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ABSTRACT

We presenta designfor high enegy density laboratoryexperimentsstudyingthe interactionof hypersonic
shockswith alargenumberof inhomogeneitiesThesé‘'clumpy” o wsarerelevantto awide varietyof astrophys-
ical environmentdncludingthe evolution of molecularclouds,out o wsfrom youngstars PlanetaryNebulae,and
Active GalacticNuclei. The experimentconsistsof a strongshock(drivenby a pulsedpower machineor a high
intensitylaser)impingingon aregion of randomlyplacedplasticrods. We discusshe goalsof the speci ¢ design
andhow they aremetby speci ¢ choicesof targetcomponentsAn adaptve meshre nementhydrodynamicode
is usedto analyzethe designandestablisha predictive baselingfor the experiments.The simulationscon rm the
effectivenesf the designin termsof articulatingthe differencesbetweenshockspropagatinghroughsmooth
andclumpy ervironments.In particular we nd signi cant differencedbetweerthe shockpropagatiorspeedsn
aclumpy mediumcomparedo a smoothonewith the sameaveragedensity The simulationresultsareof general
interestfor foamsin both inertial con nementfusion andlaboratoryastrophysicstudies. Our resultshighlight
thedangemf usingaveragepropertiesof inhomogeneouastrophysicaérnvironmentsvhencomparingimescales

for critical processesuchasshockcrossingandgravitationalcollapsetimes.
Subjectheadings:hydrodynamics— shockwaves— turbulence— ISM: clouds

1. INTRODUCTION

Advancesn high-resolutiorimaginghaverevealedmary as-
trophysicalervironmentsto consistof highly inhomogeneous
media. Thoseimagesshav that materialon circumstellay in-
terstellarandgalacticscalesarenotsmoothplasmasystemsut
are often arrangednto a large numberof cloudletsor clumps
immersedn a backgroundf interclumpgas. The presencef
such“clumpy” massdistributionsmay have signi cant conse-
quencedor large-scaleo ws. These o ws candominateas-
trophysicalprocessesExamplesnclude: masslossfrom both
youngandevolvedstars strongshockspropagatinghroughin-
terstellarclouds,andmassout o ws from active galacticnuclei
(AGN). In eachof thesecasesa highvelocity o w impingeson
anambientmediumthatis acceleratedsompressedindheated.
The momentumand enegy exchangebetweenthe driver (the
windsor interstellarshocks)andtheambientmediumcanbean
importantsourceof luminosity, non-thermalparticles,mixing
of enrichedelementsaandturbulence. Thus,the clumpy o ws
revealedin new imagespoint to the needfor increasedunder
standingof how inhomogeneoumediacanchangefundamen-
tal astrophysicaprocesseandaffect the evolution of different
astronomicakrnvironments.

Understandinglumpy o w dynamicsposessigni cant sci-
enti ¢ challenges.The vastmajority of theoreticaltreatments
of astrophysicaluid o ws have only considerecsmoothdis-
tributions of gas. A numberof pioneeringstudiesby Dyson,
Hartquistand collaboratorshave attemptedio understandhe
role of embeddednhomogeneitiessia (primarily) analytical
methods(e.qg., see(Hartquistet al. 1986; Hartquist& Dyson
1988)). One critical feature of thesepioneeringworks was

treatmenbf clumpsasunresohedsourcef mass.This “mass
loading” of o wsvia hydrodynamianddiffusive ablationwas
shown to produceimportantglobal changesn the o w prop-

ertiessuchasthetransitionof the o w into a transonicregime
irrespectve of theinitial conditions. In general,it wasshavn

that interactionsof a o w with inhomogeneitiesnight cause
signi cant changesn the physical,dynamicalandevenchem-
ical stateof the system.

Attempts to producefully resolhed numerical studies of
clumpy o w dynamicshave beenhamperedby speecandmem-
ory requirementsof computers. In general,detailedstudies
have focusedon interactionsof a single clump with a global
ow (Klein, McKee, & Colella 1994) (hereafterKMC), (Jun
& Jones 1999;Lim & Raga 1999; Mac Low et al. 1994).
Theadwentof adaptve meshre nement(AMR) computational
technologieshasallowed resolhed multiple clump systemsto
beginto bestudied.In (Poludnenk, Frank,& Blackman2002)
(hereafterPFB) a numericalstudy of shocksovertakingmul-
tiple clumpswas completedattemptingto articulatethe basic
physicalprocesseBwolvedaswell asdifferentiatingclumppa-
rametermregimes. In that papertwo regimeswere describedn
whichthe neighboringclumpseitherdid, or did not, interactas
they wereovertalenanddestrgyed by the o w. In addition, it
wasdemonstratethat mixing of clump andambientmaterials
wasaffectedby thedistribution of clumps.

In spiteof the computationabdvancesvhich madethe PFB
study possiblean understandingf the full 3-D dynamicsof
clumpy o wsincludingtheeffectof microphysicabrocesses
still notavailable. The problemis sufciently comple thatnu-
mericalmethodscannotbeexpectedo fully articulateanswers
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to theproblem.Thus,additionalinvestigatve methodsarewar-
ranted. In this paperwe describethe designof a High Enegy
Density (HED) laboratoryexperimentto studyshockpropaga-
tion in clumpy ows. The adwentof HED laboratorymethods
is anew developmentin the studyof astrophysicabhenomena
(Remingtoretal. 1999,2000)andmay offer the opportunityto
probedynamicalprocessewith controlparameterthatarenot
possiblein traditional,obsenationalapproaches.

