K. LI, R.D.
PETRASSO and FH. SEGUIN / Direct-Drive Inertial Confinement
Fusion Implosions on Omega

B.A. REMINGTON, R.M. CAVALLO, M.J. EDWARDS, D.D.-M. HO, B.F.
LASINSKI, K.T. LORENZ, H.E. LORENZANA, J].M. MCNANEY,
S.M. POLLAINE and R.F. SMITH / Accessing High Pressure States
Relevant to Core Conditions in the Giant Planets

D.J. AMPLEFORD, S.V.LEBEDEYV, A. CIARDI, S.N. BLAND, S.C. BOTT,
J.P. CHITTENDEN, G. HALL, C.A. JENNINGS, J. ARMITAGE, G.
BLYTH, S. CHRISTIE and L. RUTLAND / Formation of Working
Surfaces in Radiatively Cooled Laboratory Jets

H. HORA, G.H. MILEY and F. OSMAN / Boltzmann Equilibrium of En-
dothermic Heavy Nuclear Synthesis in the Universe and a Quark
Relation to the Magic Numbers

R.M.HUECKSTAEDT, S.H. BATHA, M.M. BALKEY, N.D. DELAMATER,
J.R. FINCKE, R.L. HOLMES, N.E. LANIER, G.R. MAGELSSEN,
J.M. SCOTT, J.M. TACCETTI, C.J. HORSFIELD, K.W. PARKER
and S.D. ROTHMAN / Richtmyer-Meshkov Experiments on the
Omega Laser

J.O. KANE, A. MIZUTA, M.W. POUND, B.A. REMINGTON and D.D.
RYUTOV / Molecular Clouds: Observation to Experiment

C.C. KURANZ, R.P. DRAKE, K.K. DANNENBERG, P.J. SUSALLA, D.J.
KREMER, T. BOEHLY and J. KNAUER / Preheat Issues in Hydro-
dynamic Hedla Experiments

D.R. LEIBRANDT, R.P. DRAKE and J.M. STONE / Zeus-2D Simulations
of Laser-Driven Radiative Shock Experiments

A.CIARDI, S.V. LEBEDEV, J.P. CHITTENDEN, D.J. AMPLEFORD, S.N.
BLAND, B.S. BOTT and J. RAPLEY / Modeling Magnetic Tower
Jets in the Laboratory

203-209
211-218

219-226

227-233

235-240

241-246

247-253

255-259

261-265

267-271

273-276

277-286



A.S. MOORE, D.R. SYMES and R.A. SMITH / Tailored Blast Wave Pro-
duction Pertaining to Supernova Remnants

S.J.MOON, S.C. WILKS, R.I. KLEIN, B.A. REMINGTON, D.D. RYUTOV,
A.J. MACKINNON, PK. PATEL and A. SPITKOVSKY / A Neutron
Star Atmosphere in the Laboratory with Petawatt Lasers

R. PRESURA, V.V. IVANOV, Y. SENTOKU, V.I. SOTNIKOV, PJ. LACA,
N. LE GALLOUDEC, A. KEMP, R. MANCINI, H. RUHL,
A.L. ASTANOVITSKIY, T.E. COWAN, T. DITMIRE, C. CHIU,
W. HORTON, P. VALANJU and S. KEELY / Laboratory Simulation
of Magnetospheric Plasma Shocks

O. SADOT, K. LEVY, A. YOSEF-HAI, D. CARTOON, Y. ELBAZ,
Y. SREBRO, G. BEN-DOR and D. SHVARTS / Studying Hydro-
dynamic Instability Using Shock-Tube Experiments

S. LE PAPE, M. KOENIG, T. VINCI, E. MARTINOLLI, D. HICKS, A.
MACKINNON, P. PATEL, M. BORGHESI, L. ROMAGNANI and
T. BOEHLY / Novel Diagnostic of Shock Fronts in Low-Z Dense
Plasmas

A. CUNNINGHAM, A. FRANK, P. VARNIERE, A. POLUDNENKO, S.
MITRAN and L. HARTMANN / Evolution and Fragmentation of
Wide-Angle Wind Driven Molecular Outflows

S. SUGIYAMA, S. YAMADA and H. TAKABE / X-Ray Line and Recombi-
nation Emission in the Afterglow of GRB

JM. TACCETTI, S.H. BATHA, JR. FINCKE, N.D. DELAMATER,
N.E. LANIER, G.R. MAGELSSEN, R.M. HUECKSTAEDT, S.D.
ROTHMAN, C.J. HORSFIELD and K.W. PARKER / Richtmyer—
Meshkov Instability Reshock Experiments Using Laser-Driven
Double-Cylinder Implosions

T. VINCI, M. KENIG, A. BENUZZI-MOUNAIX, L. BOIREAU,
S. BOUQUET, S. LEYGNAC, C. MICHAUT, C. STEHLE,
O. PEYRUSSE and D. BATANI / Density and Temperature Mea-
surements on Laser Generated Radiative Shocks

L.F. WANEX / Linear Analysis of Axial Sheared Flow in Astrophysical
Jets

G. WEIRS, V. DWARKADAS, T. PLEWA, C. TOMKINS and M. MARR-
LYON / Validating the Flash Code: Vortex-Dominated Flows

S.C. WILKS, H. CHEN, E. LIANG, P. PATEL, D. PRICE, B. REMINGTON,
R. SHEPHERD, M. TABAK and W.L. KRUER / Electron-Positron
Plasmas Created by Ultra-Intense Laser Pulses Interacting with Solid
Targets

M. GONZALEZ and E. AUDIT / Numerical Treatment of Radiative
Transfer

287-291

293-298

299-303

305-312

313-316

317-322

323-326

327-331

333-336

337-340

341-346

347-355

357-362



S.M. ASIDA, E. LIVNE, J. STEIN and L. METZKER / 3D Simulations of
Rayleigh-Taylor Instability Using “Vulcan/3D”

