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More than a decade after the explosion of supernova 1987A, unresolved discrepancies still remain
in attempts to numerically simulate the mixing processes initiated by the passage of a very strong
shock through the layered structure of the progenitor star. Numerically computed velocities of the
radioactive®®Ni and *®Co, produced by shock-induced explosive burning within the silicon layer,

for example, are still more than 50% too low as compared with the measured velocities. To resolve
such discrepancies between observation and simulation, an experimental testbed has been designed
on the Omega Laser for the study of hydrodynamic issues of importance to supe(Sdigeln

this paper, results are presented from a series of scaled laboratory experiments designed to isolate
and explore several issues in the hydrodynamics of supernova explosions. The results of the
experiments are compared with numerical simulations and are generally found to be in reasonable
agreement. ©2001 American Institute of Physic§DOI: 10.1063/1.1352594

I. INTRODUCTION quantify the level of the initial perturbations. The mixing
which results from shock propagation through this layer,

In February of 1987, a spectacular burst of light from however, was still found insufficient to explain the observa-
supernovdSN) 1987A was first observed, subsequently gen-tions. For single-mode perturbations, three-dimensional ef-
erating an enormous wealth of observational data on thigects are known from theoretical, numerical, and experimen-
phenomenon. These observations strongly suggested that et work to increase the mixing over 2D perturbatiGfis?®
tensive mixing of the inner layers into the outer layers of thelnitial 3D simulations of the SN mixing problef;?® how-
progenitor star had occurred. This material mixing was indi-ever, still underpredict the material velocities.
cated by several forms of observation. X-ray emission from  Two possibilities exist for resolving this problem. The
**Ni and *°Co, generated in the shock-induced explosivefirst possibility is that the assumptions underlying previous
burning within the silicon layer, was observed at about sixnumerical simulations are incorrect or contain incomplete
monthst~® whereas one-dimensional spherically symmetri-physics. An example is the recent work of Khokhletval 2’
cal numerical simulations predicted observation at approxiwhich brings the additional effects of rotation and magnetic
mately one yeat® The peak velocities of°Co were ob-  fields into the problem. The resulting collapse launches a
served to be well in excess of 3000 krfifsEarly two-  highly asymmetric explosion with bipolar jets and the forma-
dimensional numerical simulations, by comparison,tion of bow shocks and Mach disks and demonstrates that the
produced peak velocities of less than 2000 kifi/§As ini-  assumption of spherical symmetry may be incorrect. The
tially shown by Chevaliet? the dominant mechanisms re- second possibility is that existing computer models may be
sponsible for the mixing in all of these simulations are theincorrectly calculating the hydrodynamic evolution of the
Rayleigh—Taylor (RT)**® and Richtmyer—Meshkov system. All numerical methods necessarily include approxi-
(RM)'®*7 instabilities. More recent and extensive two- mations in the underlying equations. Different schemes use
dimensional (2D) simulations'® beginning just after core different orders of accuracy, employ nonphysical artificial
bounce, initially find very large velocitie@ip to 4000 km/s  viscosities to assure stability of the calculations, and, in
of the newly created Fe group elements, but after impacgpherical geometry, can suffer from vanishing metfié8
with the reverse shock at the He-H interface, the velocitiesind grid-induced numerical instabilit§:?® Numerical results
are again decelerated to a value below 2000 km/s. Thus thsften agree at the largest scales of motion, but can differ
discrepancy between observation and simulation persists. strongly at smaller scalgsee, for example, Refs. 29,)30n

A number of possible explanations for these discrepanan effort to address this second possibility, laboratory experi-
cies are under active exploration. More detailed 2D simulaments have been initiat&t*to provide a set of benchmark
tions of the pre-existing convectively driven structure at thedata with which to validate the performance of astrophysical
edge of the oxygen layEt?* have been performed to better codes.
The purpose of the present paper is twofold. The first
*Paper CI1 2, Bull. Am. Phys. Sod5, 58 (2000. goal is to establish the range of phenomena relevant to the
"Invited speaker. supernova mixing problem which may be addressed on a
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FIG. 1. Comparison of the SN He-H interface velodigrRoMETHEUSSIMU-
lation) with the corresponding scaled laboratory experiment interface veloc-
ity (HYADES simulatior).

