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In studying complex astrophysical phenomena such as supernovae, one does not have the luxury of
setting up clean, well-controlled experiments in the universe to test the physics of current models
and theories. Consequently, creating a surrogate environment to serve as an experimental
astrophysics testbed would be highly beneficial. The existence of highly sophisticated, modern
research lasers, developed largely as a result of the world-wide effort in inertial confinement fusion,
opens a new potential for creating just such an experimental testbed utilizing well-controlled,
well-diagnosed laser-produced plasmas. Two areas of physics critical to an understanding of
supernovae are discussed that are amenable to supporting research on largé Jasergressible
nonlinear hydrodynamic mixing an@) radiative shock hydrodynamics. @997 American
Institute of Physicg.S1070-664X97)91205-2

I. INTRODUCTION to impact the inner ring in 5-10 ¥~ We stand poised to
witness a colliding plasma “astrophysics experiment” of a

On February 23, 1987 at 0735 UT, the blue supergiantather spectacular nature. Simulations offer enticing glimpses
Sanduleak-69°202 located in the Large Magellanic Cloud of what may transpire, as shown by the density—pressure
(LMC), a dwarf galaxy at a distance of 50 kpc from earth,plots in Figs. 1c) and Xd) (reproduced from Ref. 16Apart
exploded as a core-collapse type Il supern¢8il).! This  from cosmic pyrotechnics, one harbors hope that this colli-
event was marked by a prodigious outburst of neutrinos folsion may shed light on the nature of the circumstellar ring
lowed ~ 3 h later by the UV flash as the shock broke throughnebula.
the surface of the star. Thus began what will certainly be  Both of these phases of SN evolutifthe core hydrody-
recorded as the most significant astrophysical event of theamic mixing at intermediate times (010" s) and collid-
decade. By February 23, 1997 we will have been studyingng plasmas during remnant formatioare areas rich with
SN1987A for 10 years; our understanding has progressefossibilities for supporting laboratory experiments. We re-
enormously. One example is the consensus that strong hyort here on two such experiments, utilizing the Nova fHser
drodynamic mixing of the heavier core elements outward$o create the relevant plasma environment. In Sec. II, we
into the lower density envelope is needed to explain a widgliscuss hydrodynamic instabilities in the context of core-
range of observables. This mixing is illustrated in Fige)l ~collapse SN(in particular, SN19874 and in Sec. Ill we
with results from a two-dimensioneﬂz_D) simulation of present the Corresponding laser experiment. In Sec. IV, we
SN1987A at 3.6 h after explosion showing an image ofdescribe the early stages of SN1987A remnant formation,
density? and will be discussed further below. But new mys- and the corresponding laser experiment is discussed in Sec.
teries continue to emerge. Despite considerable effort worlf- Conclusions and an outlook for the future are contained in
wide, simulations still predict that the mixing front Sec. VI.
progresses nearly a factor of 2 more slowly than obsetvéd.

SN1987A is now evolving into the early remnant stage.!l- THE HYDRODYNAMICS OF SN1987A

An optical image taken in Feb. 1994 with a wide-field cam-  sypernovae represent one of nature’s most dramatic and
era on the Hubble Space Telescofeshown in Fig. ).  spectacular exhibitions, with peak luminosities exceeding
The expanding SN ejecta corresponds to the central brighhat of entire galaxies. Observations have not been limited to
spot, surrounded by what appears to be an assembly of thregodern times, either, with such historical examples as Ty-
rings. The origin of these ring nebulae still remains acho’s supernova (SN1572 and Kepler's supernova
mystery'® There is general agreement, however, that the SNSN1604.1° Much effort has been invested in developing
ejecta is expanding at a much higher velocity{0* km/s)  models to understand the underlying processes of superno-
than the nebular ringd 0—-20 km/$, with the ejecta expected vae. Until recently, most efforts have been focused on one-
dimensional1-D) stellar evolution models, treating multidi-
*Paper 4IF2, Bull. Am. Phys. Sod1, 1475(1996. mensional hydrodynamics effects with prescriptions from
TSymposium speaker. mixing length theory. All this changed with SN1987A. The
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FIG. 1. (a) Density distribution at a time of 3.6 h after explosion from a 2-D simulation of the hydrodynamic mixing in SN1@8&produced from Ref.

