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An experiment using a large laser facility to simulate young supernova rem(@ntRs is
discussed. By analogy to the SNR, the laboratory system includes dense matter that explodes,
expansion and cooling to produce energetic, flowing plasma, and the production of shock waves in
lower-density surrounding matter. The scaling to SNRs in general and to SN1987A in particular is
reviewed. The methods and results of x-ray radiography, by which the system in diagnosed, are
discussed. The data show that the hohlraum used to provide the energy for explosion does so in two
ways—first, through its radiation pulse, and second, through an additional impulse that is attributed
to stagnation pressure. Attempts to model these dynamics are discusse2DO0©OAmerican
Institute of Physicg.S1070-664X00)93105-7

I. INTRODUCTION for example, blast-wave instability experimentsxplosive

interface instability experimenfs, and fuel burning

We have recently begun ?Ejsing_large lasers, developegdyerimenté:® Remington and coauthors have reviewed the
for the laser fusion prografi® to simulate astrophysical broad scope of such worR:1!

phenomena including supernova remnants. The essential fea- |, e following, we first discuss our approach to the

ture of such lasers, that makes this possible, is their ability tQ;,,1ation of supernova remnants, and to the comparison
focus unprec;edented amounts of energy into s'ub—.mm Voljith the specific case of SN1987A, which has motivated
umes. This, in turn, can produce and compress ionized Mafpese studies. Then, we discuss the experimental methods
ter under conditions that scale well to astrophysical applicazng present the experimental results. Next, we discuss these
tions. Our goal in such research is threefold. First, t0 th&egts and the analysis of them, after which we conclude.
extent we can obtain rigorous and complete scaling, we Caftis paper builds upon two prior publications, the first of
observe in the laboratory the same phenomena that afghich giscussed the design of the experimErasd the sec-
present in the stars. Second, to the extent that we can comgq of whicH3 presented data regarding the shock waves
close to rigorously scaled conditions, we can produce result§iven in the system. Here, we address some differences be-
suitable to test the computational simulation codes used tQeen the data and the simulations reported previously, in
interpret astrophysical data. There is a need for su_ch tes.tﬁ,v0 ways. We present new evidence regarding the behavior
Such codes often have not been tested by comparison Wil the mass source for the system, and we present further

hard data, and different codes do not give identical results,yjgence regarding the equation of state of the foam used as
Third, in the course of this work we often produce SyStems‘Iow-density” matter.

that are of fundamental interest, probing new areas of com-
T S84 APPROACHTO SUPERNOVA REMNANT
baper. IMULATION

Lasers have been applied to the simulation of superno- A supernova remnarfSNR) is an example of a physical
vae, supernova remnants, and related systems for a numbgystem driven by supersonic, flowing plasma. In the forma-
of years. There is little point in trying to make complete tion of an SNR, energetic superno(@N) ejecta expand into
“model supernovae” in the laboratory, as the global physi-the circumstellar matter, sweeping it t The resulting
cal system cannot be meaningfully scaled. As reviewed bytrong shock hydrodynamics is responsible for many of the
Drake? the more recent experiments have tended to choose@ramatic objects we now observe. As the SN ejecta expand
physical issue and to attempt to preform a meaningful labointo and are decelerated by the surrounding medium,
ratory simulation that addresses that issue. This has includeRayleigh—Taylor (RT)-induced spike formation leads to

clumping®® It may lead eventually to the formation of knots

*paper QI13 Bull. Am. Phys. Sod4, 223 (1999, of matter, 'Ilke those observed in Cassmpelé%g to “hy- .
"Invited speaker. drodynamic bullets” such as those observed in the Orion
3Electronic mail: rpdrake@umich.edu molecular cloud?-2°
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SN 1987A in 1997
X-ray flux provides energy
like SN explosion

Plastic explodes
like star does

Low-density foam
is pushed away like
circumstellar material

Endplate is struck
like ring is

FIG. 1. (Colon A schematic of the experiment and of its relation to SN1987A. The arrow on the image of SN1987A shows the hot spot where interaction of
the shocked matter and the ring has begun. In the experiment, the x rays are produced by a laser-irradiated hohlraum. The image of SN1987A is from the
Hubble Space Telescope. It was created with support to the Space Telescope Science Institute, operated by the Association of Universitieb for Resear
Astronomy, Inc., from NASA Contract No. NAS5-26555, and is reproduced with permission from AURA/STScl.

