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ABSTRACT
We presenta designfor high energy density laboratoryexperimentsstudyingthe interactionof hypersonic

shockswith alargenumberof inhomogeneities.These“clumpy” �o wsarerelevantto awidevarietyof astrophys-
ical environmentsincludingtheevolutionof molecularclouds,out�owsfrom youngstars,PlanetaryNebulae,and
Active GalacticNuclei. Theexperimentconsistsof a strongshock(drivenby a pulsedpower machineor a high
intensitylaser)impingingonaregionof randomlyplacedplasticrods.We discussthegoalsof thespeci�c design
andhow they aremetby speci�c choicesof targetcomponents.An adaptivemeshre�nementhydrodynamiccode
is usedto analyzethedesignandestablisha predictivebaselinefor theexperiments.Thesimulationscon�rm the
effectivenessof the designin termsof articulatingthe differencesbetweenshockspropagatingthroughsmooth
andclumpy environments.In particular, we �nd signi�cant differencesbetweentheshockpropagationspeedsin
aclumpy mediumcomparedto asmoothonewith thesameaveragedensity. Thesimulationresultsareof general
interestfor foamsin both inertial con�nementfusionandlaboratoryastrophysicsstudies.Our resultshighlight
thedangerof usingaveragepropertiesof inhomogeneousastrophysicalenvironmentswhencomparingtimescales
for critical processessuchasshockcrossingandgravitationalcollapsetimes.
Subjectheadings:hydrodynamics— shockwaves— turbulence— ISM: clouds

1. INTRODUCTION

Advancesin high-resolutionimaginghaverevealedmany as-
trophysicalenvironmentsto consistof highly inhomogeneous
media. Thoseimagesshow that materialon circumstellar, in-
terstellar, andgalacticscalesarenotsmoothplasmasystemsbut
areoften arrangedinto a large numberof cloudletsor clumps
immersedin a backgroundof interclumpgas.Thepresenceof
such“clumpy” massdistributionsmay have signi�cant conse-
quencesfor large-scale�o ws. These�o ws can dominateas-
trophysicalprocesses.Examplesinclude: masslossfrom both
youngandevolvedstars,strongshockspropagatingthroughin-
terstellarclouds,andmassout�ows from active galacticnuclei
(AGN). In eachof thesecases,ahighvelocity�o w impingeson
anambientmediumthatisaccelerated,compressed,andheated.
The momentumandenergy exchangebetweenthe driver (the
windsor interstellarshocks)andtheambientmediumcanbean
importantsourceof luminosity, non-thermalparticles,mixing
of enrichedelementsandturbulence. Thus,the clumpy �o ws
revealedin new imagespoint to the needfor increasedunder-
standingof how inhomogeneousmediacanchangefundamen-
tal astrophysicalprocessesandaffect theevolution of different
astronomicalenvironments.

Understandingclumpy �o w dynamicsposessigni�cant sci-
enti�c challenges.The vastmajority of theoreticaltreatments
of astrophysical�uid �o ws have only consideredsmoothdis-
tributionsof gas. A numberof pioneeringstudiesby Dyson,
Hartquistand collaboratorshave attemptedto understandthe
role of embeddedinhomogeneitiesvia (primarily) analytical
methods(e.g., see(Hartquistet al. 1986;Hartquist& Dyson
1988)). One critical featureof thesepioneeringworks was

treatmentof clumpsasunresolvedsourcesof mass.This “mass
loading”of �o wsvia hydrodynamicanddiffusiveablationwas
shown to produceimportantglobal changesin the �o w prop-
ertiessuchasthetransitionof the �o w into a transonicregime
irrespective of the initial conditions. In general,it wasshown
that interactionsof a �o w with inhomogeneitiesmight cause
signi�cant changesin thephysical,dynamical,andevenchem-
ical stateof thesystem.

Attempts to produce fully resolved numerical studiesof
clumpy �o w dynamicshavebeenhamperedby speedandmem-
ory requirementsof computers. In general,detailedstudies
have focusedon interactionsof a single clump with a global
�o w (Klein, McKee,& Colella 1994) (hereafterKMC), (Jun
& Jones 1999; Lim & Raga 1999; Mac Low et al. 1994).
Theadventof adaptivemeshre�nement(AMR) computational
technologieshasallowed resolved multiple clump systemsto
begin to bestudied.In (Poludnenko,Frank,& Blackman2002)
(hereafterPFB) a numericalstudyof shocksovertakingmul-
tiple clumpswascompletedattemptingto articulatethe basic
physicalprocessesinvolvedaswell asdifferentiatingclumppa-
rameterregimes. In that papertwo regimesweredescribedin
which theneighboringclumpseitherdid, or did not, interactas
they wereovertakenanddestroyedby the �o w. In addition,it
wasdemonstratedthatmixing of clumpandambientmaterials
wasaffectedby thedistributionof clumps.