2. The spatial extent of the image is<30'2cm. The seed at the beginning of the calculation for the Rayleigh—Taylor growth was a random perturbation of
10% amplitude applied to the radial velocity in each zone behind the stimckn image of SN1987A obtained by the Hubble Telescope in Feb. 1994. The
expanding supernova ejecta is the central dot. The inner ring is a planetary nebula of uncertain origin. The outer rings are also part of the nebular structure.
The emissions have now faded but are expected to resume in a few years when the ejecta strike the ifiRepraotuced from Ref. 9(c) Simulations of

the collision of the SN ejecta with the inner ring nebula two years after initial imfiarn Ref. 16. The top half represents density, and the bottom half is
pressure(d) Same agc) only 23 years after initial impact.

first hints that all was not well with the spherically symmet- and higher were inferretf:?> Modeling in 2D predicts sig-
ric 1-D model of SN1987A came from the light curve, that nificantly lower peak velociti€s’ of <2000 km/s. It would
is, total luminosity versus time. A secondary maximum wasbe highly beneficial at this point to provide experimental
observed, but considerably earlier20 day$ and broader tests of the codes used to model supernovae.

than expected® Then came the “Bochum event,” a spectro- Current uncertainties notwithstanding, the following pic-
scopic anomaly starting at day25 suggesting an auxiliary ture has emerged for SN1987A. A 1-D stellar evolution cal-
heat sourcd The observation of the core elements of culation gives the density profile for the M9, mass
%6Ni, 56Co, and®®Fe poking out through the surrounding hy- progenitor?® shown in Fig. 2a). There exists an inner Fe
drogen envelop six months earlier than expected, howevecore,M,/Mg<1.6, surrounded by a layer of Si, Ne, O, and
proved conclusivé®?2 The 1-D models of SN were largely C in the region corresponding to k8M,/M»<2.3, fol-
abandoned, and modeling in 2D commenced in earnestowed by a mostly He layer at 28 M, /M <6, and ending
From the Doppler broadening of the infrared and gamman a hydrogen envelope fdvl, /M s> 6, which extends out
spectral lines of Fe, Ni, and Co, core velocities of 3000 km/go a radius oR,=2.2x 10*? cm. Here M, refers to the mass
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FIG. 2. Supernova simulations in 1D of SN1987A showiagthe initial density profilgM, represents the mass contained out to a radius ahdMg, is

one solar mags(b) the velocity versus time of the He—H interface, doddensity, pressure, and H mass fraction profiles at 400d)s(e) Results from 2-D
simulations of SN1987A showing isodensity contours of the RT unstable interfaces, corresponding to random multimode seed perturbations in velocity of
Svlv=1% and 5% (From Ref. 3)

out to a radiug, andM g represents one solar mass. The SNdensity, pressure, temperature, and velocity at the interface
explosion is triggered when the Fe core collapses to form are 2.3 g/cry, 75 Gbar, 6 keV, and 810° cm/s, respec-

1.6 My neutron star. When the core reaches the density dfively. We show the velocity of the He—H interface as a
nuclear degenerate matter, the core rebounds, whicfunction of time in Fig. Zb), and the density and pressure
launches an exceedingly strong radial shock propagating ouprofiles at a time of 4000 s in Fig(®. By 4000 s, the shock
ward through the star, corresponding to a release of 1—has traveled about halfway out of the star. Note that at the
X 10°! ergs of energy, which effectively blows the star apart.He—H interface R~1.0x 10'2 cm), the pressure, and den-
The mass cut, that is, the division between what collapsesity gradients are crossed, that ¥p-VP <0, such that the
into the neutron star versus what is ejected, is believe to li¢le layer is being decelerated by the lower density H layer.
somewhere within the oxygen layer. This situation is unstable to the Rayleigh—Tayl@RT)