FIG. 2. 3D CAD drawing of the experimental configuration showing the
o Lo target package and x-ray backlighter foil with the Omega beams used for
laser facility. To that end, we present initial results from ainitiating the strong shock conditiorgrive) and diagnosing the experiment

series of scaled laboratory experiments designed to isolafgacklighter beams

and explore four separate issues of relevance to SN mixing.

The first experiment explores the effects of spherical diver-

gence on the instability evolution. The second studies thénent will be given in Sec. IV. For the present discussion of
possibility of coupling between two spatially separated inter-scaling issues, we simply note the essential elements of the
faces. The third compares and quantifies the difference béxperimental setup. The more dense He layer in the SN pro-
tween instability growth in two and three dimensions. Fi-genitor is simulated in the experiment with a hemispherical
nally, the fourth begins to look at the evolution of an Shell of polystyrendCH) with a densityp=1.37 g/cni. The
interface of more complicated modal content. The secongurrounding H layer is simulated with a low densip~=0.1

goal of this work is to serve as a first rough assessment of th@/cnm) carbon foam. In the Omega experiment, a strong
validity of numerical codes used for the simulation of super-shock is driven through the interface between these two ma-
nova hydrodynamics. For each experiment, comparisons atgrials by laser radiation. Passage of this shock through the
made with numerical simulation, and the implications andinterface initially accelerates the interface generating

relevance to the SN mixing problem are assessed. Richtmyer—Meshkov instability. The surrounding(earbon
foam) envelope then subsequently decelerates the interface.

As is seen, the temporal evolution of both systems is quite
similar. If the initial conditions of the interfacg.e., pertur-
Conner and Tayloi® and more recently Ryutov bation wavelengths and amplitudese also scaled, then the
et al,*"3¥ presented general scaling relations that govern theesulting evolution of any instabilities will also evolve in a
validity of laboratory scale experiments designed to replicat&imilar manner.
hydrodynamic phenomena occurring in astrophysical sys-
tems. The essential idea discussed in these papers is the fol-
lowing. In any system where dissipative processes due tﬁlll'zg_l%'\ggGURATION OF THE EXPERIMENTAL
viscosity, thermal conductivity, and radiative transport are
small in comparison with the inertial transport terms, the  The experiments are conducted on the Omega Laser at
equations of motion governing the evolution of the plasmahe Laboratory for Laser Energeti¢kLE), University of
reduce to the Euler equations. If, in addition, the plasmaRochestef®~**Figure 2 shows an illustration of the generic
equation of state can be described as a polytropic gas witbxperimental setup common to all four of the Omega experi-
p~p” (wherey is the adiabatic indexthen the Euler equa- ments discussed in this report. The target package differs
tions are scale invariant provided that the parametefrom experiment to experiment. The specific details of each
(L/t)/(PIp)Y? remains constant. Hete t, P, andp are char-  target will be given in Sec. IV.
acteristic length, time, pressure, and density scales of the The strong shock conditions of interest are achieved by
system, respectively. Any two systems for which this paramdirecting either six beamsdivergent experimentor ten
eter has the same value and which have the same initiddeams(all other experimenjswith a nominal measured en-
conditions will then evolve in an identical manner. ergy of 420-500 J/beartagain experiment dependert a
An example of such a scaling from the astrophysical tolaser wavelength of 0.354m on to the target. Each beam
the laboratory scale is shown in Fig. 1. Figure 1 comparefias a super-Gaussian spatial intensity profile defined as
the numerically simulated interface velocity histories of thel/l ,=exd —(r/412um)]*’. The combined spatial profile of
SN He-H interface computed using the astrophysicakll drive beams also follows this profile, withhy=(5-9)
code PROMETHEUS with that of a scaled laboratory experi- X 10*W/cn?. The intensity is reasonably constant over a
ment computed using the one-dimensional radiationcentral diameter of 60@m, and falls off by about 10% by
hydrodynamics codeivapes.®® Full details of the experi- 800 um. The typical diameter of the targets, by comparison,