An example of particular current interest is the very modeled by the Euler equations. This is valid because in both
young SNR now developing from SN1987A. A recent imagecases:(1) the plasma is well localized, by collisions in the
of this object is shown on the left in Fig. 1. There is nolab and magnetization in the SNR2) viscosity is small
widely accepted model of the circumstellar ring, which (high Reynolds number (3) electron heat conduction is
might have arisen from a protostellar disifrom interacting  small (high Peclet numbgr (4) radiation cooling is small.
stellar winds??~?*or from other causes. At present, the ejectaUnder these conditions, two systems behave identically if
from SN1987A, a high-Mach-number plasma flow, are plow-their densityp, pressurep, and velocity,u, profiles have the
ing the residual stellar wind toward the ring. For some time,same normalized shape, and if the ratib/p/p, with the
there has been evidence of interaction with the denser matt@arameters chosen at appropriate corresponding locations in
near the ring>*®and recently the first collision of the driven the two systems, is the same. This ratio, the “Euler num-
shocks with the ring, at one location, has been obsetled.ber,” is discussed more thorougfilyin Ryutov et al. It can
Astrophysicists plan to use the impending collision as @often be equal to a downstream Mach number. The Euler
probe of what the ring i&72°To succeed at this, it is essen- number is the same in SN1987A and in our experiment; the
tial to understand the hydrodynamic assembly formed by therofiles are similar, although not identical. Figure 2 shows
ejecta—wind interaction. Recent modeling has shown thathese profiles, comparing hydrocode simulations of the ex-
this structure will greatly affect the x-ray emission producedperiments, from simulations discussed previod8lyyith
in the collision?® Our experiments and the related analysisprofiles for the SNR calculated as described in Chevéfier,
are intended to improve the interpretation of these data. for parameters appropriate to SN1987A during the interac-

Figure 1 shows a schematic of the experiment, and itsion with the ionized H near the ring. Finally, our planar
qualitative relation to SN1987A. The experimental systemexperiment can represent only a small segment of the spheri-
has much in common with the astrophysical one. In the sueally expanding SNR, and only on time scales over which
pernova a blast wave, driven by the explosive release of
energy, launches ejecta outward from the star. In the experi-
ments, a strong shock, driven by x-ray ablation, launches . . e
ejecta outward from a layer of plastic into vacuum. In both B s 4 o °
cases:(1) the ejecta expand and cool to produce a low-
pressure but high-Mach-number plasma fld@); the ejecta
drives a strong forward shock into the nearby mattg);a
reverse shock forms where these ejecta stagnate against tt
moving interface with this mattefd) the interface between .
the ejecta and this matter is unstable to the Rayleigh—Taylot ° O o i 0 econtact Radinn 12
(RT) instability.

Our analysis of the scaling from the SNR to the labora-FIG. 2. A comparison of the spatial profiles in the experiment and in a

tory has been discussed in a recent arﬁEIWe summarize standard model of SN1987A. Profiles of dengjpy, velocity (u), and pres-
sure(p) are shown from a simulation of the experiméleft) and from a

this discussion here and provide one new, rele_vant comparkandard model of an SN@ight). Here, CSM refers to circumstellar matter
son. Both the SNR and the laboratory experiment can beandr to radius.
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FIG. 3. (Color Raw (a) and reducedb), (c) radiography data at 9.11 ns. The features in the target structure are labeled, with “Ej Pk” representing “ejecta
peak” and “unshocked” representing “unshocked foam.” The data reduction is discussed in the text. The lines beldl) pad¢c) show the width of the
region that was averaged to produce the profiles shown in Fig. 4.

spherical divergence is not significant. The numerical scalingamera? A given group of four images was separated by
between our experiment and the SNR is 1 ns to 1 year, 10000 ps. The separation of the groups was measured, and was

km/s to 10 km/s, and 10Qum to 0.03 light years. typically 1 ns. The photons from the phosphor on the back of
the framing camera were recorded on film, along with a cali-
IIl. EXPERIMENTAL METHODS bration feature that allowed reconstruction of the x-ray inten-

) ) B sity from the film density, which was digitized.
We performed these experiments using the Nova faser. = 5 anayvsis of the backlit x-ray images proceeded as