V.I. SOTNIKOV, H. RUHL, R. PRESURA, T. COWAN, J.N. LEBOEUF,
P. HELLINGER and P. TRAVNICEK / Hybrid Simulation of Colli-
sionless Shock Formation in Support of Laboratory Experiments at
UNR

T. LERY, C. COMBET, G. MURPHY and L.O.C. DRURY / Virtual MHD
Jets on Grids

S.I. ABARZHI and M. HERRMANN / Non-Linear Dynamics of the
Richtmyer—Meshkov Instability in Supernovae

J.M. LAMING / Lower Hybrid Wave Electron Heating in the Fast Solar
Wind

C.D. GREGORY, A.D. ASH, D.M. CHAMBERS, C. COURTOIS, R.A.D.
GRUNDY and N.C. WOOLSEY / Interferometric Measurements of
the Interaction of Two Plasmas in a Transverse Magnetic Field

W. HORTON, C. CHIU and T. DITMIRE / Laboratory Simulations of Bow
Shocks and Magnetospheres

363-367

369-374

375-378

379-383

385-388

389-393

395401



PREFACE

The 5th International conference on High Energy Density Laboratory Astrophysics
was held on March 10-13, 2004 in Tucson, Arizona. This is a continuation of
the very successful previous workshops, held in 1996 at Pleasanton, California,
in 1998 at Tucson, Arizona, in 2000 at Houston, Texas, and in 2002 at Ann Ar-
bor, Michigan. During the past several years, research teams around the world
have developed astrophysics-relevant research utilizing high energy-density facil-
ities such as intense lasers and z-pinches. Research is underway in many areas,
such as compressible hydrodynamic mixing, strong shock phenomena, radiation
flow, radiative shocks and jets, complex opacities, equations of state, and relativis-
tic plasmas. Beyond this current research and the papers it is producing, plans are
being made for the application, to astrophysics-relevant research, at the 2 MJ Na-
tional Ignition Facility (NIF) laser at Lawrence Livermore National Laboratory;
the 60kJ Ligne d’Integration Laser (LIL) and the 2 MJ Laser Megajoule (LMJ) in
Bordeaux, France; petawatt-range lasers now under construction around the world;
and current and future Z pinches. The goal of this conference and these proceedings
is to continue focusing attention on this emerging research area. The conference
brought together different scientists interested in this emerging new field, with
topics covering:

Hydrodynamic instabilities in astrophysics,
Supernovae and supernova remnant evolution,
Astrophysical shocks, blast waves, and jets
Stellar opacities

Radiation and thermal transport

Dense plasma atomic physics and EOS

X-ray photoionized plasmas

Ultrastrong magnetic field generation.

These proceedings cover many of the invited and contributed talks presented
at the conference, and refereed by at least three referees. Each invited paper was
allowed six pages, and each contributed poster paper was given 4 pages in these
proceedings. Of 100 papers that were presented, we have 50 that were submitted
for this publication.

The conference was organized by:

Adam Frank, Laboratory for Laser Energetics, University of Rochester, NY
Bruce Remington, L-021, LLNL, Livermore, CA 94550
David Arnett, University of Arizona, Tucson, AZ

Astrophysics and Space Science 298: 1-2, 2005.
— © Springer 2005
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Paul Drake, University of Michigan, Ann Arbor, MI

Alexei Khokhlov, The University of Chicago, Chicago, IL

Sergey V. Lebedev, The Blackett Laboratory, Imperial College, London, UK
Hideaki Takabe, Institute of Laser Engineering, Osaka University, Osaka, Japan
George Kyrala, MS E-526, LANL, Los Alamos, NM 87545

The organizers would like to thank Carmen Ortiz-Henley for the conference
administration, as well as the sponsor and endorsing organizations:

Theoretical Astrophysics Program and Steward Observatory,

University of Arizona, Tucson, AZ

Lawrence Livermore National Laboratory, High Energy Density Program
DOE ASCI FLASH Center, The University of Chicago, Chicago, IL
Laboratory for Laser Energetics of the University of Rochester, Rochester, NY
Los Alamos National Laboratory, Physics Division

APS Division of Plasma Physics

APS Topical Group for Plasma Astrophysics

DOE - NNSA

Finally, the editor would like to thank all the authors, editors at Los Alamos,
and the referees. They spent a significant amount of their time to help produce this
tome, which embodies a significant fraction of the latest in this work. The editor
wished that other authors contributed to this effort as well, and hopes they would
contribute to proceedings of forthcoming conferences.

GEORGE KYRALA
Guest Editor
Los Alamos, 2004



ASYMMETRIC SUPERNOVAE: YES, ROTATION AND MAGNETIC
FIELDS ARE IMPORTANT

J.C. WHEELER, S. AKIYAMA and P.T. WILLIAMS

Department of Astronomy, 1 University Station C1400, Austin, TX, U.S.A.;
E-mails: wheel@astro.as.utexas.edu, shizuka@astro.as.utexas.edu, ptw@lanl.gov

(Received 18 May 2004; accepted 6 July 2004)

Abstract. Spectropolarimetry of core collapse supernovae has shown that they are asymmetric and
often bi-polar. This raises the issue of whether some jet-like phenomena are at work involving rotation
and magnetic fields. We summarize the importance of the magnetorotational instability for the core
collapse problem and sketch some of the effects that large magnetic fields, ~10'°> G, may have on the
physics of the supernova explosion.

Keywords: supernovae, jets, lasers

1. Introduction

New vistas have recently opened in the long quest to understand how stellar core
collapse is reversed to produce spectacular explosions. There have been two par-
allel, occasionally overlapping, perhaps converging paths of development. One of
these has been the study of asymmetries in supernovae. Campaigns to obtain spec-
tropolarimetry of supernovae continue to show that all core collapse supernovae
(those associated with young populations; Type II, Type Ib/c) are polarized and
hence substantially asymmetric (Wang et al., 1996, 2001, 2002, 2003a,b; Leonard
etal., 2000-2002; Leonard and Filippenko, 2001). Similar bi-polar, jet-like patterns
have long been known in Cas A (Fesen, 2001 and references therein) and reinforced
by recent work with CXO (Laming and Hwang, 2003 and references therein) and
can be seen in HST images of the ejecta of SN 1987A (Wang et al., 2002). The
other new vista is the growing connection between supernovae and GRBs that was
dramatically confirmed when SN 2003dh was revealed in the afterglow of GRB
030329 (Stanek et al., 2003).