Il. SCALING ISSUES
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is 800 um. Since considerable laser energy extends laterally

beyond the diameter of the target packages, a slieter

Au or Be) with an outer diameter of 2.5 mm and an inner ‘
aperture of 44Qum (divergenj or 950 um (plana) was used Laser
to delay the propagation of a shock around the sides of the
target. This proved to be successful in generating both
spherical shock propagation through a hemispherical capsule
as well as planar shock propagation for the planar targets.
For all experiments, the temporal pulse is nominally flat with
a duration of 1 ns. The strength of the shock generated by
this laser drive is quite strong, with initial pressures as de-
termined from a one-dimensionakADES simulation of ap-
proximately 50 Mbars.

The evolution of the instability at interfaces within the
targets was diagnosed with x-rays generated by directing an
additional seven Omega beams onto a thin baCk“ght.er f_OILIG. 3. (a) Schematic illustration of the divergent experimerits; experi-
located 4 mm from the center of the target, as shown in Figmenty radiograph of an unperturbed capddbe magnification,t=13 ng;

2. These beams, driven by a separate oscillator, were delayegl radiograph of a perturbed capsule with=70 um, ap.,=10um
in time relative to the drive beams by up to 100 ns to observeé8x magnificationt=13 ng; (d) radiograph of an equivalent planar target
the instability evolution at late times. The contrast generated/ith same initial perturbation and drive &3.
by differential absorption of the backlighter x-rays by the
target materials was imaged with a gated framing carffera.

laser drive is sufficiently uniform. By comparison with the
IV. EXPERIMENTAL RESULTS initial capsule position, the shell radius has expanded to
R/Ry=2.7, and the capsule thickness has decreased to ap-
proximately half its initial value. The expanded capsule

In order to investigate the effect of spherical divergenceshape is seen to be very nearly spherical as well. The spheri-
on the evolution of instability at an interface, we use targetal shock is also seen in the image just outside the expanding
consisting of a hemispherical shell of 3% Ge-doped polystyshell.
rene (CH) with a densityp=1.37 g/cni surrounded by a Figure 3c) shows the corresponding image at the same
volume of lower density foam. The capsule inner diametetime,t=13.6 ns, for a capsule with)Xa=70 um and nominal
(ID) is nominally 440um, and the outer diametéOD) is  ap,,=10um perturbation. Again, the radial divergence fac-
660 um, giving a shell thickness of approximately 14fn.  tor is 2.7. The wavelength of the perturbation grows by an
The capsule is embedded within a cylinder of carbonizeddentical factor. The magnification for this image was in-
resorcinol formaldehydéCRF), a porous foam with density creased to 8 to better reveal the details of the perturbation
p=0.1 g/cnt. The CRF cylinder measures 1506n in diam-  evolution. At this magnification, one can now clearly see the
eter by 1500um in length. An initial “two-dimensional”  full extent of the perturbation and its proximity to the shock.
perturbation is imposed on the outer surface of thg@#  The shape of the perturbed interface shows rather broad
capsule. The perturbation, produced by laser ablation, hastaubbles and spikes, more characteristic of a much lower At-
wavelengthA=70 um and a peak-to-valley amplitude of wood number flow. The reason for this is attributed to the
ap,y=10um. The ripples form parallel grooves in the outer proximity of the shock, which effectively acts as a rigid
CH(Ge) surface with the crests aligned parallel with the di- boundary suppressing growth of the @¢) spikes relative
agnostic line of sight. Five cycles of the perturbation areto the growth of the foam bubbles. This result can be com-
included covering a projected square area of X350 pared with an equivalent planar interface, as shown in Fig.
um on the hemispherical surface. Figut@3hows an illus-  3(d), where a 108um thick planar layer of 4.3% Br-doped
tration of the geometry of the perturbed hemisphere. Thi<CH was accelerated with a nominally identical drive into the
geometry provides a clear, well-defined side-on view of thesame 0.1 g/cthCRF. Although the observation time is the
ripple amplitude for back illuminated radiography. The dis-same in Figs. @) and 3d), several distinct differences are
advantage is that the perturbation is fully three-dimensionabbserved between the spherically diverging and the planar
with two-dimensional ripples imposed on a spherical surfaceases. The wavelength remains much closer to the initially
and is therefore difficult to simulate numerically. imposed wavelength in the planar case, although there is still