As with thenumericainvestigation®f clumpy o ws,thelit-
eraturecurrently containsonly experimentsexaminingthe in-
teractionof a shockwith a singleclump. In (Klein etal. 2003)
the NOVA laserwas usedto drive a strongshock(M  10)
into alow-densityplastictargetwith asingleembeddeaopper
microsphere. The morphologyand evolution of the shocled
“cloud” aswell asthetrajectoryof the shockweretracked via
radiography The experimentwas able to follow the shock-
cloudinteractionfor a numberof dynamical,or “cloud crush-
ing”, times. Theseresultswere comparedwith 2.5 and 3-D
simulations.The 3-D resultsusedAMR methodshatallowed
signi cant detailsin the evolution of the shocled cloud to be
determined. Klein et al. (2003) obsered a attening of the
shocledcloudaswell astheappearancef hollow interior. The
hollowing was attributed to a breakupof the vortex ring that
forms as the shocktraversesthe cloud. Robey et al. (2002)
have reportedfurther studiesof this vortex ring breakup.Kang
etal. (2001a)lsocarriedoutlaboratoryexperimentsf ashock
interactingwith adensesphereembeddedh foam. In theseex-
perimentsa so-called‘complex shock” (forward,reverseshock
waves,andtheintermediatecontactdiscontinuity)wasformed
whena supersonico w impactedow-densitymatter The at-
teningof the cloudwasagainobsered,aswasthevortex ring
onthedownstreansideof thecloud. Using1 and2.5-D simu-
lationsKangetal. (2001b)trackedtheevolution of thecomplex
shockaswell asthe disruptionof the cloud.

In the presenipaperwe describea designfor an experiment
that involves multiple denseclumpsinteractingwith a strong
shockwave. By its naturethe clump problemis complex and
caremustbetakento createexperimentgshatfocuson speci ¢
questiondestoneendsup with resultstoo comple to analyze.
Issuessuchastherole of interactionsamongclumps theeffects
of multiple clumpson mixing and turbulence,andthe nature
of massloadingdueto clumpscould all be investigatedwith
the correctdesignbut it is unlikely thatthey canall beinvesti-
gatedwith asingleexperiment.Thus,in this paperwe consider
a designwhich is meantto study the global questionof how
a clumpy mediumaffectsthe dynamicsof shockpropagation.
Speci cally we focuson how a highly clumpedmediumalters
theglobalshockpropagatiorspeed.This questionis relevantto
astrophysicalo ws, suchasshockstraversinggiant molecular
cloudsin which mary cloud coresmay exist or the progressof
a supernea blastwave througha clumpedwind ejectedfrom
thestarduringa previousepoch.

In section2 we describethe experimentalset-up.In section
3 we presensimulationsof the experimentaket-upcomparing
targetswith andwithout clumps,aswell asthetargetsthathave
asmoothdistribution of masswhoseaveragedensityis equalto
thatin the clumpedtarget. Theseresultsareof interestin their
own right independenbf this particularexperiment. We note,
in particular thatclumpsandfoamsmay be similar enoughin
principlefor oursimulationgo bearon generaissuegelatedto
inertial con nementfusion (ICF) andlaboratoryastrophysics
experimentsln the nal sectionwe summarizeanddiscussour

resultsgiving prescriptiongor the set-upof theseexperiments
on eitherintensdaseror pulsed-paverexperimentatestbeds.

2. EXPERIMENTAL DESIGN

Several goalsfor an experimentthatis to explore the prop-
agationof shocksthroughclumpy mediacanbeidenti ed. 1)
The fraction of the volume occupiedby the clumpsshouldbe
realistic; we chose5%. 2) Theratio of densityin the clumps
to densityin the interclumpmediumshouldbe realistic. Our
choicewas40to 1. Thisis on thelow endof obseredvalues;
we choset to maximizetheheatingof theclumpsandfor other
reasongliscussedelon. 3) The shockwave in the clumpre-
gion shouldbe reasonablsteadyandenduring.Speci cally, it
shouldbe sustainedong enoughsothatit interactswith mary
clumpswithout arny substantiathangen the propertiesof the
shockor the post-shocko w. 4) The experimentshould al-
low comparisonof the clumpy casewith alternatve casesjn
which the shockwave propagateshroughmediahaving either
adensityequalto theaveragedensityof the clumpy mediumor
a densityequalto the interclumpdensity 5) The shockwave
shouldbe asstrongaspossiblejn orderto maximizethe heat-
ing of theclumps.ldeally, theclumpsshouldbeionizedsothat
they canbeaccuratehtreatedby anideal-gasequation-of-state
with a polytropicindex = ® 3. 6) The experimentshouldbe
diagnosableisingavailabletechniques.