Jets of sufficient strength can explode the star and produce these asymmetries
(Khokhlov et al., 1999; Khokhlov and Hoflich, 2001; Hoflich et al., 2001), but the
origin of any such jets remains a mystery. Rotation alone can induce asymmetric
neutrino fluxes (Shimizu et al., 1994; Fryer and Heger, 2000), but rotation will
inevitably lead to magnetic field amplification that can both produce MHD effects,
including possibly jets (Wheeler et al., 2000, 2002; Akiyama et al., 2003), and

Astrophysics and Space Science 298: 3-8, 2005.
Z—— © Springer 2005



4 J.C. WHEELER ET AL.

affect neutrino transport (Lai and Qian, 1998; Bhattacharya and Pal, 2003; Ando,
2003). Asymmetries will also affect nucleosynthesis (Maeda et al., 2002; Nagataki
et al., 2003).

The ultimate problem of core collapse is one of three dimensions, magnetic
field, and neutrino transport. We have known that all along, but the polarization of
supernovae and jets from GRBs demand new attention to these issues.

2. The Magneto-Rotational Instability and Core Collapse

Akiyama et al. (2003) have presented a proof-of-principle calculation that the
physics of the magneto-rotational instability (MRI: Balbus and Hawley, 1991,
1998) is inevitable in the context of the differentially-rotating environment of proto-
neutron stars. The magnetic fields can in turn affect the neutrino transport.

The great power of the MRI to generate magnetic field is that while it works on
the rotation time scale of Q~! (as does simple field-line wrapping), the strength of
the field grows exponentially. This means that from a plausible seed field of 10'°
to 10'2G that might result from field compression during collapse, only ~7-12
e-folds are necessary to grow to a field of 10'° G.

Core collapse will lead to strong differential rotation near the surface of the
proto-neutron star even for initial solid-body rotation of the iron core. For sub-
Keplerian post-collapse rotation, Akiyama et al., found that fields can be expected
to grow to 10" to 10'6 G in a few tens of milliseconds. The resulting characteristic
MHD luminosity (cf. Blandford and Payne, 1982) is:

B*r’Q

L ~
MHD 10 ms

P -1
~3x 102 erg s~ BL R, (LS) (1)
If this power can last for a significant fraction of a second, a supernova could result.
The energy of rotation is approximately

1

E ~ —_
rot ZINS le\ls

~ 50 2 Pns -

1.6 x 10™" erg Mns Rxs ¢ (IOms) )
A sufficiently fast rotation of the original iron core is needed to provide ample
rotation energy. This will also promote a strong MHD luminosity.

The implication of the work of Akiyama et al. (2003) is that the MRI is un-
avoidable in the core collapse ambience, as pertains to either supernovae or GRBs.
The field generated by the MRI must be included in any self-consistent calcula-
tion. These implications need to be explored in much greater depth, but there is at
least some possibility that the MRI may lead to strong MHD jets by the magneto-
rotational (Meier et al., 2001) or other mechanisms. A key point is that the relevant
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dynamics will be dictated by large, predominantly toroidal fields that are generated
internally, not the product of twisting of external field lines that is the basis for so
much work on MHD jet and wind mechanisms. Understanding the role of these in-
ternal toroidal fields in producing jets (Williams, 2001; Hawley and Balbus, 2002),
in providing the ultimate dipole field strength for both ordinary pulsars and magne-
tars (Duncan and Thompson, 1992), in setting the “initial” pulsar spin rate after the
supernova dissipates (that is, the “final” spin rate from the supernova dynamicists
point of view), and any connection to GRBs is in its infancy (Proga et al., 2003).

There are a large number of important open issues. Chief among them are
whether or not the rotation and magnetic fields associated with core collapse lead
to sufficiently strong MHD jets or other flow patterns to explode supernovae. This
issue touches on many others.

Magnetic effects in the rotating progenitor star.

— Dynamos and saturation field strengths.

— Affect of large fields on the equation of state.

— Affect of large fields on the neutrino cross sections and transport.

— Affect of large fields on structure and evolution of the neutron star.
— Affect of large fields on jet formation.

— Relevance of MRI and field generation to GRBs and “hypernovae.”

2.1. THE POLEWARD SLIP INSTABILITY

Akiyama et al. (2003) found that the acceleration implied by the hoop stress they
derived was competitive with, and could even exceed, the net acceleration of the
pressure gradient and gravity. The large scale toroidal field is thus likely to affect
the dynamics by accelerating matter inward along cylindrical radii. The flow, thus
compressed, is likely to be channeled up the rotation axes to begin the bi-polar flow
that will be further accelerated by hoop and torsional stresses from the field, the
“spring and fling” outlined in Wheeler et al. (2002).

In this context, another interesting element of MHD physics that may pertain
to core collapse is the poleward slip instability. This is analogous to wrapping a
rubber band around the equator of a ball and then sliding it upward. We are especially
interested in the non-linear behavior, an aspect that is virtually unexplored in the
literature. In the example just given, the rubber band is expelled at the pole in
a dramatic way. Can the analogous physics applied to magnetic fields affect the
formation of jets in core collapse?