We used eight of the ten laser beams to injeqt about 20 kJ Fbilows. we imaged the x-ray source, without any interven-
laser energy, at a wavelength of 0.8f and with constant- ing material, in an arrangement identical to that used to ob-

intensity pulses of 1-ns duration, into the ends of a cyIindri—tain the hydrodynamic data. We then fit the shape of this

cal, gold cavity that was 1.6 mm in diameter and 3 mm Insource to a mathematical function that we used for data re-

length. This heated the cavity to about 220 eV. On the sidg, .. . . L
: ; . . uction. After trying a number of possible descriptions of the

of the cylinder, at its midplane, we mounted the experlmentag ot shaoe. we settled on a aeneralized. eliitical Super-

package shown above in Fig. 1. The soft x rays in the cavity P Pe, 9 ' P P

; ) . : Gaussian profile with an underlying intensity ramp. The hy-
deposit about 1 kJ of x-ray energy into the plastic plug’grodynamic data typically included at least one region of

launching a shock wave into it with an ablation pressure o :
about 50 Mbar. Two plug densities, 1.22 and 1.54 g/cc, wer nown, constant opacity, such as the uncompressed foam or

used. These were produced by varying the atomic concentr&1€ Plastic basellt proved unnecessary to account for the
tion of Br in the CH from 2% to 6%. The plug thickness was slight deviation from fIatnes_s produced_ by viewing the cen-
measured in each case, and ranged from 196 tq207The @l 400 um of a 700um diameter cylindey.In order to
shock wave was observetbptically) to break out of a determine the location of the backlighter spot, we used a
205-um thick, 1.22 g/cc plug at 2:90.1 ns, and out of a least-squares method to minimize the deviation of the known

205-um thick, 1.54 g/cc plug at 3:80.1 ns. region from a flat profile. In cases for which only the central

After the ejecta from the plug crossed the gap of nomi-portion of the backlighter spot was important, this proved
nally 150 um (142 to 157um for the data discussed hgrg  sufficient.
drove a shock into the Sitaerogel foam of density 40 mg/ In cases for which a large fraction of the backlighter spot
cc. We measured the shock, the density profile, and the oth#&as used, some further manual iteration was needed. An ex-
features using x-ray radiography. To accomplish this, we irample of such a case is shown in Fig?**3&Shields produce
radiated a metal plate, of Fe or Sc for the data discussed herég lateral limits of the images; the edge of the gated area on
with two of the Nova laser beams in succession. This prothe microchannel plate produces the lower limit. In the raw
ducedK, x rays at 6.7 or 4.3 keV, respectively. We used adata(a), one can make out the elliptical shape of the back-
pinhole camera, with an array of 16 pinholes of @t di-  lighter spot, with bright signal from lower left to upper right.
ameter, to view the backlit target ak8magnification. Each The plastic base and the uncompressed foam each have a
pinhole produced an image on a microchannel-plate framingearly constant optical depth. There is a range of backlighter
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spot positions that produces this result. Pébjsand (c) in

Fig. 3 show the limits of this range, and thus indicate the
uncertainty in the data reduction. One sees that the lateral 700
uniformity is good in both cases, and that much of the ver-

tical structure appears quite similar. However, the optical

depth of the uppermost region in the target, which is seen

through the edge of the backlighter spot, is significantly un-

certain. 500

IV. EXPERIMENTAL RESULTS

Figure 4 shows the vertical profiles of optical depth cor- C
responding to the optical depth images in Fig. 3. One can see 300 Dbl b b b
the slight differences in the profile of the plastic base, which 5 7 9
extends from just below 90@m to above 100Qum. The Time (ns)