In the discussion to follow, we start with a progenitor instability?® and perturbations at the interface grow in time.
similar to that shown in Fig. @), and calculate the hydro- The evolution of compressible, nonlinear, multimode RT
dynamic evolution using the SN hydrodynamics codeinstability is an unsolved theoretical problem, and one turns
PROMETHEUS>?*In this work, we focus on the instabilities at to detailed numerical simulations. An example of a 2-D SN
the He—H interface. To economize on computing time, wesimulatior? is shown in Figs. @) and 2e) by the isodensity
model only M,/Mg=5, depositing the explosion energy, contours corresponding to a time of 3.6 h. The two cases
E=1.5x 10°! ergs, as a mix of thermal and kinetic energy atshown differ only in the magnitude of the initial multimode
the inner boundary NI, /M5=5). This launches a strong root-mean-squaré€rms) velocity perturbation:dv/v=1%
radial shock that reaches the He—H interfalé, (Mo =6) and 5%. Figure (8) shows a similar calculation only at a
after a transit time of about 100 s. At this point, the initial factor of 2 higher resolutioh,and sv/v=10%. Though
1996
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FIG. 3. Supernova hydrodynamics experiment using the Nova I@d&xperimental configuratiorip) the velocity versus time of the Cu—Glihterface from
a 1-D HyaDEs simulation;(c) 1-D simulation showing density and pressure profiles at 20 ns using the sedess and caLe. The Cu—CH interface is
located at a position of about 28m, as indicated, and the forward shock in the,G$lat about 44Qum. (d) Same agc) except usingROMETHEUSINStead
of cALE.

these seed velocity perturbations are introduagdhochere, =89 g/cn?) foil backed by 500 um of CH, (p

they are not unreasonable in magnitude, based on recentg g5 glcnd). A A=200um wavelength,7,=20 um am-
simulations of convection in the oxygen burning shell justpjitude sinusoidal ripple is imposed at this embedded inter-
prior to the SN exposioff: There is strong instability growth  face. The package is mounted across a hole in the hohlraum
evident, with spikes of the heavier He falling radially out- 4| 50 that the innefsmooth side of the Cu sees the X-ray
ward through the lower density H layer. We note the follow- yjye Diagnosis of the interface is through side-on, x-ray
ing: (1) The instability has evolved well into the nonlinear radiography, using the remaining two Nova beams focused
regime for all three calculations, with characteristic peak-to-j i 4 Fe backlighter disk to genezat 5 npulse of Hee x
valley amplitudes larger than characteristic wavelengthsl,ays at 6.7 keV. In this side-on view, the opaque Cu appears
7pv=Nchar @nd the perturbations taking on the classic RT.s a shadow. and the Ghis essentialyly transparent
bubble-and-spike shap&) The final result at 3.6 h is still We modél the laser experiment using a comBination of

sensitive to the “initial conditions,” since increasing the ) S
) . codes. In Figs. ®)—3(d) we show the results of modeling in
seed amplitudes increases the grow8). There appears to 324y ADES is

> ) 1-D with HYADES,*° cALE, 3! andPROMETHEUS
be a characteristic dominant mode of mode number a 1-D Lagrangian code with multigroup radiation transport
=2wR/IN=20, though the starting configuration was a ran- grang group P

dom multimode pattern(4) The peak velocities of the Ni and tabular equation of sta(EOS, CALE is a 2-D arbitrary

spikes penetrating into the hydrogen envelop in these tw&agrang|an—!5ulerlan codg W'th .tabular EQS, and
calculations are not appreciably different, with, ., PROMETHEUSIS a 3-D Eulerian piecewise parabolic method

(PPM) code usinghere an ideal gas EOS. We use a mea-

<2000 km/s. . :
sured radiation temperaturd@,(t), as the source input to
HYADES. Figure 3b) shows the velocity of the Cu—GHn-
. EXPERIMENTS OF SUPERNOVAE terface as simulated iAYADES. Note the impulsive shock
HYDRODYNAMICS acceleration, followed by a protracted deceleration, similar to