In spiteof thecomputationaladvanceswhich madethePFB
study possiblean understandingof the full 3-D dynamicsof
clumpy �o wsincludingtheeffectof microphysicalprocessesis
still notavailable.Theproblemis suf�ciently complex thatnu-
mericalmethodscannotbeexpectedto fully articulateanswers
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to theproblem.Thus,additionalinvestigativemethodsarewar-
ranted.In this paperwe describethedesignof a High Energy
Density(HED) laboratoryexperimentto studyshockpropaga-
tion in clumpy �o ws. The adventof HED laboratorymethods
is a new developmentin thestudyof astrophysicalphenomena
(Remingtonetal. 1999,2000)andmayoffer theopportunityto
probedynamicalprocesseswith controlparametersthatarenot
possiblein traditional,observationalapproaches.

As with thenumericalinvestigationsof clumpy �o ws,thelit-
eraturecurrentlycontainsonly experimentsexaminingthe in-
teractionof a shockwith a singleclump. In (Klein et al. 2003)
the NOVA laserwas usedto drive a strongshock(M � 10)
into a low-densityplastictargetwith asingleembeddedcopper
microsphere.The morphologyand evolution of the shocked
“cloud” aswell asthetrajectoryof theshockweretrackedvia
radiography. The experimentwas able to follow the shock-
cloud interactionfor a numberof dynamical,or “cloud crush-
ing”, times. Theseresultswere comparedwith 2.5 and 3-D
simulations.The3-D resultsusedAMR methodsthatallowed
signi�cant detailsin the evolution of the shocked cloud to be
determined. Klein et al. (2003) observed a �attening of the
shockedcloudaswell astheappearanceof hollow interior. The
hollowing was attributed to a breakupof the vortex ring that
forms as the shocktraversesthe cloud. Robey et al. (2002)
have reportedfurtherstudiesof this vortex ring breakup.Kang
etal. (2001a)alsocarriedoutlaboratoryexperimentsof ashock
interactingwith adensesphereembeddedin foam.In theseex-
perimentsaso-called“complex shock”(forward,reverseshock
waves,andtheintermediatecontactdiscontinuity)wasformed
whena supersonic�o w impactedlow-densitymatter. The�at-
teningof thecloudwasagainobserved,aswasthevortex ring
on thedownstreamsideof thecloud. Using1 and2.5-Dsimu-
lationsKangetal. (2001b)trackedtheevolutionof thecomplex
shockaswell asthedisruptionof thecloud.

In thepresentpaperwe describea designfor anexperiment
that involvesmultiple denseclumpsinteractingwith a strong
shockwave. By its naturethe clumpproblemis complex and
caremustbetakento createexperimentsthat focuson speci�c
questionslestoneendsup with resultstoocomplex to analyze.
Issuessuchastheroleof interactionsamongclumps,theeffects
of multiple clumpson mixing and turbulence,and the nature
of massloadingdueto clumpscould all be investigatedwith
thecorrectdesignbut it is unlikely that they canall beinvesti-
gatedwith asingleexperiment.Thus,in thispaper, weconsider
a designwhich is meantto study the global questionof how
a clumpy mediumaffectsthe dynamicsof shockpropagation.
Speci�cally we focuson how a highly clumpedmediumalters
theglobalshockpropagationspeed.Thisquestionis relevantto
astrophysical�o ws, suchasshockstraversinggiant molecular
cloudsin which many cloudcoresmayexist or theprogressof
a supernova blastwave througha clumpedwind ejectedfrom
thestarduringapreviousepoch.

In section2 we describetheexperimentalset-up.In section
3 we presentsimulationsof theexperimentalset-upcomparing
targetswith andwithoutclumps,aswell asthetargetsthathave
asmoothdistributionof masswhoseaveragedensityis equalto
that in theclumpedtarget. Theseresultsareof interestin their
own right independentof this particularexperiment.We note,
in particular, thatclumpsandfoamsmaybesimilar enoughin
principlefor oursimulationsto bearongeneralissuesrelatedto
inertial con�nement fusion (ICF) and laboratoryastrophysics
experiments.In the�nal sectionwesummarizeanddiscussour

resultsgiving prescriptionsfor theset-upof theseexperiments
oneitherintenselaseror pulsed-powerexperimentaltestbeds.