optical depth of this b"."s‘.a ShOUIq be flfit, so the tWO. CaseI‘S'IG. 5. The positions of the forward shoé&ircles and of the ejecta peak
shown correspond to limits on either side of the Opt'mum'(square}sare shown vs time for experiments with the 1.54 g/cc plug and
One sees that the profile of the shocked structure is very welb) the 1.22 g/cc plug. The error bars are smaller than the symbols except in
measured in this case. The absolute optical depth of the pluge two cases shown.
is more uncertain than that of the shocked structure; a con-
sequence of being further from the region used to position
the backlighter spot. In addition, we note that while the pin-results, and the profiles shown in Fig. 4, can be compared
hole resolution may be 1pm, the resolution obtained here with those produced by simulations. The optical depth of the
is approximately 30um, due to viewing these structures uncompressed foam is 0.580, from which the density of the
across the 70@m flat surfaces at some small angle. shocked foam is found, by the same calculation, to be 0.15 to
One can see in Fig. 3 that the shocks appear quite plan&.36 g/cc. A better evaluation of the shocked-foam density,
over the observed 40@m width. We made additional mea- from the shock properties, is discussed next. It gives a den-
surements without shields, and in the orthogonal direction asity of 0.16+0.04 g/cc.
well, to further assess the planarity and edge effects. As one Our data allows us to determine several properties of the
would expect, we did observe curvature on the outer edges ahocked foam by a standard hydrodynamic analysis. We ob-
the shock. The flat, central region pulls ahead of the edgesained a sequence of images like those shown in Fig. 3, at
These results were also consistent with 2D simulations. Wedifferent times. This allowed us to plot the position of the
concluded that the effective optical depth of the observedorward shock and of the ejecta peak vs time. These data,
plug material, along the diagnostic line of sight, is betweernwith least-squares fits to the velocity, are shown in FidIrb.
350 and 70Qum. a previous publicatioh® these data have been compared to
One can use this result to infer the density of the plugsimulations) We note that, although the data would allow
and of the ejecta peak from these data. The calibration resome slowing, deceleration of these two features is not evi-
erence is that 70@m of CsgH,4Br,, at 1 g/cc, has an optical dent. The velocity of the ejecta peak can be used as a mea-
depth of 8.1. This implies that the density at the maximum ofsure of the “particle velocity”—the fluid velocity behind the
the plug material in Fig. 4 is 0.720.28 g/cc. The corre- shock front. Simulations show that the actual velocity behind
sponding density of the ejecta peak is 08825 g/cc. These the shock front, at early times, is less than 2% larger than the

-t
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FIG. 6. pressure vs density of shocked foam. The points show the paranf!G. 7. The variation with time of the position of the outétiangles and
eters of shocked, 40 mg/cc, silicate aerogel foam determined from measur#ner (circles 75% of maximum plug density is shown, for the case of a
ments as described in the text. The vertical error bars lie within the points1.22 g/cc plug. The lines are upper limits on the center-of-mass position
The curve shows results from the standard SESAME library equation obased on shock breako(golid) and center-of-mass velocity at breakout
state table, for Si@ from a simulation(dot-dash.

. . . . an absolute upper limit on the plug location, in the absence
ejecta-peak velocity. We used 1.00 and 1.03 times the eject%T postshock acceleration

peak velocity to. place Iimit_s on the r.es“'ts- Thep,.lfnowing The lower, dot-dash line shows another overestimate of
the shock velocity, the particle velocity, and the initial den—,[he distance the plug will have moved, but a more realistic

sity, we can de.termm'e th? shock_eq density, shocked pre?f)'ne, requiring input from simulations in addition to experi-
sure, and.effecnve. adiabatic coe'ff|C|.er7/t,as usual. The "®"  mental data. The actual velocity of the plug material is
su:ts of t?|s anali/ilzt%r; 65 r;own Ir110|:7ng 6/' Thﬁ Cirresgolng'dfn%maller than the solid line indicates because the shock slows
\iaoug fo Y aZSGS k. / Ih O_Itha . I rg S shock-and 124 44wn pefore it breaks out, and because the material we de-
*0.12 for a 68-km/s shock.The implied compression can tect as “the plug” does not include the high-velocity matter

be larger than fourfold, because energy is required during . o-omes the flowing and stagnated ejecta. We can ac-

compression to atomize and ionize the radiating foam Mat€squnt for the first effect by using a simulation that obtains

rlal.l) g\sf the rc]urve ShO\.NS’ t?e lsngME tap(l;;/s, ;’(‘j'h'Ch A€he correct shock breakout time from a radiation drive pulse
scaled from the properties of solid density gi@ould pre- , yetermine the center-of-mass fluid velocity at that tiB®

dlct_?;]gm;lcantly m«IJ:r'e comlp ressh|on thhan we _Obse]fvﬁ' km/s). Motion with this velocity is shown by the dot-dash
e data(e.g., Fig. 3 also show the motion of the re- line in Fig. 7. It is quite clear from Fig. 7 that there must

siqual plug mass through the system, for thg experimentﬁave been a strong acceleration before 8 ns. During the 8 to
using a plug density of 1.22 g/cc. Based on profiles like thoselz ns interval, the velocity of the plug is much faster than