In seekingto meetthesegoals,we have developedthe ex-
perimentaldesignshowvn in Figure 1. The enegy sourcefor
theseexperimentss a pulsepower device known asa Z pinch,
speci cally the“Z Machine”operatedy SandiaNationalLab-
oratories(Matzen 1997). A Z pinch canimplode an array of
W wires at high velocity, sothatanintensex-ray pulseis pro-
ducedwhenthe wires collide andtheir kinetic enepy is ther
malized. Among existing high-enegy-densityresearchacili-
ties,Z candeliverthe mostenepy to atarget. Thisis essential
for anexperimenthatrequiresa (comparatiely) largevolume;
the presentexperimentinvolving mary clumpsis a good ex-
ample. Throughthe useof a surrounding high-Z container(a
hohlraum)}o helpcontainthex-rays,it is feasibleto irradiateup
to 4 targetsperimplosionwith anx-ray pulsewhosespectrurris
reasonabhapproximatedisa blackbodyspectrunwith atem-
peratureof 140eV. The full-width half-maximum(FWHM) of
this x-ray pulseis 8 ns.

The radiation-hydrodynamiccomputer code HYADES
(Larsen& Lane 1994)was usedto evaluateour designop-
tions. HYADES is asingle- uid, Lagrangiarcodein whichthe
materialcompositioncan be differentfrom cell to cell andin
which the electronandion temperaturesvolve independently
Theelectronheattransportis by ux-limited diffusion,but this
was not importanthere. The versionof the code usedhere
employsasingle-temperaturggreybody”) radiation eld with

ux-limited, diffusive radiationtransport. This wasonly im-
portantin theinitial delivery of enegy to thetarget. The code
wasrun with SESAME equation-of-statéables. For our pur-
poseshere,whatmatteredn theradiationhydrodynamicsvas
to deliverthe correctamountof enegy to theinitial layerin the
target. Accordingly, we adjustedthe radiationtemperaturgo
obtainthe correctablationpressurdor the measuredadiation
temperaturebasedon well-con rmed scalingrelations(Lindl
1998). We alsocomparedhe behaior of targetssimulatedus-
ing a measuredadiation pulse, which includesan extended,
low-temperaturdoot atthe startof the pulse,with thebehaior
using an approximatepulse of constantemperatureand 8 ns



duration.Thesewerevery similar (theenegy couplingis dom-
inant). Therefore asimpler8 nspulsewasusedfor our scaling
studieshatdevelopedthe speci c targetproperties.

Theavailablex-ray pulsecannotbe usedto directly drive the
desiredshockwave. It is too brief, and one needsto absorb
it by solid-densitymatterbeforedriving the shockthrougha
lower densitymaterial. The initial challengein the designis
thusto transformthe x-ray enegy into hydrodynamiceneny,
whicheventuallywill beusedto drivethedesiredsteadyshock.
Themostef cient wayto extractenegy from aradiationsource
isto allow it to acceleratathin layerof materialover somedis-
tance while ablatingsomefractionof theinitial layer(Ripin et
al. 1980). Theinitial layer mustbe massie enoughto provide
the necessarynomentumto the additionalmassencountered
later during the experiment. It alsomustbe thick enoughthat
instabilitiesat the ablationsurfacedo not disruptit. Scaling
studiesshavedthata 125 m thick layer of polystyreneat a
densityof 1 g/cc, worked well for this purpose.The rangeof
optimumthicknesss notnarrav; onewould obtaincomparable
resultsfrom thinneror thicker layers. Theinitial layeris accel-
eratedacrossa 500 m vacuumgap. The size of the gapwas
optimizedso that the plasticlayer collideswith the next layer
in thetarget(the C foam)justattheendof the8 nsdrive pulse.
At this time, it hasbeenacceleratedo a velocity of about70
km/s.

Thesecondlesignchallengéds to converttheenegy initially
deliveredby the 8 ns x-ray pulseinto a form thatcandrive a
shockfor tensof ns, which turnsout to be necessaryor rea-
sonsdiscussedelon. To accomplishthis, we let the acceler
atedplasticlayerimpacta C foam layer of density200 mg/cc
andthicknessl.5 mm. Our goal hereis to let a blastwave de-
velopin the C foam,in which anabruptshockis followedby a
gradualdeceleratioroverasigni cant distance Thearealmass
densityof the C foam is several timesthat of the plasticthat
remainswhenthefoamis impacted sothatthis blast-wave be-
comesapproximatelya (planar)Sedw-Taylor wave, decelerat-
ing slowly, accumulatingnass andgrowing spatially Ourgoal
is to usetherarefactionof the leadingedgeof this blastwave
into theclumpy medium to drivetheenduringshockthatwe in-
tendto produce.Hereagain,we usedscalingstudiesto setthe
foamdensityandthicknessThe C foammustbedense=nough
that its leadingedgecan drive the shockwe requirethrough
the clumpy medium,yet not so densethat the shocled foam
becomedoo cool andthe rarefactionbecomedoo slow. The
changeén behaior wereseerto begradual sothatthespeci c
parameter®f the target represenspeci ¢ conditionswithin a
broadrangeof reasonablehoices.

Figure2 shaws the evolution of the blastwave asit reaches
the endof the C foam. By thesetimestheinitial plasticlayer,
seenasthe densefeatureon the left, hasdeceleratedhearlyto
rest. Thelocal modulationsn densityandvelocity areacoustic
andareartifactsof the zoningusedin the simulation. The rst
pro le shaws the blastwave nearthe endof the C foam. One
seesthe characteristi@bruptshockand gradualdeceleration.
One can also seethat the structureof the blastwave extends
over severalhundredsof m. This enablest to deliver its en-
ergy for severaltensof ns,with characteristiwelocitiesof tens
of km/s. Whenthe blastwave reacheghe interclumpmedium
(solid pro le), its velocityis 33 km s'%. At thattime, as
seenn theotherpro les, ararefactionwave forms. Thisdrives
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a faster reasonablysteadyshockinto the interclumpmedium,

asis expectedfor a centeredrarefaction (Zeldovich & Raizer
1966Y. Therarefctionpropagatedackwardinto the C foam

aswell. However, no subsequente ected shockis produced
during the experimentbecauseahereare no densitystructures
in theblastwave.