The linear stability of toroidal magnetic fields in stars has been investigated by,
among others, Tayler (1973) and Pitts and Taylor (1985) often neglecting rotation or
including it only in the simplified context of constant rotation. A general solution for
the stability in response to an axisymmetric (m = 0) perturbation to the equations
of motion of a gravitating plasma permeated by a toroidal magnetic field is given by
Chanmugam (1979). Such a toroidal field is absolutely unstable in the absence of
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rotation (Spruit and van Ballegooijen, 1982). The actual situation in core collapse
is expected to be complex with strong differential rotation, on-going collapse of
outer matter, convection, strong neutrino fluxes, and significant time dependence.

Most of the analyses of the poleward slip instability and related instabilities in
the literature assume that the field is continuously distributed both in angle and in
distance from the center or axis. In practice, the field will have a complex nature.
In addition, for most dynamos to work, there must be a turbulent element to twist
the field so that shear can stretch it. For the MRI, the turbulence is self-generated
by the instability. Not only does the field have a substantial turbulent component
in this case, but the field reverses sign in simulations on a timescale comparable to
Q~!. Brandenburg et al. (1995) find the field to reverse globally on a timescale of
order 30 Q.

The question thus arises of whether or not these complications affect or even
eliminate the poleward slip instability. We argue that they do not. At a basic level,
the hoop stress, the key component that drives field contraction is a local quantity.
It will have a finite value whenever the field has a local curvature. In the geometries
we are considering that have the field wrapped around the axis, this curvature must
exist. More formally, Ogilvie (2001) and Williams (2001, 2003) have shown that a
plasma permeated by a field acts like a viscoelastic fluid with associated non-local,
hysteresis effects. Williams has argued that even for completely turbulent conditions
where the mean field vanishes (B) = 0, but the rms field is finite (B%)!/? # 0, the
field will exert a hoop stress as long as the field has a mean curvature. We thus
conclude that the field will be unstable to the poleward slip instability even if the
structure is substantially turbulent and subject to field reversal. We note that a
turbulent field will be subject to a full range of non-axisymmetric perturbations and
these may be far more unstable than to purely axisymmetric perturbations.

One of our primary interests is the non-linear response of the field to this pole-
ward slip instability. As a crude way of examining this, let us assume that the
pressure gradient balances gravity to first order and look at the acceleration re-
sulting from the hoop stress and centrifugal potential, assuming conservation of
angular momentum of the matter associated with a flux tube. The result is
v RYQ

af\/__a

r r3

3)

where r is the cylindrical radius, R the value on the equator, and €2, the value of the
angular velocity on the equator. For the case of interest, the saturation field condition
is that v, < R 2, s0 that the centrifugal term dominates and the field cannot slip
along the neutron star surface. Rather, we conjecture that the hoop stresses drive
circulation flow inward along the equator in analogy to a viscoelastic fluid and then
upward parallel to the spin axis. The issue is then whether or not this sort of flow
pattern can contribute to the formation of a bi-polar flow, perhaps by affecting or
being affected by the resulting asymmetric neutrino deposition. Since in this picture
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the field does not necessarily contact nor follow along with the neutron star surface,
this general behavior should apply to both neutron stars and for black holes. This
is the opposite of the preliminary conclusion expressed in Wheeler (2004).

A very interesting question in the context of this meeting is whether some of
these ideas could be tested in a magnetized laser experiment.
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Abstract. Recent results from an ongoing series of Rayleigh-Taylor instability experiments being
conducted on the Omega Laser are described. The goal of these experiments is to study, in a controlled
laboratory setting, the mixing that occurs at an unstable interface subjected to an acceleration history
similar to the explosion phase of a core-collapse supernova. In a supernova, the Reynolds number
characterizing this mixing is extremely large (Re > 10'%) and is more than sufficient to produce a
turbulent flow at the interface. In the laboratory experiment, by contrast, the spatial scales are much
smaller, but are still sufficiently large (Re > 10°) to support a turbulent flow and therefore recreate
the conditions relevant to the supernova problem. The data from these experiments will be used to
validate astrophysical codes as well as to better understand the transition to turbulence in such high
energy density systems. The experimental results to date using two-dimensional initial perturbations
demonstrate a clear visual transition from a well-ordered perturbation structure consisting of only a
few modes to one with considerable modal content. Analysis of these results, however, indicates that
while a turbulent spectrum visually appears to be forming, the layer has not yet reached the asymptotic
growth rate characteristic of a fully turbulent layer. Recent advances in both target fabrication and
diagnostic techniques are discussed as well. These advances will allow for the study of well-controlled
3D perturbations, increasing our ability to recreate the conditions occurring in the supernova.

1. Introduction

Laboratory astrophysics provides a link between astrophysical observations and
models. These hydrodynamics experiments support the effort to model astrophysi-
cal systems. They are also compared to observations made in astrophysics. Intense
lasers can create large energy densities in targets of mm-scale volume. These tar-
gets are well scaled to a supernova explosion so that the two will have similar
hydrodynamic evolution (Ryutov et al., 1999).

The rapid collapse of the Fe core of a supernova causes a shockwave to move
outward through the star. When the dense core is accelerated by a blast wave into
the less dense outer layers, the Richtmeyer-Meshchov (Richtmyer, 1960; Meshkov,
1969) instability and the Rayleigh-Taylor (Rayleigh, 1900; Taylor, 1950) instability

Astrophysics and Space Science 298: 9-16, 2005.
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Figure 1. Simulation of supernova explosion.

occur. Structures evolve as the dense layer is decelerated by the less dense outer
layer. Simulations of a supernova show spikes of heavier elements move outward
into the less dense hydrogen layer, while bubbles of hydrogen penetrate inward.
Kifondis et al. (2000) simulated the explosion with perturbations produced by
neutrino-driven convection but did not include a perturbation at the outer surface.
It is shown in Figure 1. These simulations under-predict the observed radial extent
of material mixing in supernova. In SNe, the Rayleigh-Taylor instability generates
outwardly propagating spikes of Fe group elements. The radial velocity of these
spikes in simulations is lower than the observed value by a factor of approximately
2. In part the spikes are slowed when they encounter the dense material at the He/H
interface (Kifonidis et al., 2000). Fryxell, Miiller, and Arnett had another 2D model
that not include neutrino-driven convection, but did have a random perturbation on
the entire volume. There was penetration of heavy elements, but not at velocities
high enough to explain observations (Fryxell et al., 1991).