The experimental configuration adopted for these lasethe He—H interface in the SN, shown in Fighp We do a
experiments is illustrated in Fig(& and is described exten- high-resolutionHYADES run, including multigroup radiation
sively elsewheré’~2°Eight of the ten Nova laser beams at a transport, for the first 2.45 ns, at which time the shock is
duration of 1 ns and total energy of 12 kJ are focused into @pproaching the Cu—GHnterface. We then map the results
3.0 mm long, 1.6 mm diam Au hohlraufaylindrical radia- to either 1-D or 2-DcaALE and PROMETHEUS (We do not
tion cavity) converting to a~190 eV thermal x-ray drive. have radiation transport in the versions of these 2-D codes
The experimental package is planar, a @n Cu (p  that we are using.We compare the results for pressure and
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FIG. 4. Comparison ofa) data at 33 ns with the simulations usifig cALE at 30 ns andc) PROMETHEUS The results labeled “smeared” have been convolved
with the experimental instrument resolution functi¢d). Comparison of the bubble-and-spike front trajectories observed in the data and from the simulations.

density at 20 ns from a continuous 1HYADES run includ-  val for the SN is then given bysy= (a1 /a,) 2ryoua=1.3
ing radiation transport versus that frapaLe [Fig. 3c)] and  x 10 s, which is a reasonable time scale for the SN insta-
PROMETHEUS[Fig. 3(d)]. The mapping works very well for = pjlity evolution that we are investigatingSimilar scale
both codes. Note, the pressures for the Nova experimenfsansformations across vastly different scales have been dem-
1-2 Mbar, are not too different from those of the 810-15  gngtrated experimentally befofd. This estimate is overly
Mbar), as shown in Fig. @), though the SN densities are gimpjistic, in that we have not accounted for decompression,
lower by a factor of about 0 finite layer thickness, and shocks. Nevertheless, the Nova
The difference of scales between the SN and the NOV%Xperiment appears to be investigating nonlinear compress-

."*‘Xpe””.‘e“‘ needs to be a<_jdres§§d. If we assume the.mlxw?gle hydrodynamics similar to that at the He—H interface of a
is dominated by the RT instability, then in the nonlmear,g/pe Il SN at intermediate times (1010" s)

e o i o o b chaactnzed by 395 <691 i, 4 we show a 2 age from e experert a
P y 33 ns[Fig. 4(@] compared with results from the 2-D simu-

the order of the perturbation terminal bubble velocity lations at 30 ngFigs. 4b) and 4c)], both before and after

«(g\)*¥2 Here g corresponds to the acceleration and we : . .
have assumed a constant Atwood number. A hydrodynamifﬁmea”ng to resemble the effect of the instrumental spatial
' resolution. The experimentally observed perturbation has

time scale is then given by=\/vgx(A/g)*? and the hy- _ _ _ _
drodynamics equations are invariant under the scalgvolved into the classic nonlinear RT bubble-and-spike