The propertiesf the clumpy mediumwerechoserbasedn
several considerations.The interclumpmediummust be low
in densityto allow the rarefactionof the blastwave to expand
at a high velocity andto allow diagnosticx-raysto penetrate
distance®f severalmm for radiography Subjectto thesecon-
straints,highervaluesof this densityproducelargerram pres-
suresandmore heatingof the clumps. We chose25 mg/ccdi-
vinyl benzeng(DVB) foam for this material. This produced
the minimumprealisticratio of 40 to 1 betweenthe interclump
mediumandthe plasticclumpsat 1 g/cc. The valueof 1 g/cc
wasthe lowestdensityfor clumpsthat could be implemented,
leadingto the maximumclump heating.The clumpswerecho-
sento be two-dimensionakods since, on one hand, this was
easieltto diagnoseandsimplerto modeland,ontheother, since
an approachto the manugcturing methodof sucha system
could beidenti ed. The choiceof a 5% volume fraction for
the clumpsimplied arelationbetweertheradiusof the clumps
andthe clump density The choiceof a clump size was sub-
jectto thecompetitionbetweerthe goalsof beingableto make
themandto diagnosethem, which favored large clumps,and
the goalsof maximizingtheir temperature@ndof having mary
clumpsin the experiment,which favored small clumps. The
sizeof the clumpswaschosento be 50 m, correspondingo
an averageinterclumpspacingof 200 m, a clump densityof
25 persquaremm, with atotal of 200 clumpsin a4 mmwide,
2 mm thick clumpy layer The locationof the clumpsin the
clumpy mediumwas chosento be random,asis the casein
actualclouds. This wasaccomplishedy using an algorithm
thatemployed arandomnumbergeneratoto specifytheselo-
cations.

By usinga DVB foamwith adensityof 73 mg/ccin placeof
the clumpy medium,onecould obsenre the propagatiorof the
shockwave througha mediumof uniform density(at leaston
scaleslarger thanthe m-cell size within the foam material).
By using25 mg/ccDVB foam without clumps,one could ob-
senethepropagatiorthroughthe uniforminterclumpmedium.

Beyond the clumpy medium, additional componentsare
placedthatallow theemegenceof theshockto bedetectedand
ideallyalsothesubsequentelocity of theinterfaceatthe endof
theclumpy mediumto bemeasuredOneapproachs to placea
quartzwindow, coatedwith athin( 1 m) Al layer, attheend
of thefoamandto diagnosehe motionof the Aluminum layer
interferometrically

3. THEORETICAL AND NUMERICAL ANALYSIS
3.1. Theoetical Badkground

The interactionof a shockwave with a clumpy mediumhas
recentlybeenanalyzedoy PFBin systemswith differentnum-
bersof clumpsanddifferentclump arrangementsThey were
simulatednumericallyusingan AMR code.Herewe will give
a brief summaryof the resultsandwill referthereaderto that
paperfor furtherdetails.

Analytical algumentsdrawvn from examinationof the sim-
ulations allowed two regimesof clumpy o ws with distinct

" Thedensityspike atthe leadingedgeof therarefction,which is notimportantfor the overall hydrodynamicevolution, is anartifact of the equation-of-statéables.

It would notactuallybe presenfor theionizedmaterialpresentere.
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o w behaior to beidenti ed. In the “interacting” regime, the
evolution of individual clumpswas strongly affectedby their
neighbors.As is well known (KMC), the behavior of individ-
ual shocled clumpsin the adiabaticregime is dominatedby
compressiorand subsequengxpansionin a direction perpen-
dicularto shockpropagatior( attening). Whenthis expansion
causeseighboringclumpsto interacton a timescaleshorter
thanthetime for themto be destrged by the post-shocko w,
the subsequengvolution is more appropriatelydescribedasa
larger memged systemthat then progressesoward turbulence.
In the non-interactingregime the clumpsare so widely sep-
aratedthat one can describetheir evolution up to destruction
in termsof a single shock-clumpinteraction. PFB found that
clumpdistributionsin the interactingregime shaved morero-
bustmixing betweershockandclump materialapparentlydue
to strongerturbulentmotionsdownstream.The enhanceadnix-
ing seenin PFB may have importantconsequences astro-
physicalsystemssuchas SNeandevolved stellarwind-blown
bubbleswhere processedlementsin the clumpswill be dis-
bursedthroughthe ISM. In the noninteractingregime clumps
will evolve independentlyntil they aredestrgyedby theshock
andthepost-shocko w.