Laboratory experiments are being used to investigate two possible explana-
tions for this mixing discrepancy. The Reynolds number characterizing mixing in
supernova explosions is estimated to be of order 10'° (Ryutov et al., 1999). By
comparison with classical flows, this should result in turbulent flow. None of the
simulations done to date, however, appear to be turbulent. A transition to turbulence
will provide an increase in the radial transport of material. Also, the initial condi-
tions in the progenitor might give rise to an asymmetrical explosion, which would
again result in enhanced radial transport of a fraction of the core material. Both
numerical simulations and observations suggest the possibility of asymmetrical ex-
plosions. Laboratory experiments can be valuable in providing data on the transition
to turbulence in similar instability-driven, high-Reynolds-number systems.

2. 2D, 2-Mode Coupling Target Design and Experiment

The experiments are conducted in mm-scale shock-tubes that create similar inter-
facial acceleration history to that of supernova. This acceleration history can be
seen in Figure 2. Figure 3 shows the target design for the experiment. The target is
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Figure 3. (a) Target schematic. (b) A face-on view of the rear surface of the polyimide with the doped
CH strip in place. (c) Plot of single-mode perturbation and 2-mode perturbation with out of phase
variation.

800 pum in diameter with a front surface of polyimide. Ten Omega (Boehly et al.,
1995) laser beams with a 1 ns flat-topped pulse irradiate the polyimide surface with
an intensity of approximately 10'> W/cm?. The laser has a wavelength of 0.35 um
and a spot size of 820 um FWHM. The ablated polyimide surface is 150 um thick
with a density of 1.41 g/cm?. The rear surface of the polyimide has a 200 xm, 75 um
deep m opening and a strip of material glued into it that is CH doped with 4.3 at.%
of bromine or 3 at.% iodine. A face-on view of the rear surface of the polyimide is
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shown in Figure 3b. The strip is density matched to the surrounding material and
is also low Z so that the two materials will have similar hydrodynamic responses
to extreme pressure. X-rays are used to make a radiograph during the experiment.
Since doped CH strongly absorbs the X-rays one can better observe the structure
formed during the experiment. A 2 dimensional perturbation is machined onto the
rear surface of the polyimide/doped CH package. The amplitude of this perturbation
is ag sin(kyx), where ay = 2.5 um and the wave number k, = 27 /(50 um). On
top of the initial perturbation this experiment included a second perturbation with
a variation in phase. The target was split between a single mode perturbation and a
2-mode perturbation. A plot of this amplitude can be seen in Figure 3c. Behind the
polyimide/doped CH package is approximately 2.4 mm thick carbonized resorcinol
formaldehyde (CrF) foam. The foam has a density of 50 mg/cm?. This package is
held together by a Be shock tube 1100 m in outer diameter and the front end of
the target has a 2.5 mm Be shield to prevent interference with the diagnostics. A
gold grid is placed on the target facing the diagnostic for location and magnification
calibration.

The primary diagnostic in these experiments is X-ray radiography. These ex-
periments used a point projection backlighting technique to increase resolution and
contrast. A Ti foil was irradiated with several Omega laser beams, creating X-rays.
The X-rays were focused through a 10 um pinhole in Ta through the target and to
a single-strip framing camera.

3. 2D, 2-Mode Simulations

The experimental setup for the 2-dimensional mode coupling experiment was simu-
lated using the CALE code. CALE is a 2D Arbitrary Eulerian Lagrangian radiation
hydrodynamics code. These simulations can be seen in Figures 4a—4d. Each figure
is at a different time in the simulations and compares the single mode, 2-mode
in-phase and 2-mode out-of-phase. The simulations are at 7ns, 16 ns, 26 ns, and
38 ns. The simulations of this experiment show clear difference resulting from the
initial phase of the two modes. The out-of-phase initial condition clearly produces
a mixed layer of greater complexity.

4. Experimental Results for 2D, 2-Mode Coupling Experiment

Figures 5a—5c are the radiographs from the 2D mode coupling experiment at times
of 13 ns, 25 ns, and 37 ns respectively. These radiographs show a clear transition to-
ward a more complicated modal structure, with clear difference from the supernova
simulation as seen in Figure 1. By taking a horizontal lineout measurement of the
spike and bubble one is able to calculate the amplitude of the mixing layer. Figure 6
is a plot of the average amplitude of the mixed layer vs. time. The solid lines are
predictions from simulations and the different plot values represent single-mode,



PROGRESS TOWARD THE STUDY OF LABORATORY SCALE 13

b i E - ) L] L] i i

Figure 4. 2D CALE simulations single mode, 2-mode out-of-phase, and 2-mode in-phase perturba-
tionsatt =7ns,t = 16ns,¢ =25ns,t = 38ns.

Figure 5. X-ray radiograph of 2D mode coupling experiment, (a) ¢ = 13ns, (b) t = 25ns, (¢)
t = 38ns.

Mixing layer amplitude

2507 T T T

. [ | = single-mode
E 2001 A& In-phase 1 7
n ® out-ol-phase i
S g
%* 100 1 t -
z L simulations
.-_7[. 50 5 . -

t [ M BN ! M | N .

0 10 20 30 40
Time (ns}

Figure 6. Plot of amplitude vs. time for 2D mode coupling experiment for single-mode, in-phase,
and out-of-phase.



14 C.C. KURANZ ET AL.

L

pt;lyimida

Figure 7. Mean elevation of the doped CH tracer strip is lower by 5 um compared to polyimide.

2-mode in-phase, and 2-mode out-of-phase experiments. This plot shows that even
though the interface is increasing in modal complexity there is no increased in the
overall layer growth rate has been observed. Some experimental issues limit the
observational time, such as the edge effects from the shock tube walls. Also, the
blast-wave strength decays with time, which impedes late-time growth. The up-
coming National Ignition Facility will eventually allow for greater length scales
and much longer evolution times.