2. EXPERIMENTAL DESIGN

Several goalsfor an experimentthat is to explore the prop-
agationof shocksthroughclumpy mediacanbe identi�ed. 1)
The fractionof thevolumeoccupiedby theclumpsshouldbe
realistic;we chose5%. 2) The ratio of densityin the clumps
to densityin the interclumpmediumshouldbe realistic. Our
choicewas40 to 1. This is on thelow endof observedvalues;
wechoseit to maximizetheheatingof theclumpsandfor other
reasonsdiscussedbelow. 3) The shockwave in theclump re-
gion shouldbereasonablysteadyandenduring.Speci�cally, it
shouldbesustainedlong enoughsothat it interactswith many
clumpswithout any substantialchangein thepropertiesof the
shockor the post-shock�o w. 4) The experimentshouldal-
low comparisonof the clumpy casewith alternative cases,in
which theshockwave propagatesthroughmediahaving either
adensityequalto theaveragedensityof theclumpy mediumor
a densityequalto the interclumpdensity. 5) The shockwave
shouldbeasstrongaspossible,in orderto maximizetheheat-
ing of theclumps.Ideally, theclumpsshouldbeionizedsothat
they canbeaccuratelytreatedby anideal-gasequation-of-state
with a polytropic index � = 5�

3. 6) The experimentshouldbe
diagnosableusingavailabletechniques.

In seekingto meetthesegoals,we have developedthe ex-
perimentaldesignshown in Figure1. The energy sourcefor
theseexperimentsis a pulsepower deviceknown asa Z pinch,
speci�cally the“Z Machine”operatedby SandiaNationalLab-
oratories(Matzen 1997). A Z pinch canimplodean arrayof
W wiresat high velocity, so thatan intensex-ray pulseis pro-
ducedwhenthe wires collide andtheir kinetic energy is ther-
malized. Among existing high-energy-densityresearchfacili-
ties,Z candeliver themostenergy to a target. This is essential
for anexperimentthatrequiresa(comparatively) largevolume;
the presentexperimentinvolving many clumpsis a good ex-
ample. Throughtheuseof a surrounding,high-Z container(a
hohlraum)to helpcontainthex-rays,it is feasibleto irradiateup
to 4 targetsperimplosionwith anx-raypulsewhosespectrumis
reasonablyapproximatedasa blackbodyspectrumwith a tem-
peratureof 140eV. Thefull-width half-maximum(FWHM) of
thisx-raypulseis 8 ns.

The radiation-hydrodynamiccomputer code HYADES
(Larsen& Lane 1994) was usedto evaluateour designop-
tions.HYADESis asingle-�uid, Lagrangiancodein which the
materialcompositioncanbe different from cell to cell and in
which theelectronandion temperaturesevolve independently.
Theelectronheattransportis by �ux-limited diffusion,but this
was not importanthere. The versionof the codeusedhere
employsasingle-temperature(“greybody”) radiation�eld with
�ux-limited, diffusive radiationtransport. This wasonly im-
portantin the initial delivery of energy to thetarget. Thecode
wasrun with SESAMEequation-of-statetables. For our pur-
poseshere,whatmatteredin theradiationhydrodynamicswas
to deliverthecorrectamountof energy to theinitial layerin the
target. Accordingly, we adjustedthe radiationtemperatureto
obtainthecorrectablationpressurefor themeasuredradiation
temperature,basedon well-con�rmed scalingrelations(Lindl
1998).We alsocomparedthebehavior of targetssimulatedus-
ing a measuredradiationpulse,which includesan extended,
low-temperaturefoot at thestartof thepulse,with thebehavior
usingan approximatepulseof constanttemperatureand8 ns
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duration.Thesewereverysimilar (theenergy couplingis dom-
inant).Therefore,asimpler8 nspulsewasusedfor ourscaling
studiesthatdevelopedthespeci�c targetproperties.