The conceptof interactingand non-interactingegimescan
be mademorequantitatve. For anexternalshockvelocity vs, a
clumpradiusag, andclumpto ambientdensityratio = . 4
the key timescalesarethe shockcrossingtimescalets:, clump
crushingtimescalédcc, andclumpdestructiortimescalécp,

2a9
ts Vs 1)
tec = Fafs tx 2
tecp = i 3

whereF;; 13 andFy 206 for our experimentalcondi-
tions. The rst quantityrelatesthe stagnatiorpressuravith the
pressurédehindtheinternalforward shockin the clump, while
thesecondelatesthe externalpostshockpressurdar upstream
with the stagnatiorpressuret the clump stagnatiorpoint. The
parameter is determinedrom thesimulationsandis typically
2. Thereforesystemswith aclumpdensityratioof =40anda
strongexternalshock(Machnumberin therangeMs = 5- 100)
yieldtcc 3 9tg andtcp 7 8t

A critical separationdgi, perpendiculato the direction of
shockpropagatiorcanthenbe derivedandexpressedis

derit = 2 @g+Vexp(tep - tec) )

tep- tec FuFs 3(-1) 2+1
i +1

= 2ag
4

where is theadiabatidndex of the constituengasandvey, is
the lateralexpansionvelocity of the clump equalto the clump
internal soundspeed.Whenclumpsareinitially separatedy
adistanced dit they will be destrgyed beforethey inter-
act. A similar quantityLcp, the clump destructiorlength,can
be de ned for the direction parallelto the direction of shock
propagation.Expressiongor Lcp aresomavhatcumbersome,
relying on a descriptionof the acceleratiorof the clumpsafter
thepassagef theshock.Readersnay nd therelevantexpres-
sionsin PFB.

To summarizeinhomogeneou wswill bein theinteract-
ing regimewheninitial clumpdistributionshave averagesepa-

rationsbetweerclumpsnormalto the o w d suchthatd  derit
andalongthe ow L L¢p. In whatfollows we usethesere-
sultsin describingsimulationsexploring the experimentalde-
signdescribedn the previoussection.

3.2. NumericalSetupandMethod

A seriesof numericalsimulationsbasedon the experimen-
tal designpresentedn Section2 were performed. The simu-
lations usedthe Adaptive Mesh Re nement(AMR) hydrody-
namicscode AMRCLAW (Bermger & LeVeque 1998). AMR
methodsallow highresolutionto beapplieddynamicallywhere
neededn acalculation.Suchmethodsarecritical in studiesof
high Mach numberclumpy o ws asit would be impossibleto
properlyresole boththe detailsof individual shock-clumgin-
teractionsaandtheglobal o w with x edgrid methodsDescrip-
tion of the codeandits applicationto theclumpy o w problem
canbefoundin PFB.

Our clumpy o w simulationswere performedin 2-D Carte-
sian geometry which most closely representghe target, and
arethereforeslabsymmetric. The simulationswereinitialized
with a blastwave of propertiesdescribedn Section2 andcor
respondingo the solid pro le in Figure2, propagatingnto an
arrayof 200 clumpswith positionscorrespondindo the posi-
tions of the rodsin the target. The propertiesof the clumps
andsurroundingnediawerealsothe sameasdescribedn Sec-
tion 2. Theparticulardistribution of clumps(eachwith ag =25

m andtg: = 0 96 ns)usedin thesimulationshadthefollowing
properties:

derit 426a 1065 m 5)
Lco 3548 885 m

Averageclump separationsn the experiment,calculatedac-
cordingto the expression$39) and(40) of PFB,are

X 535 m 6 05%Lcp ©6)
y 1024 m 15 88%dcrit

Thus,thesystemdesignedor theexperimentsanbedescribed
as strongly interactingwith both global and local evolution
stronglyaffectedby clumpmeming prior to breakup.

The detailsof our simulationswereasfollows. We useda 3
level systemof re nementcorrespondingo a maximumequi-
alentresolutionof 3264 2560zones.Thus,atmaximumreso-
lution eachclumpradiusag wasresohedwith atleastl6zones.
Thecomputationatiomainhaddimensions 60y 204ay. The
shockenteredhe domainfrom theleft. All four boundarie®f
thedomainhadout ow boundaryconditions.In generalhow-
ever, high densitymaterial, correspondingo the target walls
andincludedin the computationatlomain,keptthe o w from
reachingthe sideboundariedor aratherlarge partof the sim-
ulation. Similarly, while the far side of the computationato-
mainwasanopenboundarythehighdensitybackplatekeptthe

o w from exiting the grid duringthe simulation.

Threesimulationswererun correspondingo the likely pro-
gramof experimentalshots. Run 1 containedno clumps,Run
2 containedhe clumpdistribution describedabove,andRun 3
containecho clumpsbut hada smoothbackgroundvhoseden-
sity wasequalto the averagedensityin the clumpregion of the
clumprun. All threerunslastedwell pastthe momentof con-
tactof the global shockwith the backplate namelythe Run1
wasrunfort=76nsor 7%, Run2wasrunfort=1382ns
or 144g,andRun3wasrunfort =70nsor 73g8.