s_hown in Fig. 4, Wf‘ determlned_the points at which the OP-either of these overestimates of the velocity due to the initial
tical depth was 75% of the maximum in this feature. These,oy | conclusion, we have here strong, direct evidence

are shown in Fig. 7. The scatter in the points clustered neaf ot the plug was accelerated after shock breakdi@ ng
the same location, which are obtained from a sequence Yut before 8 ns

frames spaced by 100 ps, indicates the reproducibility of the In the other experimental case, the plug whose initial

analysis. Figure 7 glso shows four curves. The dashed “ne&’ensity was 1.54 glcc moved much more slowly. In conse-

are least-squares linear fits to the two sgts of d'ata. The OUt'a'ijence, it did not move far enough to see clearly until quite

edge of the plug moves at 8 km/s, while tth‘ inner gdge late in the experiment. We did obtain one good measurement
moves at 76:2 km/s. One can see that there is no ewdenc%f its position. This result is shown in Fig. 8. The solid line

here of acceleration or deceleration of the plug during the Fig. 8 shows the upper-limit center of mass trajectory for

interval shown. However, the other two lines, discussed nextt,he denser plug, in this case based on a shock breakout time

have the implicati_on that th? pl.ug has been strongly acceleréf 3.3 ns, giving an average material velocity of 45 km/s.
ated after the action of the initial shock.

. . . _ . The dot-dash line again shows the estimate based on simu-
The solid and dot-dash lines provide definitive ewdence'ations, which gave a center-of-mass velocity, at 4 ns, of 29

of postshock acceleration of the plug mass. The solid Iin?(m/s. Here again, the evidence is clear that the plug mass
shows the position where the center of mass of the plug -« . rther accelerated after the initial shock

would be, assuming that the shock velocity in the plug was

constant and that this mass moved at constant velocity fro

the moment of the observed shock breakout. Specifically, thr{e}' ANALYSIS AND DISCUSSION

shock breakout timé2.9 ng was used to infer the material The immediate question raised by these data is the origin
velocity (52 km/s, 3/4 of the shock velocitpf the center of  of the second impulse that further accelerates the plug mass.
mass of the pludgat 175um at shock breakoutThis line is  We attribute this to the stagnation of plasma at the center of
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N _ _ _ ) initial density profile. The solid curve shows the profile obtained using only
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mum plug density is shown, for the case of a 1.54 g/cc plug. The lines ar@dding the additional pressure pulse described in the text.
upper limits on the center-of-mass position based on shock bre&alid)
and center-of-mass velocity at breakout from a simulatawt-dash.
in the data. When making the comparison, note that the spa-

) . ) tial resolution in the data is only about 36n, as discussed
the hohlraum. The hohlraum is 8Q@m in radius, so that 5,6

matter moving a few hundred km/s reaches the origin in very

few ns. The matter at the center of the hohlraL_Jm will beVL CONCLUSION

dominated by dense, gold plasma, and the resulting pressure

pulse can very plausibly launch a shock up the plastic den- We have created an experimental system that is well

sity ramp that extends from the plug to the hohlraum axisscaled from the laboratory to the environment of SN1987A.

Based on the data and simulations, this second shock mu¥{e have studied the behavior of the laboratory system using

overtake, and coalesce with, the first one after the first shock-ray radiography. The matter is accelerated by an x-ray ra-

breaks out of the plug but before the observed forward andliation pulse and by an additional impulse, revealed by the

reverse shocks are established in the foam. data, that we attribute to hohlraum stagnation. Our goal is to
Our approach to this issue is an empirical one. We ar@chieve a sufficiently complete characterization of this sys-

seeking to define a pressure pulse that, when added to tfiem so that we can provide an accurate and complete set of

radiation pulse, will reproduce the observations. Because thigitial conditions that will allow any hydrodynamic code to

data regarding the plug motion, the ejecta peak, and the fomodel its behavior. We are close to achieving this goal. It

ward shock are quite extensive, we expect to find that only avill make possible the use of multidimensional astrophysical

narrow range of possible pulses will produce this resultcodes to model the evolution of hydrodynamic instabilities,

Once we have thus established the initial conditions that refor comparison with data.

produce the data, further work will proceed in two directions.

First, modeling of the hohlraum environment can attempt t)ACKNOWLEDGMENTS
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