Theavailablex-raypulsecannotbeusedto directlydrivethe
desiredshockwave. It is too brief, andoneneedsto absorb
it by solid-densitymatterbeforedriving the shockthrougha
lower densitymaterial. The initial challengein the designis
thusto transformthe x-ray energy into hydrodynamicenergy,
whicheventuallywill beusedto drivethedesiredsteadyshock.
Themostef�cient wayto extractenergy from aradiationsource
is to allow it to accelerateathin layerof materialoversomedis-
tance,while ablatingsomefractionof theinitial layer(Ripin et
al. 1980).Theinitial layermustbemassive enoughto provide
the necessarymomentumto the additionalmassencountered
later during theexperiment. It alsomustbe thick enoughthat
instabilitiesat the ablationsurfacedo not disrupt it. Scaling
studiesshowed that a 125 � m thick layer of polystyrene,at a
densityof 1 g/cc,worked well for this purpose.The rangeof
optimumthicknessis notnarrow; onewouldobtaincomparable
resultsfrom thinneror thicker layers.Theinitial layeris accel-
eratedacrossa 500 � m vacuumgap. The sizeof thegapwas
optimizedso that the plasticlayer collideswith thenext layer
in thetarget(theC foam)justat theendof the8 nsdrivepulse.
At this time, it hasbeenacceleratedto a velocity of about70
km/s.

Theseconddesignchallengeis to converttheenergy initially
deliveredby the 8 ns x-ray pulseinto a form that candrive a
shockfor tensof ns, which turnsout to be necessaryfor rea-
sonsdiscussedbelow. To accomplishthis, we let the acceler-
atedplasticlayer impacta C foamlayer of density200mg/cc
andthickness1.5mm. Our goalhereis to let a blastwave de-
velopin theC foam,in whichanabruptshockis followedby a
gradualdecelerationoverasigni�cant distance.Thearealmass
densityof the C foam is several times that of the plastic that
remainswhenthefoamis impacted,sothatthis blast-wavebe-
comesapproximatelya (planar)Sedov-Taylorwave,decelerat-
ing slowly, accumulatingmass,andgrowingspatially. Ourgoal
is to usethe rarefactionof the leadingedgeof this blastwave
into theclumpy medium,to drivetheenduringshockthatwein-
tendto produce.Hereagain,we usedscalingstudiesto setthe
foamdensityandthickness.TheC foammustbedenseenough
that its leadingedgecan drive the shockwe requirethrough
the clumpy medium,yet not so densethat the shocked foam
becomestoo cool andthe rarefactionbecomestoo slow. The
changesin behavior wereseento begradual,sothatthespeci�c
parametersof the target representspeci�c conditionswithin a
broadrangeof reasonablechoices.

Figure2 shows theevolution of theblastwave asit reaches
theendof theC foam. By thesetimesthe initial plasticlayer,
seenasthedensefeatureon the left, hasdeceleratednearlyto
rest.Thelocalmodulationsin densityandvelocityareacoustic
andareartifactsof thezoningusedin thesimulation.The�rst
pro�le shows theblastwave neartheendof theC foam. One
seesthe characteristicabruptshockandgradualdeceleration.
One canalso seethat the structureof the blastwave extends
over severalhundredsof � m. This enablesit to deliver its en-
ergy for severaltensof ns,with characteristicvelocitiesof tens
of km/s. Whentheblastwave reachesthe interclumpmedium
(solid pro�le), its velocity is � 33 km s- 1. At that time, as
seenin theotherpro�les, a rarefactionwave forms.Thisdrives

a faster, reasonablysteadyshockinto the interclumpmedium,
as is expectedfor a centeredrarefaction(Zeldovich & Raizer
1966)7. The rarefactionpropagatesbackward into theC foam
aswell. However, no subsequentre�ected shockis produced
during the experimentbecausethereareno densitystructures
in theblastwave.

Thepropertiesof theclumpy mediumwerechosenbasedon
several considerations.The interclumpmediummustbe low
in densityto allow the rarefactionof theblastwave to expand
at a high velocity and to allow diagnosticx-rays to penetrate
distancesof severalmm for radiography. Subjectto thesecon-
straints,highervaluesof this densityproducelargerrampres-
suresandmoreheatingof theclumps.We chose25 mg/ccdi-
vinyl benzene(DVB) foam for this material. This produced
theminimumrealisticratio of 40 to 1 betweenthe interclump
mediumandtheplasticclumpsat 1 g/cc. The valueof 1 g/cc
wasthe lowestdensityfor clumpsthatcouldbe implemented,
leadingto themaximumclumpheating.Theclumpswerecho-
sento be two-dimensionalrods since,on one hand,this was
easierto diagnoseandsimplerto modeland,ontheother, since
an approachto the manufacturingmethodof such a system
could be identi�ed. The choiceof a 5% volume fraction for
theclumpsimplied a relationbetweentheradiusof theclumps
andthe clump density. The choiceof a clump sizewassub-
ject to thecompetitionbetweenthegoalsof beingableto make
themandto diagnosethem,which favored large clumps,and
thegoalsof maximizingtheir temperatureandof having many
clumpsin the experiment,which favored small clumps. The
sizeof the clumpswaschosento be 50 � m, correspondingto
an averageinterclumpspacingof 200 � m, a clumpdensityof
25 persquaremm,with a total of 200clumpsin a 4 mm wide,
2 mm thick clumpy layer. The locationof the clumpsin the
clumpy mediumwas chosento be random,as is the casein
actualclouds. This wasaccomplishedby usingan algorithm
thatemployeda randomnumbergeneratorto specifytheselo-
cations.