8 Hereafteiin our simulationstime is givenfrom the momentwhenthe blastwave entersthe low-densityinterclumpmedium.



The resolution used in our simulations is signi cantly
smallerthanthe resolutionthat would correspondo the con-
vergedregime (e.g.,see(Klein et al. 1994; Poludnenk et al.
2002)). Such corverged resolutionwas unfeasiblewith our
computationatesourcesincewe neededo simulatethe evo-
lution of hundredsf clumpsnotthe singleclumpsexploredin
(Klein etal. 1994;Poludnenk etal. 2002). Theresolutionused
in our studywas, however, sufcient to captureglobal proper
tiesof shockpropagationn the clumpy mediumwhich wasthe
primary focusof the investigation.In orderto corroboratethe
latter statementve conducteda corvergencestudythe results
of which are summarizedn Figure 3. In orderto carry out
runs with a higherresolution,necessaryor the corvergence
study we usedonly a subsebf the computationalomainused
in Runsl - 3 (cf. Figure4). In the corvergencestudyrunsthe
computationatlomaincorrespondetb a region with extentin
thex-directionfrom 0 16- 0 41cmandin they-directionfrom
0 15- 0 25cm. In additionthe complex shockusedin theRuns
1 - 3 wasreplacedwith a steadyshockwave of comparable
Mach number(Ms = 10). Threepairsof runswere performed
atresolutionsof 16, 32, and64 cells perclumpradius.In each
pair of runs,the rst simulationreproducedhe setupof Run2
with clumppositionsexactly matchingthosein thecorrespond-
ing subdomairof Run2. Thesecondimulationreproducedhe
setupof Run3.

In theleft panelof Figure3 we show theresultsof the simu-
lationsreproducingRun 3. Sincein thatcasethe shockfront is
at, it is corvenientto measurghetime for the shockto reach
the right boundaryof the domain. The uncertaintyin shock
front positiondeterminatioris of the orderof a cell sizeat the
highestresolutionfor eachcase. Thusthe error barsare de-
terminedbasedon the ratio of the uncertaintyin shockfront
position over the measuredshockfront speed. From the g-
ureit is clearthatthe domaincrossingtime for the shock,and
thereforethe shock speed,remainvirtually constantwith in-
creasingresolutionup to the temporalresolutionof the simu-
lations. Also it shouldbe pointedout thatthe lowesttemporal
resolution( 100 ps) achieved at the spatialresolutionof 16
cellsperclumpradiusis practicallyequalto thetemporaldiag-
nosticuncertaintyin the physicalexperiment(seenext section).
Right panelof Figure3 shavsthe moreimportantresultsof the
runsreproducingRun 2. It shows positionof the shockfront
attimet = 6037 ns. The error barscorrespondo the uncer
tainty in the shockfront positionfor a givenresolution.Again
note that asthe resolutionincreaseghe changesn the shock
positionareminimal (7 m) andthey do not exceed0.5%.
It shouldbe emphasizedhat the largestuncertaintyin shock
position, equalto aboutthe cell sizein the caseof resolution
of 16 cellspercloudradius,i.e. 16 m,is aboutafactorof
6 smallerthanthe spatialdiagnosticuncertaintyin the physical
experiment( 10 m, seenext section). Therefore,we con-
cludethatthe resolutionof 16 cells per cloud radiuswe useis
sufcient to capturethe propertiesof globalshockpropagation
includingits positionandvelocity.

3.3. Results

Figure 4 shows a snapshobf the clumpy simulationearly
in its evolution after 15.89ns (16.55ts) andis a synthetic
Schlierenrepresentationf the logarithmicdensityin the o w.
A numberof points are worth noting. By this time the rst
“row” of clumpshasalreadybeendestrgyed andthe material
from theseclumpshasbeenacceleratedlonnstream.The ef-
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fect of this rst line of clumpson the downstreamneighbors
canbeclearlyseenin this gure. Thesecondrow” of clumps
is disruptedboth by the passingof the global shockaswell as
by the debrisfrom the upstreantlumps. Thus,the kinetic en-
emgy in the ow K interactingwith theseclumpsis enhanced
abovethatfor singleclumpsas
1 2 oV2 1
Fk:i PSV%S+FC:T()(S4_1)+§ oA V& (7)

Here ps andvps are the post-shockdensityand velocity re-
spectvely, o istheunshocledinterclumpdensity andvsisthe
globalshockvelocity. The rst termcorrespondso the undis-
turbedpost-shocko w. The secondterm encompassethe ac-
celeratectlumpmaterialandit dependsnits instantaneouge-
locity vc (expressiongor it canbefoundin PFB)aswell asthe
detailsof its dispersionj.e. ca . Aswasshovnin PFB,such
interactionggreatlyenhancamixing, andmoreimportantlyfor
our purposesrob the shockof enegy by corvertingbulk ow
into aturbulentcascadef vorticity.

In Figure 4 notice alsothe presenceof the individual bow
shockssurroundingeachclump. As the incident shockpro-
gressestheseindividual shocksmemgeinto a single structure.
This mergedstructurebecomesiormalto the directionof the

ow eventually taking the form of a single reverse shock.
Thus, we seea cleartransitionfrom a o w patternin which
the heterogeneitydlominatednitially to onein which a global
ow dynamicsemeges. It is worthwhile noting that consid-
erableacousticstructurecan be seenbehind (to the left) of
the global reverseshockasinformationaboutnewly shocled
clumpspropagatesipstream.

Finally, noticethatwhile theglobalshockhasnumerousor-
rugationsin it dueto the presencef the clumpswe do notsee
ary largescaledisturbancesThistrendcontinuedor theentire
evolution of the simulation. On average the shockappeargo
“anneal’itself asit passeshroughtheclumpregion. Theglobal
structureof the shockuponpassinghroughthe clumpy region
andthe effect of “annealing”canbe studiedin the experiment
via the diagnosticof the interactionof the shockwith the Al
layeronthebackplate.