Figure 3 shows experimental radiographs of the instabilsome divergence due to shock diffraction effects. The shape
ity evolution obtained with a Sc backlighter foil generating of the spikes is also observed to be significantly more elon-
4.3 keV Hew x-rays. In Fig. 3b) an unperturbed capsule is gated with more pronounced “mushroom caps.” The shock
shown att=13.6ns as a reference case. The experimenhn this case is seen to be somewhat further from the interface
magnification is fairly low(4X) in order to obtain a large as well.
enough field of view to observe the shape of the entire ex- Numerical simulations of this experiment were per-
panding capsule. The capsule shell is shown to remain intaébrmed with a 2D Arbitrary Lagrangian—Eulerian radiation-
with no evidence of instability growth, indicating that the hydrodynamics codécALE®). Since an extensive discussion

P
(LT PR

d)

A. The effect of spherical divergence
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FIG. 4. Comparison of peak-to-valley amplitude of interface instability be-
tween spherically divergent and planar experiments.

65 ns

of the numerical simulation of these experiments is given in

Drakeet al*® for the divergent experiments and Kaeteal *’

for the planar experiments, we confine our discussion here to

the results of the simulations. Figure 4 shows a plot of the 39ns
amplitude of the perturbation far=13 ns and 18 ns for both

the spherically diverging and the planar experiments. The

result of the 2D numerical simulation is shown as well. The b)) c.)

agreement of the numerical simulation and the experimental . . . . ,
FIG. 5. () Schematic illustration of the interface coupling experimefis;

megsuremen_ts_ls seen to be quite good fo_r Fhe d_|vergent eé)'(perimental radiographs &t 39 and 65 nsfc) 2D PROMETHEUSSImMulated

periment. This is perhaps somewhat surprising since the 2Rdiograph of the experiment.

CALE simulations employ a cylindrically symmetrical pertur-

bation (a “bulls-eye” patterr), as opposed to the truly 3D

perturbation geometry of the experiment. . . . . :
For the planar case, the simulation overpredicts the mea{—ad'a.I density prpﬁle of a star, a targetils prepgred which

sured value by approximately 20%. The most likely Sourcecon5|sts of a series of layers of decreasing density mounted

of this discrepancy is in the experimental measurement of th)é\'ithin a Be ShOCk_ tube. The presence of the shoc_k tube im-
perturbation amplitude. As seen in Fighg the location of proves the planarity of the experiment by decreasing the lat-

the radiographically opaque spike tips is very clearly re-eral expansion of the target materials. The shock tube has an

solved. The full extent of the transparent bubbles, howeve (,)D of 1100um and an ID of 80Qum. Beginning at the laser

. : : L - drive end, the target consists of a &fh polystyrene ablator
is not well resolved. Since the diagnostic is looking through

1500um of doped plastic, and there is a slight divergence O{aytreTrF(p=l.05 glen) followed by a 90um Cu Ir%yer({az&g
the interface, we cannot accurately measure the full extent cﬁlc ) a 150um poly|m|(je Iaygr(p=1.41 glc .)’ with the
the bubbles. Future experiments will employ a radiographi:,rem"’llnder of the target f|IIed.W.|th a low dgnslty CRF fpam
tracer layer(to be described in the next sectjowhich (p=0.1 glen). Embedded within the polyimide layer is a