5. 3D Perturbation Experiments

Experiments were also performed with a 3D surface perturbation. An “egg-crate”
perturbation was machined onto the rear surface of the polyimide/doped CH pack-
age. The amplitude of this perturbation is ay sin(k,x)sin(k,y), where ap = 2.5 um
and the wave numbers k, = k, = 27 /(71 um). These experiments have resulted
in significantly increased spike growth. After the experiment was performed it was
realized that the method used to machine the polyimide/doped CH surface intro-
duced short-scale roughness in the doped CH strip. In addition, the interface had an
unintentional large-scale (low-mode number) 2D perturbation that can be seen in
the mean elevation of the tracer strip in Figure 7. Therefore, the initial surface per-
turbation has both shorter and longer components than the fundamental 3D mode.

The 3D experiments used an area backlighter as opposed to a pinhole backlighter
that was used in the 2D mode coupling experiment. A thin Sc foil was placed
approximately 4 mm from the target and irradiated on either side with additional
laser beams. These beams were delayed 10 to 30 ns relative to the drive beams to
monitor the evolution of the interface over time. The result is several radiographs
at different times.

6. 3D Experimental Results

X-ray radiographs of the 3D experiments can be seen in Figure 8. The top row of
radiographs used a 3D perturbation and the second row had a planar interface used
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Figure 8. X-ray radiographic data for a three-dimensional perturbed interface and a planar interface
in the top and bottom row, respectively.
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Figure 9. A comparison of the 3D perturbation experiment and 2D mode coupling perturbation
experiment.

as a reference for the initial growth. At 17 ns the spikes are at the shock front and
at 21 ns the spike structure is poorly resolved. The 2D and 3D data are compared in
Figure 9. The plots show the position vs. time of the shock, spike and bubble. It is
clear the spikes in the 3D perturbation have reached the shock while the spikes in
the multi-mode 2D experiment are falling away from the shock front. This suggests
the possibility that the superposition of a low-mode perturbation could significantly
affect the extent of mixing in supernova.

To explore the increased spike penetration phenomenon a target with a recessed
tracer perturbation was simulated in 2D with CALE. The target schematic used in
this simulation can be seen in Figure 10a. The recessed tracer perturbation generates
ajet-like flow enhancing the spike penetration. The CALE simulation at 17 ns can be
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Figure 10. a) Target schematic withrecessed tracer strip b) CALE simulation with recessed tracer strip.

seen in Figure 10b. From the diagnostic view, the spikes are essentially at the shock
location. The enhanced spike penetration results primarily from a superposition of
a jet-like flow as opposed to mode coupling.

7. Conclusions

Experiments have been performed on the Omega laser to study two possible mech-
anisms for enhanced radial transport in SN explosions. Significant improvements
have been made in the target fabrication process, resulting in 3D surfaces of great
precision. Future experiments in this series can now be more directly coupled to
recent results from 3D stellar evolution models to address the issue of the effect of
initial conditions on SN mixing.
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Abstract. In core-collapse supernovae, strong blast waves drive interfaces susceptible to Rayleigh—
Taylor (RT), Richtmyer—-Meshkov (RM), and Kelvin—Helmholtz (KH) instabilities. In addition, per-
turbation growth can result from material expansion in large-scale velocity gradients behind the shock
front. Laser-driven experiments are designed to produce a strongly shocked interface whose evolution
is a scaled version of the unstable hydrogen—helium interface in core-collapse supernovae such as SN
1987A. The ultimate goal of this research is to develop an understanding of the effect of hydrodynamic
instabilities and the resulting transition to turbulence on supernovae observables that remain as yet
unexplained.

This paper represents a summary of recent results from a computational study of unstable systems
driven by high Mach number shock and blast waves. For planar multimode systems, compressibility
effects preclude the emergence of a regime of self-similar instability growth independent of the initial
conditions (ICs) by allowing for memory of the initial conditions to be retained in the mix-width
at all times. With higher-dimensional blast waves, divergence restores the properties necessary for
establishment of the self-similar state, but achieving it requires very high initial characteristic mode
number and high Mach number for the incident blast wave. Initial conditions predicted by some recent
stellar calculations are incompatible with self-similarity.

1. Introduction

The appearance of Supernova 1987A in the Large Magellanic Cloud marked
the beginning of a change in the way people think about the violent endpoint of
massive stars. Although it had been known for some time that the layered structure
of the progenitor should be hydrodynamically unstable during the explosion (Falk
and Arnett, 1973; Chevalier, 1976), the assumption of spherical symmetry was
almost always incorporated into models and otherwise reflected in the paradigm
of core-collapse supernovae. This was due in large part to the practical limitations
of multidimensional numerical calculations. But when heavy elements originating
from the core of SN 1987A appeared at the photosphere 6 months earlier than
predicted by one-dimensional explosion models, it became clear that something
significant was being neglected (Tueller et al., 1990). Since then, the evidence that
asymmetry is the rule in core-collapse supernovae has continued to accumulate
(Wang et al., 2003; Hughes et al., 2000), and multidimensional computer codes
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have been developed and applied to the problem in an effort to understand the
proposed asymmetry mechanisms.

One such mechanism is based on the hydrodynamic instability of perturbed
interfaces when subjected to a reversal of pressure and density gradients. Due to
processes such as convective stirring and localized thermonuclear burn, bound-
aries between layers of different materials within the star are unlikely to be per-
fectly smooth. Even if the shock wave produced as the core rebounds against
neutron degeneracy pressure is initially spherical, it can drive the amplification
of any such preexisting perturbations via the Rayleigh-Taylor (RT) (Rayleigh,
1899; Taylor, 1950) and Richtmyer—Meshkov (RM) (Richtmyer, 1960; Meshkov,
1969) instabilities. After passage of the shock front, this interface evolves into
a complicated structure of outward-growing spikes of heavier material and in-
falling “bubbles” of lighter elements (Arnett et al., 1989). Late in time, these
spikes can move far ahead of what a 1D model would predict as the interface po-
sition and might explain the anomalously early appearance heavy elements at the
photosphere.