The global behaior of the incident shockis illustratedin
Figure5 that shavs the progresof the shockasa function of
time for all threesimulations. For the clumpy simulationthis

gure was madeby constructingan averagepositionfor the
shockfrom differentsamplingsalongstripsin y-direction. The

processwas performedby locatingthe global shockposition.
An estimatecerroris of aboutthe cell sizeat the level with the

highestresolutionwhichis aboutl.6 m. This gure demon-
strateshow shockpropagatiowill differin aclumpy o w from
thatin a smoothone,evenwhenthe smooth o w hasthe same
averageproperties nitially, shockfront velocity in the clumpy

caseis virtually identicalto that whenthe clumpsare absent.
However, asthe shockpropagatedurther throughthe clumpy

region, causingmoreclumpsto be destrgyed,its velocity grad-
ually startsto decreaseAs thewholeclumpy systembreaksup

andhomogenizesthe global shockvelocity would eventually
tendtowardthe valuesthatcorrespondo the caseof a uniform
averageddensitymedium. Thetime for the clumpy systemto
changeits behaiour from the one similar to the casewith no
clumpsto theonesimilar to the casewith averagedensityis on
theorderof the systemdestructiortimetsp. De nition of tsp is
givenin section3.1.2of PFB.It shouldbe noted,however, that
from the experimentalpoint of view it was unfeasibleto pro-
vide extendedregion behindthe clump sectionof the targetto
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follow clump systemevolution afterits break-upfor somepe-
riod of time. Sincein our simulationswe tried to reproducehe
targetdesignascloselyaspossibleyewerenotableto obsene
theshockfront velocity evolution beyondthe point of its emer
gencefrom the clump systemandcontactwith the backplate.

We now addresghe issueof whetherthe differencedound
here are large enoughto be detectedexperimentally Aver-
agevaluesfor the shockvelocitiesderived from Figure5 are:

Vg 571kms?l; vo 5195kms?l; vg 4494kmsi.
Thustheshockin theclumpy casepropagate45.6%fasterthan
in the situationwith the sameaveragedensitybut no inhomo-
geneities.This is animportantpoint that may have signi cant
consequencefr astrophysicalo ws aswe discussin the -
nal section.An experimentof thetype describecabove would
have several experimentalpackagegriven by the samex-ray
source.An alternatve approactwould usea single,large-area
momentumsource(x-rays, laserablation,or a yer plate)to
drive a packagewith several sections.The differentpackages
or sectionswould allow the detectionof the shockwave asit
reachedhe interfacesin the experimentalsystem,and after it
hadpropagatedhroughdifferentthicknesse®f clumpy mate-
rial. The shockwave would be detecteceitherby emissionor
by a changen there ectivity of a shocled surface.Eitherap-
proachis suitableforimaging,sothatonecanobsenethestruc-
ture in the shockthroughthe differencedn arrival time at the
measuredsurface. Both the time resolutionand the absolute
accurag of thesemeasurementare 100ps. Thelocationof
themeasuremenwill be known with anaccurag of 10 m.
Thus,onewill beableto locatethe positionof the shockon a
plot like Figure5 with anaccuray of 20 m in spaceand

200 psin time. Onewill easilybe ableto detectthe differ-
encesn arrival time of severalns predictedby the simulation.
Another potential diagnosticis x-ray backlighting, simulated
datafor which is shawvn in Figures6 and7. While the princi-
pal purposeof x-ray backlightingis to obsene the structurein
thetarget,it might alsoprove ableto distinguishdifferencesn
shockvelocity aslarge asthoseshavn in Figure5. This would
dependuponthefacility.

Figures6 and7 shav syntheticX-ray backlighterimagesof
the clumpy simulationat 15.89ns. Figure 6 is animageus-
ing 5 keV X-rayswith a maximumoptical densityon the Im
of 2.0, and Figure 7 is an image using 10 keV X-rays with
the samemaximum Im density Theimageswere calculated
using cold materialx-ray attenuationcoefcients anda linear
log(exposure}o opticaldensityrelation.

The5 keV X-ray radiographof Figure6 shows the structure
of the global shockwave asit propagateshroughthe medium
in which the clumpsareembedded.The shockfront andsub-
sequenshockwavesfrom the clumpsareclearly visible. The
effect of the shockwave on the clumpsis shavn by the higher
enegy X-ray radiograptof Figure7. Thecollapseof individual
clumpsasthe shockwave interactswith themis apparent.

4. DISCUSSION AND CONCLUSIONS

In this paperwe have presentedh designfor an experiment
to explore the evolution of a strong blast wave propagating
througha clumpy medium. Theseexperimentsarerelevantto
astrophysicashockspropagatinghrougha variety of inhomo-
geneouservironmentsincluding young stellar objects,super
nova remnants planetarynelulae,and AGN. Our experiment
beginswith a shockwave createdby the acceleratiorof a slab
of materialvia enegy depositionfrom a pulsedpower source.