greatly improves this type of measurement. For the presenE?diographically opague tracer strip of 4':.3% brominated
however, we note that in both the experiments and simuIaFOIyStlyren?r'] Tge ttra;):er Ia)ée_r rgeasure_j/jfﬁ | n thtf} d'(;.ec'
tions, the instability growth is significantly reduced in spheri- lon along the Be tube, and is 2Qdn wide along the diag-

v di t try. This is primarily due to the in. Nostic line-of-sight direction. The density of this (Bf)
cally divergent geometty. ThIS 1S primartly due fo the in Llﬁxyer (p=1.42 glcm) is nearly identical to that of the sur-

also possibly by the proximity of the shock, which is ob- rounding polyimide. When viewed in side-illuminated radi-

served to be much closer to the spike tips in the divergen?graphly’ nearlﬁ al! of the c?ntt[qst cc;rr:re]s frﬁm Iihls ope:qge
experiment as compared to the planar case. Additional e)}_racer ayer, allowing visualization ot the shock-imprinte

periments are being planned to quantify this effect of shoclftruc'[tur_l?hat r:n'tlerfa:ce |.2 qve{ only”th]: thn:;]altzm&_o;the "
proximity in reducing perturbation growth rates. arget. This heips 1o eliminate wa etiects that are Innerentin

such an integrated line-of-sight diagnogficA perturbation

of wavelengthA\=200 um and amplitudeap,,=30um is

pre-imposed at the Cu-polyimide interface. The perturbation
The second experiment considers the enhancement @t this interface grows due to Rayleigh—Taylor and

mixing due to coupling between spatially separated interRichtmyer—Meshkov instabilities, but the focus of this ex-

faces. Coupling can occur either by the impact of structurgeriment is on the possibility of imprinting a perturbation at

from a previous interfac® or as is investigated here, by the the second initially unperturbed interface.

propagation of a perturbed shock originating from the pas- The target is driven by ten beams of the Omega laser

sage through a previously perturbed interface. with a measured average energy of 420 J/beam il ns
Figure 5a) shows an exploded view of the target usedpulse at a laser wavelength of 0.3%dn. For ten beams

for the experiments. In order to approximate the decreasingverlapped at target chamber center, the peak intensity is

B. Coupling between interfaces
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8.9x 10MW/cn?. A 75 um thick, 2.5 mm diameter beryl- second interface. As is well known, planar shock propaga-
lium shield with a central aperture of 950m diameter is tion through constant density materials with an adiabatic in-
mounted at the front of the target. The average intensity indexy>1.2 is stablé”*(For y<1.2, however, instability has
cident on the CH ablator over this central aperture is 5.0€en shown by theor¥, numerical simulatio? and
X 10"W/cm?. The strength of the resulting shock by the experimer®® to be possible in self-similar adiabatic blast
time it impacts the Cu-CH interface as determined from avave profiles. In the supernova, the value of the adiabatic
one-dimensionaHYADES simulation is approximately 10 index in the vicinity of the He-H interface falls in the range
Mbars. 4/3<y<5/3 as shown by Mier et al,'® and thin-shell blast
The evolution of both the instability at the Cu/polyimide Wave instabilities will not play a role. The decreasing radial
interface and the shock-imprinted perturbation at thedensity prqﬂle in the star, by contrast, is significant and can
CH(Br)/CRF interface were diagnosed with 6.7 keV x-raysCause portions of the shock Iocated_ radially further from the
from a 12 um thick Fe backlighter foil located 4 mm from center to propagate faster than regions located cI(_)ser to th_e
the center of the target. The diagnostic beams were delayéfnter- Thus shocks can be unstable in a decreasing density
relative to the drive beams by up to 91 ns to observe th@rOfile. This problem has been analyzed by Chev‘%ﬁ'@%g
instability evolution at late times. Figurgh shows the ex- an exponentially decaying density profile and by Saral.