In ongoing experiments aimed at studying instability-driven mixing under
supernova-relevant conditions, laser energy is used to drive high Mach number
planar shock and blast waves into one end of millimeter-scale cylindrical targets
(Drake et al., 2002; Miles, 2004). A typical target consists of a more dense plastic
section and a less dense foam section, with a prescribed perturbation machined
into the plastic at the plastic/foam interface. After the passage of the shock, the
interface is unstable and evolves under the combined influence of RT, RM, and
Kelvin—Helmholtz (KH) instabilities. Additional laser beams directed on high-Z
backlighter foils yield X-rays that pass through the target and are used to image the
developing instability.

2. Self-Similar RT Growth and Transition to Turbulence

For classical RT systems comprised of incompressible fluids under constant accel-
eration, it is widely believed that memory of the initial conditions is lost at late
times after the establishment of a self-similar regime (Youngs, 1984). This idea
ultimately is based on the simple fact that larger bubbles rise faster than smaller
bubbles, and can be explained in terms of bubble competition and merger (Sharp,
1984; Glimm and Li, 1988; Oron et al., 2001). As a larger bubble rises above its
smaller neighbor, it is free to expand laterally, eventually filling the space previously
occupied by its neighbor. Material flowing around the larger bubble and into the
spikes below sweeps the smaller bubble downstream. This process leads to the con-
tinual generation of larger, faster moving objects and an acceleration of the bubble
and spike fronts. Eventually, the interface is dominated by structures resulting from
many successive generations of bubble merger rather than from the unstable growth
of preexisting perturbations. Loss of memory of the initial conditions means that
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the statistical properties observed in the late-time interface could have arisen from
a wide range of initial perturbation spectra. If the initial conditions are forgotten,
the height of the bubble front as well as the dominant transverse scale must grow in
proportion to g#%, where g is the acceleration and ¢ is time, as this is the only length
scale remaining in the problem. The interface can be described in a statistical sense
by a bubble-size distribution function. In the self-similar or scale-invariant regime,
this function does not change in time except for a scale factor proportional to the
characteristic bubble size.

Although the idea of self-similar RT growth is well motivated, it has yet to be
demonstrated conclusively. If the self-similar regime does exist, then it is certainly
difficult to reach in simulations and diagnosable experiments. The gr* scaling is
observed, but there is a great deal of disagreement and debate about the constant of
proportionality o (Dimonte and Schneider, 2000). Despite limited understanding
of nonlinear instability evolution in classical RT systems, the ideas of self-similar
growth are sometimes invoked in discussions of blast-wave-driven instabilities in
core-collapse supernovae. Even if valid in the classical case, one should question
to what extent these ideas would apply in the more complicated blast-wave-driven
case, where RM is present, the acceleration is time-dependent, and the flow is
compressible.

Whether or not there is a true self-similar regime, hydrodynamically unstable
systems certainly can undergo a transition from an early time, more ordered struc-
ture to a late time structure that is disordered and appears random. If the Reynolds
number is sufficiently high and sufficient time is allotted, this late-time structure
will be turbulent. Many unanswered questions remain about the requirements for
transition and its relationship to loss of memory of initial conditions. In particular,
the effect of the initial conditions on the transition is not well understood. In addi-
tion, itis also important to understand what effect the transition has on the instability
growth rate. For 3D systems, it has been noted that there will be a competition be-
tween the continual generation of larger, faster growing structures and the tendency
of increased turbulent dissipation to inhibit the growth (Youngs, 1994). To date,
2D simulations of mixing in Type II supernovae produce spike velocities about a
factor of two smaller than the observed velocities of heavy core elements beyond
the photosphere (Kifonidis et al., 2003). It remains unclear whether or not this dis-
crepancy can be resolved once 3D effects, including the transition to turbulence,
are included in high-resolution calculations.

3. Summary of Results from Models and Simulations

We have developed a model that describes the evolution of a blast-wave-driven
multimode interface in terms of bubble competition and merger (Miles, 2004). Our
model goes beyond previous work by including the effects of material decompres-
sion and stretching behind the shock front for both planar and divergent systems.
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On the basis of this model, we are able to show that self-similarity and loss of initial
conditions might be possible in divergent systems such as supernovae but are not
realizable in planar systems such as most laser-driven experiments intended to study
mixing in supernovae. The difference arises because modes in divergent systems
undergo transverse in addition to radial stretching. Because the time dependence
of the stretching is the same in both directions, the ratio of transverse to parallel
scales is preserved.

For planar systems, we predict a quasi-self-similar regime during which the
instability evolution is approximately self-similar over a limited period of time.
During this regime, the ratio of characteristic wavelength to perturbation amplitude
decreases slowly in time rather than approaching a constant asymptotic value. Even
in the divergent case, loss of initial conditions is possible only for systems with
very small-scale initial conditions driven by very high Mach number blast waves.
Recent stellar calculations (Kifonidis et al., 2003; Meakin and Arnett, in prepara-
tion) predict significant amplitudes for modes as low as 24—48 due to convection. If
these predictions are correct, the late-time interface structure observed in supernova
remnants likely depends strongly on the initial conditions present within the star at
the time of explosion.

Finally, the model predicts that the finite duration of the blast-wave drive sets a
maximum scale that can be generated on a given interface. For planar systems, we
call this scale the “effective box size”. For divergent systems, this corresponds to
a minimum mode number that depends weakly on the incident Mach number and
initial mode number as long as both are sufficiently high (see Figure 1).