transformatiof? A —a;\, g—a,g, andr— (a, /a,)Y2r. We shapg With .peak-to-vallley amplitudesy~X\, and there are
illustrate this transformation, using characteristic scaledaint indications of Kelvin—Helmholtz roll ups at the tip of
taken from the simulations shown in Figs. 2 and 3. At 4000the spike and along its sides. For the simulations, we use the
s for the SN, the deceleration of the He—H interfacgdg ~ SaMe mapping scheme in 2D as we did in 1-D, only now the
=—1.5x10* cm/$, the density gradient scalelengthlisy, =~ CU—CH interface has ax=200um wavelength, 7o
=p/Vp=8x10 cm, and the dominant perturbation wave- =20 um amplitude sinusoidal ripple. The run is started at
length is approximated to begy~10Lg=8% 10 cm. For =0, corresponding to when the drive lasers turn on. By 10
the Nova experiment at 20 ns, we hawg..=—2.5 NS, astrong{ 15 Mbar) shock has passed through the inter-
X 108 ecm/$, Ayova=2X 1072 cm, and a characteristic time face, and the ripple in the Cu has an inverted phase due to
interval of ryo,s=5 Ns. The scale transformation is given by the Richtmyer—Meshkov instabilif}?. By 30 ns the perturba-
a;=AsnMnova=4X 1012 and a,=gsn/Gnova=6x 1010 tion has grown with the opposite phase to an overall peak-
The corresponding hydrodynamically equivalent time inter-to-valley amplitude ofyp,~180um~X\, as shown in Figs.
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4(b) and 4c). The shape of the perturbation has changechowever, that any RT-induced mixing of the radioactive
from sinusoidal to bubble and spike, indicating that the in->*Ni and®®Co core outward into the envelope serves as a heat
terface has evolved well into the nonlinear regime. Thus, bysource, altering the light cunf8 Furthermore, any coupling
30 ns we access roughly the same degree of nonlinearity inetween the mixing front at the He—H interface and the
the laser experiment as shown for the supernova in Fi). 2 photosphere could cause the photosphere to become crenu-
for the 1% velocity perturbation. lated. The initial blast wave itself may in fact have a dis-
The gross features of the experiment are reproduced biprted shape due to Vishniac instabilitshereby distorting
both simulations, cALE [shown in Fig. 4b)] and the photosphere from the very beginning. A crenulated or
PROMETHEUS [in Fig. 4(c)]. However, there is more fine otherwise distorted photosphere could have a larger surface
structure in thePROMETHEUSSIimMulation. WhercaLE is run  area than predictions from a 1-D spherical calculation. For
in pure Eulerian mode with ideal gas EQ®t shown, that ~ example, if the photosphere resembled, say, Fid),ats
is, in nearly the same manner as trMETHEUSSImulation,  surface area would be larger and would look statistically
both codes give similar results. However, there is still somesimilar no matter what angle the SN was viewed from. At the
what less fine structure in theaLe result due to interface Same temperature, SN with such crenulated photospheres
tracking. In Fig. 4d) we show the evolution of the spike- would be brighter than assumed based on 1D spherical cal-
and-bubble fronts, compared with the predictions from botteulations. Consider the implications. For a given recession
codes. The locations of the 2-D bubble front and spike fronvelocity, if the SN were brighter than assumed, they would
are reproduced very well by both hydrodynamics codes. Ibe further away. This decreases the slope ofithgversus
the frame of reference of an unperturbed interfdpet D plot, reducingH,. Since the age of the universe varies
shown, both the spike and bubble converge to nearly theénversely as the Hubble const&ht® ( 7y, ~2/3x 1/H,), the
same constant terminal velocitias,~v ¢~ 3.5—4.0um/ns. result of crenulated photospheres due to hydrodynamic insta-
We compare this with the theoretical asymptotic velocitiesbilities would be an older universe. It bears mentioning that a
for the 2-D RT instability predicted by Hecht and Algh, Wide variety of techniques have been applied to determine
namely, vy o= [ (1/67)2A/ (1= A)gh]¥2 where the+ (—)  extragalactic distanced;* with results forH, ranging from
in the denominator refer to bubblepike. For our average s low as 50-55kms Mpc ! to as high as 85-90
conditions ofg~0.35um/ng, A~0.64, and\=200xm, kms *Mpc ' The EPM currently leads to a vafifeof
the predicted velocities arev,=1.7um/ins and v Ho=73kms*MPc ™' Experimentally testing any piece of
=3.6 um/ns. Our spike velocities agree with the Hecht—this puzzle, in this case the modeling of the SN hydrody-
Alon semi-infinite fluid theory, but our bubble velocities are h@amic instabilitiesand its effect, if any, on EPMis indeed
considerably higher. This may be due to the finite thicknes@ Worthwhile pursuit.
of the Cu layer. The Cu spike is falling into an essentially
infinite reservoir of CH plasma, whereas the bubble of IV. SUPERNOVAE REMNANT FORMATION