perimental radiographs obtainedtat39 and 65 ns after the for power law profilesp~r~*, wherew>3. In both cases,

drive beams. The shock propagation direction is upward ir§hock instability was shown to be possible for perturbations

the figure. Growth of the perturbation at the Cu-CH interfaceWhose wavelength is much longer than the scale height,

is clearly seen as the three black spik€s) interpenetrating o:/ebrlste;blre fr(;r Irln\?vrevrr;o:etrhate values of the wavelength, and
the bubbles of polyimide at the bottom of each image. At Feorosh?)cl?im e;ir?tiﬁ gto S(,).ccur we do not reauire insta
partial fourth Cu spike is also visible at the left of the image. P 9 ' d

This spike is highly distorted due to the presence of Iargeb|||ty of the shock, but merely a small enough decay rate for

vortices at the wall of the tube. Such wall vortices, generate&ome perturbation to survive to the second interface. An ex-

. . ct comparison of the possibility of shock coupling in SN

by the interaction of reflected waves and boundary layers ; L :
) . 987A, for example, would require a stability analysis of the
the shock tube walls, are also observed in conventional ga&-

dynamic shock tubes as is discussed in Brouillette an patially varying density profile of that particular progenitor

. _ . star. From the general form of the stability analyses of
8
Bonnazd?® The dark region located above the Cu spikes 'SChevalieret al. and Sariet al, however, it can be concluded

the brominated CH tracer layer. An imprinted perturbation Ofthat shock imprinting will most likely occur for the longest

opposite phase is clearly seen at the int_erface between tr\'ﬁavelength perturbations. This leads one to consider, as
!ayer and the shocked foam. Th_e separation betweeq the “Rentioned in Sec. [, the possibility of nonsymmetrical explo-
interfaces was deliberately designed to generate this phagg,, scenarios with very low mode-number azimuthal pertur-

reversal of the imprinted perturbation in order to distinguishyo+ions The jet mechanism of Khokhfdis an extreme case
it from any possible imprinting that might arise from the 4t 5\,ch a low mode-number perturbation.
growth of structure at the first interface. A=65ns, the

instability at both interfaces has continued to evolve, much
of the growth at the first interfackCu-CH) being due to the C. The effect of dimensionality (2D vs 3D)
rarefaction wave reflected from the second interface. We turn now to the role of dimensionality in the insta-

The results from 2D numerical simulations using the asyjiry evolution. As mentioned earlier, nearly all simulations
trophysical code’PROMETHEUSare shown at the same times {5 qate have been performed in 2D, the only exceptions be-

as the experimental images. The agreement is seen 10 Ry those in Refs. 12 and 26. It is well known from simple
excellent. The magnitude, phase, and shape of the imprintgg},oyancy-drag modéi® that single-mode perturbation
structure at the second interface are all very similar at botly o\wth in three dimensions is greater than in two. The addi-
times. There is a small difference in the fourth distorted Cujonal mixing arising in a three-dimensional flow could be a
spike as the wall vortex in the experimental image is somepotential candidate to explain the SN mixing problem. In
what |al’ger than in the simulation. Small differences can als%rder to quantify the Contribution Of dimensiona”ty, experi_
be observed concerning secondary structure on both the GHents with two equivalent targets have been conducted. Both
spikes and the roll-up of Cir) at the second interface at 65 targets consist of a 108m thick layer of 4.3% brominated
ns. The resolution of the data is insufficient to provide apolystyrene followed by a 150@m long cylinder of CRF.
comparison with the simulations concerning such fine strucThe densities of the two materials are the same as used pre-
ture. As with the previous experiment, we conclude that thesiously. The only difference between the two targets is in the
code does a very good job of simulating the phenomenon dberturbation imposed at the interface, as shown in Figs, 6
shock imprinting. 6(b). The 2D target contains a single sinusoidal perturbation

While this experiment is useful for benchmarking codeof wavelength 5Qum and peak-to-valley amplitude of&m.
performance, it differs in one important regard from the SNThe 3D target contains a perturbation with two orthogonal
problem. The possibility of imprinting by a rippled shock sinusoids, both of wavelength 7dm and overall amplitude
depends very strongly on the density profile through which6 um. The perturbations were chosen such that the wave
the shock propagates. In our experiment, the shock propaumber magnitude is the same for each giving identical RM
gated through constant density material before impacting thand RT growth in the linear regime.
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FIG. 6. Schematic illustration dfa) 2D and(b) 3D interface perturbation;
(c) experimental radiograph of 2D interface at 13 (d; experimental ra-
diograph of 3D interface at 13 ns.