Theblastwave propagatesst througha smoothregion of low
densityfoamfollowedby aregionin which plasticrodsareem-
beddedn afoambackgroundWe have describedhe natureof
the blastwave andthe propertiesof the foamsthat constitute
the “ambientmedium”, aswell asthe rodsthat constitutethe
clumps.We notethat, while theseaxperimentsaredescribedn
the context of the Z-pinch pulsedpower machine,our design
couldbe adoptedo otherhigh enegy densitydevicessuchas
highintensitylasers(Boehlyetal. 1995;Paisneretal. 1999).

Numerical simulationsbasedon the experimental design
con rm that the experimentsshould be capableof exploring
differencedetweershockgpropagatinghough:1) smoothme-
dia; 2) clumpy media;3) smoothmediawhosepropertiesorre-
spondto theaveragepropertieof clumpy regions.Our simula-
tionsshaw thatshocksn clumpy mediamovemorerapidlythan
thosein thesmoothmediawith averagedropertiesTheshock
speedn the former caseis 7.01kms 1, or 15.6%,higherthan
in thelatterfor the experimentalconditions. This differenceis
sufciently largeto be resohedby existing diagnostics.Thus,
the experimentsshouldbe ableto explore issuessurrounding
enegy depositionin the evolution of clumpy o ws.

Our simulationshave alreadyrevealed behaior that may
bearontheevolutionof clumpy astrophysicalo ws. Ourresults
suggesthattheuseof averagepropertieof inhomogeneouse-
gionsin calculationf critical timescalesnaybeinappropriate
andleadto incorrectconclusions.Considey for example,the
propagatiorof a strongshockimpinging on a molecularcloud
of size L which containsmary densecores. Consideringthat
the shockcompressiorof the coresmay trigger gravitational
collapsepnewould beinterestedn comparinghecloudcross-
ing timescalefor the shockto propagatecrosshe cloudto the
time associatedvith the collapseof an individual core. De-
terminationof the relative size of thesetwo timescalesvould
establishthe ervironmentsin which starformationwould oc-
cur. For example,whentgross tcol thenonecanignoreary
ongoinginteractionbetweerthe shockandthe collapsingcore.
Ourresults however, indicatethatcareis neededn determina-
tion of terossSinNCeteross= L Vs Wherevsis theshockspeedn the
cloud. Sincevs is a function of conditionsin the cloud suchas
the density ¢, our resultssuggesthat replacingthe spatially
inhomogeneous ((x y 2) (appropriateto a clumpy medium)
with theaverage . canleadto anoverestimatiorof thetgoss
It shouldbe emphasizedhat our resultsare basedon the 2D
slab-symmetricsimulationsand in orderto corroboratethem
a full 3D studyis necessary While theseissuesrequirefur-
therinvestigationthesimulationgresentedh this paper(along
with thosepresentedn PFB) indicatethat global dynamicsof
clumpy o ws may notbe easilycapturedoy simplesmoothing
throughthe useof spatialaverages.

Theseresultsmay alsohave implicationsfor the behavior of
foam tagetsthemseles. Somefoamsare composedf mary
small bubbles,so that a shockwave will propagate¢hrougha
randomsequencef bubblewalls, causingthemto expandand
creatingmary smalllocal shocksandrarefactions.Otherfoams
have the morphologyof a pile of strav with long rods sepa-
ratedby spaces.This casehasmoreresemblancéo thatstud-
ied here,asthe shockwill propagatearoundthe rods, which
will subsequentlpe destryed. However, thevacuumbetween
the rods implies that in this casealso local rarefactionswill
play an importantrole (unlesspreheathascausedhe release
of gasthroughoutthe foam). In both thesecasesthe actual
equationof stateof the foam is complex and dependson the



history of the material, at leastwhen preheatand shocksare
present.In addition,the post-shoclstateof the foamis likely
to include turbulent motionsthat take up a non-negligible en-
ergy fraction,which impliesthatthe EOSof the shocledfoam
may differ from thatof an ordinaryplasmafor someperiod of
time. Studiessimilar to thosereportedhere,but in betteropti-
mized morphologiescould contribute to betterunderstanding
of the detailedbehaior of thesesystems.
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diner (University of Maryland), Eric Blackman(University of
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The most recent results and animations of the numer
ical experiments, described abose, as well as the ones
not mentioned in the current paper can be found at
www.pas.rochestexdu wma.
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FIG. 1.— Thetamgetandits componentsiescribedn thetext.



F1G. 2.— Evolution of the densityandvelocity asthe blastwave entershelow-densityinterclumpmedium.The pro les arelabeledwith thetime in ns.
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FI1G. 3.— Resultsof the corvergencestudy Left: Time for the global shockto reachtheright domainboundaryfor the averagedensitycase Right: Globalshock
positionattime 60.37nsfor the casewith embeddedlumps.Seetext for furtherdetails.
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FiIG. 4.— SyntheticSchlierenmageof the densitylogarithmfrom the simulationof the experimentalddesignwith clumpregion. Theshockpropagatesowardthe
right into the region of plasticrods. Imagetaken 15.89ns after the blastwave enteredthe low-densityinterclumpfoam. Note the bov-shocksforming aroundthe
individual clumpsandthe destructiorof the rst row of rods. Positionvaluescorrespondo theonesin Figuresl and?2.
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FI1G. 6.— SyntheticX-ray backlighterimageof the clumpy simulationat 15.89nsfor the 5 keV X-rays.
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FI1G. 7.— SyntheticX-ray backlighterimageof the clumpy simulationat 15.89nsfor the 10keV X-rays.