CH, is rising into a thin layer of Cuthickness~60um Supernovae remnant formation is one of the classic
<\ =200um), the result of which would be higher bubble problems of astrophysics, leading to such spectacular objects
velocities. At the level of nonlinearity accessed hesg,,  in the sky as the Crab nebula. The basic radiative hydrody-
~\, 3-D effects are not expected to be significant. This isnamics underlying SN remnant formation is also of funda-
based on theoretical estimates of when a-2D transition  mental interest. For example, it is currently thought that the
should occur? and on separate experiments where we wouldasymptotic result of radiative hydrodynamic instabilities lead
have observed such a transition, had it occufred. to the formation of “hydrodynamic bullets” such as those
The study of hydrodynamic instabilities in type Il super- observed in the Orion molecular clof@with SN1987A, we
novae has broader significance than simply checking a detaflave for the first time the opportunity to watch the time-
in a hydrodynamics calculation. Type Il SN are used in thedependent dynamics of the early stages of SN remnant evo-
expanding photosphere meth¢@PM) for determining the Iution [see Fig. 1b)]. A schematic of the remnant formation
Hubble constantH,).3® This method holds great promise process is given in Fig. (8 (taken from Ref. 12 High-
both because SN are bright, allowing a single method to begelocity supernova ejecta sweep up the surrounding ambient
used to determine distances from 10s of kpc to 100s of Mpgplasma, left over from the stellar wind of the SN progenitor.
and because EPM does not rely upon calibration with otheAt the contact discontinuitythe place where the two plas-
secondary distance indicators. The EPM does not correspondas meet shocks are launched forward into the ambient
to a standard candle, but rather, holds that on a case-by-capasma(“forward shock”) and backward into the SN ejecta
basis the light curvétotal emitted flux as a function of time  (“reverse shock’), as illustrated with the 1D density profile
of a type Il SN can be calculated absolutely, albeit in 1D. Byshown in Fig. %b) (from Ref. 13. Note that when the
comparing the observed brightness of the SN with the calcuplasma hydrodynamics includes radiative losses, the com-
lated brightness, one can infer the distance. This techniqueressed ejecta may collapse to a much higher density. The
compares very well with other distance determinations to theadiation carries heat away lowering the temperature and
LMC, for example, where SN1987 A resid®Applying the  pressure, thus, making the shocked SN ejecta more com-
EPM to a number of different SN at varying distancespressible. This steepens the density gradient at the contact
(D), together with redshift measurements of the recessiodiscontinuity[compare the dashed and solid curves in Fig.
velocity (v,e9 allows a plot of v, versusD to be con- 5(b)]. At the contact discontinuity, the pressure and density
structed, whose slope is the Hubble constath,. Note, gradients have opposite signes, thatW$?- Vp<0. Conse-
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FIG. 5. (a) Schematic showing the dynamics of SN remnant formatiBeproduced from Ref. 12(b) The structure of a generic supernova-—stellar wind
interaction. The dashed curve shows the structure for negligible radiative power loss. With larger radiative losses, the stagnated ejecta should collapse to
higher density, as the solid curve illustratéReproduced from Ref. 12(c) 2-D simulations(from Ref. 12 showing the effect of the ejecta density profile,
Peject®l ", ON ensuing RT growth at the contact discontinuity. The axes are radjusofmalized to the position of the forward shocRg]. (d) 2-D

simulation result showing RT instability growth at the contact discontinuity, and the imminent collision with théRemroduced from Ref. 111.

guently, the shocked circumstellar plasfad lower density  astrophysics codes used to make predictions such as those
but higher pressujeacts to decelerate the shocked SN ejectashown in Figs. {c), 1(d), 5(c), and gd). This should im-
(of higher density but lower pressureSuch a situation is prove our ability to quantitatively interpret the results of the
hydrodynamically unstable due to the Rayleigh—Taylor in-upcoming pyrotechnics predicted for shortly after the year
stability. This is illustrated in Fig. &) (from Ref. 13 show-  2000.
ing strong RT growth at the contact discontinuity. The simu-
lations assumed apoxr " ejecta density profile
=6, 12, 20) flowing into a uniform ambient plasma. Note
that qualitatively different mixing evolves, depending on the  Our initial approach to experimentally simulate the
density profile of the ejecta. The details of what to expectejecta—wind interaction hydrodynanttéss shown in Fig.
when the SN1987A ejecta impacts the ring nebula will de-6(a). We use about 20 kJ of laser energy at 038 laser
pend on the structure of both the ring and the projectile aswavelength,m a 1 nspulse, to heba 3 mmlong by 1.6 mm
sembly. This is further motivated in Fig(d by the results diameter cylindrical gold cavitya hohlraum to a tempera-
from a 2-D simulation from a different modétom Ref. 13.  ture of about 220 eV. The x-ray flux ablates a CH plug,
Clearly, what transpires will depend upon whether the condoped with Br to reduce the transmission of higher-energy x
tact discontinuity looks like Fig. ®), 5(c), 5(d), or some- rays, which is mounted in a 70@m diam hole in the hohl-
thing completely different. It would be highly beneficial to raum. The ablation drives a very strofig50 Mbap shock
be able to test these models experimentally prior to thehrough the CKBr), ejecting plasma at about 30 eV from the
awaited collision. rear of the plug. This plasmi@he ejecta expands and cools.
Hence, our second experiment is focused on testing oufhe leading edge of the expansion is a high-Mach-number
understanding of the colliding plasma dynamics in a situaplasma flow(about Mach 1§ although it is at well below
tion qualitatively similar to that of the ejecta of SN1987A. solid density. The ejecta impacts a 7@th diam cylinder of
Our goal is to develop the experiment and model it with theSiO, aerogel foam located 150m away and having a den-