Model predictions for planar systems have been tested against 2D and 3D Raptor
(Howell and Greenough, 2003) simulations with broadbanded multimode interfaces
under drive conditions to be attainable at the National Ignition Facility (NIF). The
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Figure 1. Model-predicted minimum mode number that can be generated by a spherical blast wave
as a function of the initial mode number. Drive decay imposes a limiting mode number for divergent
systems. The asymptotic modal structure depends weakly on the initial conditions and the drive
strength if the incident shock Mach number and the initial mode number are both high.
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Figure 2. Amplitude histories from 52 2D simulations of planar laser-driven systems under NIF-like
drive conditions. Memory of the initial conditions is retained in the parallel scales at late times.

calculation set includes over 70 high-resolution (at least 512 cells in the transverse
direction) 2D simulations and five 3D simulations (with 256 cells in each trans-
verse direction). In agreement with our model, the perturbation growth shows no
apparent approach to a self-similar regime independent of the initial conditions (see
Figure 2). We also observe the effective box size due to drive decay, which sets a
maximum transverse scale that can be generated, and the quasi-self-similar regime.
This regime is found to exist after the generation of scales larger than the initial
conditions but before the effective box size is reached.

The existence of the quasi-self-similar state and the drive-imposed effective
box size make the blast-wave-driven case distinct from classical RT. However,
transition to the quasi-self-similar state is very similar to its classical counterpart.
In both cases, it is marked by an increase in the degree of small-scale mixing (see
Figure 3), a decrease in the spike velocity, and often an increase in the bubble
velocity.

Significantly, the apparently random variations observed in late-time ampli-
tudes (in Figure 2) and growth rates are not well correlated with initial spectral
shape. Only the average spectral properties are important, such as the initial rms
amplitude and characteristic wavenumber. This bodes well for simulations of sim-
ilarly strongly driven systems that leave a portion of the short-wavelength end
of the spectrum unresolved. As long as the system contains some fast-growing
and interacting modes that can be resolved computationally or reproduced ex-
perimentally (and has the correct initial rms amplitude), the late-time instability
evolution will likely closely resemble the fully resolved or complete system. This
reaffirms the hope that laser-driven experiments can serve as useful and relevant
platforms for studying compressible mixing in supernovae despite their drastically
more limited available range of scales. Similarly, carefully designed numerical sim-
ulations need not necessarily reproduce the full range of spectral details present in
their physical counterparts in order to reasonably reproduce the late-time large-
scale interface structure. These conclusions apply in particular to systems with
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Figure 3. (a) Mixing parameter from 2D and 3D calculations with narrow gaussian (ng) and 1/k initial
perturbation spectra and (b) log density plots for the narrow gaussian case. The mixing parameter
is equal to zero when there is no mixing in the interface region and one if the interface material is
completely mixed.

long-wavelength modes large enough in amplitude to reach the nonlinear phase
early on.

In agreement with 3D classical RT calculations performed by others, we find
more fine-scale mixing and small-scale structure in 3D than in 2D after transition
to the turbulent-like state (see Figure 3). The process of transition, however, is very
similar in both cases. Transition is triggered by spike interaction and breakdown
that is complete when the perturbation amplitude is 5—6 times the characteristic
wavelength in the initial spectrum.

Due to enhanced mixing, the post-transition bubble growth is reduced relative
to that observed in the 2D calculations. The spike growth, however, does not appear
to be inhibited and might even be enhanced. This is particularly significant in light
of the fact that 2D supernova calculations that invoke instability-driven mixing to
explain enhanced transport of heavy core elements consistently underpredict the
late-time spike velocities by about a factor of 2.
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4. Future Work

We plan to continue this research along several parallel directions directly applicable
to both supernovae and ICF applications. We would like to further investigate the
effect of spike interactions on their velocity distribution in order to determine the
extent to which spike material can be accelerated towards the shock front.

With the greater energy, temporal, and spatial scales afforded by the NIF laser,
experiments will potentially be capable of unambiguously demonstrating transition
to 3D turbulence, the generation of larger scales through multiple generations of
bubble merger, and the late-time freeze-out stage. Through collaboration with astro-
physicists studying supernova progenitors, we will attempt to incorporate realistic
initial spectra into the experiments.

Planar experiments are particularly valuable because of their improved diagnos-
ability relative to spherical systems and their ability to better maintain high energy
density in the absence of divergence. However, our buoyancy-drag model has sug-
gested that the absence of divergence changes the nature of the instability evolution
by ensuring that memory of the initial conditions is retained in the perturbation
amplitudes at all times. Consequently, we are working to develop a divergent plat-
form for supernova-relevant compressible mixing experiments. Finally, we note
that current ICF diagnostics in general and X-ray radiography in particular are not
optimized for detailed studies of 3D turbulence in laser-drive targets. The long-term
success of this program will ultimately depend on the development of innovative
new experimental techniques.
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Abstract. The growing field of Laboratory Astrophysics seeks to study the extreme environments
found in many astrophysical events in the controlled setting of a laboratory. In addition to the opportu-
nity to perform basic research into the nature and properties of materials in astrophysical environments,
laboratory astrophysics experiments serve beautifully for validating calculations performed by simu-
lation codes designed to model astrophysical phenomena. I present results from our ongoing validation
effort for FLASH, a parallel adaptive-mesh hydrodynamics code for the compressible, reactive flows
of astrophysical environments. The first test case is a laser-driven shock propagating though a mul-
tilayer target introducing Rayleigh-Taylor and Richtmyer—Meshkov fluid instabilities at the material
interfaces. The second is an accelerating fluid interface that is subject to the Rayleigh—Taylor instabil-
ity. We found good agreement between simulations and experiment for the multilayer target case, but
disagreement between experiment and simulation in the Rayleigh—Taylor case. I discuss our findings
and possible reasons for the disagreement.

Keywords: methods, numerical hydrodynamics instabilities

Introduction

The growing field of high-energy density Laboratory Astrophysics seeks to under-
stand the physics of astrophysical environments by studying similar conditions in
the laboratory. Contemporary research utilizes modern facilities such as intense
lasers to probe the physic