FIG. 7. (a) Schematic illustration of the two-mode interface perturbation;
(b) 1D lineout through the interfacdr) experimental radiograph of the
interface at 13 ns{d) 2D cALE simulation of the interface at 13 ns.

Experimental radiographs obtained using 4.7 keV x-rays A numerical simulation of this particular experiment has
from a Ti backlighter foil are shown in Figs(@ for the 2D not yet been performed. We can compare with previous nu-
target and @) for the 3D target. For both of these targets, nomerical studies of similar geometries, however. In Kane
radiographic tracer layer was used, so the images give thet al.?® for example, the growth of perturbations at the He-H
integrated differential x-ray absorption through 150 of  interface of SN 1987A was studied using thROMETHEUS
CH(Br). The target alignment is obviously quite good as thecode. Their numerical results also show an increase in the
images are looking along 2D ridges 30 times longer than thepike growth in 3D over that in 2D, although their increase
imposed wavelength of 5am. The lack of a radiographic was approximately 30% as compared with the 20% observed
tracer tends to obscure the full extent of the bubbles of thén the present experiments. Their conclusion with regard to
lower density foam, however. From these images, then, wéhe SN mixing problem, however, was that even a 30% in-
are only able to obtain information concerning the extent ofcrease in the extent of the mixing region was insufficient to
the spikes of denser material. explain the observations of SN 1987A. The same conclusion

A measure of the difference in growth is obtained frompertains to the present experimental results as well.

Figs. Gc), 6(d) by comparing the distance between the spike

tips. and the Sh.OCk' _The relevant dimensions from each 45 The effect of modal content  (two-mode experiment )
periment are given in Table I. The average measured drive
energy per beam is within 5% for the two shots. Using either A final experiment was conducted to begin to explore
the theoretically predicted scalitfgfor the ablation pressure the evolution of a more complicated interfacial structure.
(P~|2/3) or the experimentally measured valtie’ (P Thus far, we have only investigated single-mode interface
~198), combined with the fact that the velocity scales as theperturbations. In the SN mixing problem, however, the inter-
square root of the pressure, the difference in interface velocface is almost certain to be fully turbulent. A first step to-
ties should be less than 2%. From the measured position a¥ard such an interface structure is to introduce two modes
the reference grids, the shock locations in each case amhich, through nonlinear mode coupling, will then begin to
within 10 um, which is of order of the experimental error. generate additional modes in the spectrum, eventually pro-
The distance of the spike tips relative to the shock referencéucing a fully turbulent flow.

is 84 um for the 2D case and 7@m for the 3D case, indi- The configuration for this experiment is very similar to
cating that the 3D spikes have grown approximately 209ghat just described for the previous 2D experiment with the
more. radiographic tracer layer. The only difference was in the in-

terface perturbation. Two sinusoidal modes with wave-

lengths of A\;=60um and A,=40um with initial ampli-
TABLE |. Experiment parameters for the 2D vs 3D comparison. tudes of 1.5 and 1.um, respectively, were machined onto
the interface. Figure (@) shows an illustration of the ma-

Parameter 2D 3D chined surface. A lineout through the surface is given in Fig.
Drive energy/beant)) 534.2 505.9 7(b). An experimental radiograph obtained using 4.7 keV
CH(Br) layer thicknesgum) 156 161 x-rays from a Ti backlighter is shown in Fig.(c for t
Downstream grid positiofum) 791 732 =13ns. The simulated radiograph from the corresponding
Shock position(xm) 757 767 . . . . . .
Spike position(um) 673 697 CALE simulation, at the same time, is shown in Figd)7 The
Shock_to_spikeﬂdistanwm) 84 70 interface structure is considerably more complicated than for

the single-mode perturbation. Structure is very evident at a
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