V. SUPERNOVA REMNANT EXPERIMENT
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FIG. 6. (a) A schematic of the laser experimefih) Raw streaked image from the experimeig}. A lineout at 6 ns from the data shown (h). (d) Same as

(c) except based on a 2-D simulation usingNex. The solid and dashed lines represent different levels of resol(Bigm versus 2Qum). (e) Profiles from

the simulation at 6 ns showing density (gfmpressure/100Mbar), ion temperaturékeV), and velocity (< 10° cm/s). (f) Isodensity contours at 14 ns from

a 2-DLasNEx simulation, showing perturbation growth due to RT instabilities near the contact discontinuity. The ejecta is flowing into the foam from left to
right, and contours in the foam have been suppressed for clarity. The density contours span a maximum of® a6 tperbase of the RT spikes to

0.2 g/en?, in steps of 0.0444 g/chn and the dashed curve represents the contact discontinuity between the ejecta plasma and the ambient foam plasma.

sity of 40 mg/cmi. In response, the flowing ejecta stagnatesfoam. The contact discontinuity is located at a position of
and a shock is driven into the foam, as well as back into thé&bout 560um in both the data and the simulation, and the
ejecta. peak densities from the simulation on either side of the con-
We diagnose these experiments by x-ray backlighting atact discontinuity in the ejectafoam) are 0.65 g/crh
4.3 keV (ScHe,) to obtain radiographs of the shocked mat- (0.25 g/cm). The pressure is continuous across the contact
ter. An example is given in Fig.(B) showing a 1-D, streaked discontinuity, at a peak value of 3.5 Mbar, the peak tempera-
radiograph image of the target. We show profiles ofture is about 50 eV, and the velocity of the projectile assem-
—In(exposurg= density from the data in Fig.(6) and from  bly is about X 10" cm/s. We point out that both here and in
a LASNEX* simulation in Fig. 6d), both att=6 ns. In both  SN1987A, the forward shock driven by the ejecta is a strong
the data and simulation, we observe a clear forward shock iahock, that is, the shocked matter is maximally compressed
the foam, a reverse shock in the ejecta, and a contact discofby a factor of (y+1)/(y—1) for a y-law gag.
tinuity in between. From the simulations, we see that the The region near the contact surface at the front of the
shock breaks out of the GBr) at about 2 ns, at which time ejecta is RT unstable. This is illustrated in Figc)for
the back edge of the QBr) is at a density of about SN1987A, and in Fig. @) for a 2-D simulation of the laser
2 glen? (compression of-2), pressure of 45 Mbar, and tem- experiment. In the latter, a seed perturbation of wavelength
perature of 30 eV. The foam is impacted by the ejecta about =50 um and initial amplitudery=1 um was imposed on
1 ns later, suggesting that the high-velocity tail of the ejectahe surface of the foam. By 14 ns, strong RT growth of the
is moving at~ 150 um/ns=150 km/s. We show in Fig.(&) perturbation well into the nonlinear regime is visible, due to
the density, pressure, temperature, and velocity of th¢he VP-Vp<<0 configuration at the contact discontinuity
ejecta—foam assembly from th@sSNEX simulation at 6 ns, (which is indicated by the dashed cuyv&his bears some
that is, about 3 ns after the ejecta first starts sweeping up tr@emblance to the RT growth shown in Figéc)sand 3d) for
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