By usingaDVB foamwith adensityof 73mg/ccin placeof
theclumpy medium,onecouldobserve thepropagationof the
shockwave througha mediumof uniform density(at leaston
scaleslarger than the � m-cell sizewithin the foam material).
By using25 mg/ccDVB foamwithout clumps,onecouldob-
servethepropagationthroughtheuniform interclumpmedium.

Beyond the clumpy medium, additional componentsare
placedthatallow theemergenceof theshockto bedetectedand
ideallyalsothesubsequentvelocityof theinterfaceattheendof
theclumpy mediumto bemeasured.Oneapproachis to placea
quartzwindow, coatedwith a thin ( � 1 � m) Al layer, at theend
of thefoamandto diagnosethemotionof theAluminum layer
interferometrically.

3. THEORETICAL AND NUMERICAL ANALYSIS

3.1. TheoreticalBackground

The interactionof a shockwave with a clumpy mediumhas
recentlybeenanalyzedby PFBin systemswith differentnum-
bersof clumpsanddifferentclump arrangements.They were
simulatednumericallyusinganAMR code.Herewe will give
a brief summaryof the resultsandwill refer the readerto that
paperfor furtherdetails.

Analytical argumentsdrawn from examinationof the sim-
ulations allowed two regimes of clumpy �o ws with distinct

7 Thedensityspike at theleadingedgeof therarefaction,which is not importantfor theoverall hydrodynamicevolution, is anartifactof theequation-of-statetables.
It would notactuallybepresentfor theionizedmaterialpresenthere.
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�o w behavior to be identi�ed. In the “interacting” regime,the
evolution of individual clumpswasstronglyaffectedby their
neighbors.As is well known (KMC), thebehavior of individ-
ual shocked clumps in the adiabaticregime is dominatedby
compressionandsubsequentexpansionin a directionperpen-
dicularto shockpropagation(�attening). Whenthis expansion
causesneighboringclumpsto interacton a timescaleshorter
thanthetime for themto bedestroyedby thepost-shock�o w,
the subsequentevolution is moreappropriatelydescribedasa
larger mergedsystemthat thenprogressestoward turbulence.
In the non-interactingregime the clumpsare so widely sep-
aratedthat one candescribetheir evolution up to destruction
in termsof a singleshock-clumpinteraction. PFB found that
clumpdistributionsin the interactingregimeshowedmorero-
bustmixing betweenshockandclumpmaterialapparentlydue
to strongerturbulentmotionsdownstream.Theenhancedmix-
ing seenin PFB may have importantconsequencesin astro-
physicalsystemssuchasSNeandevolvedstellarwind-blown
bubbleswhereprocessedelementsin the clumpswill be dis-
bursedthroughthe ISM. In the noninteractingregime clumps
will evolve independentlyuntil they aredestroyedby theshock
andthepost-shock�o w.

The conceptof interactingandnon-interactingregimescan
bemademorequantitative. For anexternalshockvelocityvS, a
clumpradiusa0, andclumpto ambientdensityratio � = � c �

� a
thekey timescalesaretheshockcrossingtimescaletSC, clump
crushingtimescaletCC, andclumpdestructiontimescaletCD,

tSC 	

2a0

vS 


(1)

tCC = �

�

Fc1Fst �

1


2

tSC



(2)

tCD = � tSC



(3)
where Fc1 �

1 � 3 and Fst �

2 � 06 for our experimentalcondi-
tions.The�rst quantityrelatesthestagnationpressurewith the
pressurebehindtheinternalforwardshockin theclump,while
thesecondrelatestheexternalpostshockpressurefar upstream
with thestagnationpressureat theclumpstagnationpoint. The
parameter� is determinedfrom thesimulationsandis typically
2. Therefore,systemswith aclumpdensityratioof � = 40anda
strongexternalshock(Machnumberin therangeMS = 5- 100)
yield tCC �

3 � 9tSC andtCD �

7 � 8tSC.
A critical separation,dcrit , perpendicularto the directionof

shockpropagationcanthenbederivedandexpressedas
dcrit = 2 � a0 +vexp(tCD - tCC) �

= 2a0 �

tCD - tCC

tSC �

Fc1Fst

� �

1


2

�

3� ( � - 1)
� +1 �

1


2

+1 �




(4)
where� is theadiabaticindex of theconstituentgasandvexp is
the lateralexpansionvelocity of theclumpequalto theclump
internalsoundspeed.Whenclumpsareinitially separatedby
a distanced � dcrit they will be destroyed beforethey inter-
act. A similar quantityLCD, theclumpdestructionlength,can
be de�ned for the directionparallel to the directionof shock
propagation.Expressionsfor LCD aresomewhatcumbersome,
relying on a descriptionof theaccelerationof theclumpsafter
thepassageof theshock.Readersmay�nd therelevantexpres-
sionsin PFB.

To summarize,inhomogeneous�o ws will be in theinteract-
ing regimewheninitial clumpdistributionshave averagesepa-

rationsbetweenclumpsnormalto the�o w d suchthatd � dcrit
andalongthe �o w L � LCD. In what follows we usethesere-
sults in describingsimulationsexploring the experimentalde-
signdescribedin theprevioussection.

3.2. NumericalSetupandMethod

A seriesof numericalsimulationsbasedon the experimen-
tal designpresentedin Section2 wereperformed. The simu-
lationsusedthe Adaptive MeshRe�nement(AMR) hydrody-
namicscodeAMRCLAW (Berger & LeVeque 1998). AMR
methodsallow highresolutionto beapplieddynamicallywhere
neededin a calculation.Suchmethodsarecritical in studiesof
high Machnumberclumpy �o ws asit would be impossibleto
properlyresolve boththedetailsof individual shock-clumpin-
teractionsandtheglobal�o w with �x edgrid methods.Descrip-
tion of thecodeandits applicationto theclumpy �o w problem
canbefoundin PFB.

Our clumpy �o w simulationswereperformedin 2-D Carte-
sian geometry, which most closely representsthe target, and
arethereforeslabsymmetric.Thesimulationswereinitialized
with a blastwave of propertiesdescribedin Section2 andcor-
respondingto thesolid pro�le in Figure2, propagatinginto an
arrayof 200clumpswith positionscorrespondingto theposi-
tions of the rods in the target. The propertiesof the clumps
andsurroundingmediawerealsothesameasdescribedin Sec-
tion 2. Theparticulardistributionof clumps(eachwith a0 = 25

� m andtSC = 0 � 96ns)usedin thesimulationshadthefollowing
properties:

dcrit = 4 � 26a0 = 106� 5 � m

LCD = 3 � 54a0 = 88� 5 � m�

(5)

Averageclump separationsin the experiment,calculatedac-
cordingto theexpressions(39)and(40)of PFB,are

���

x� = 5 � 35 � m
�

6 � 05%LCD



���

y� = 10� 24 � m
�

15� 88%dcrit �

(6)

Thus,thesystemdesignedfor theexperimentscanbedescribed
as strongly interactingwith both global and local evolution
stronglyaffectedby clumpmergingprior to breakup.

Thedetailsof our simulationswereasfollows. We useda 3
level systemof re�nementcorrespondingto amaximumequiv-
alentresolutionof 3264 � 2560zones.Thus,atmaximumreso-
lution eachclumpradiusa0 wasresolvedwith at least16zones.
Thecomputationaldomainhaddimensions160a0 � 204a0. The
shockenteredthedomainfrom theleft. All four boundariesof
thedomainhadout�ow boundaryconditions.In general,how-
ever, high densitymaterial,correspondingto the target walls
andincludedin thecomputationaldomain,kept the �o w from
reachingthesideboundariesfor a ratherlargepartof thesim-
ulation. Similarly, while the far sideof thecomputationaldo-
mainwasanopenboundary, thehighdensitybackplatekeptthe
�o w from exiting thegrid duringthesimulation.

Threesimulationswererun correspondingto the likely pro-
gramof experimentalshots.Run 1 containedno clumps,Run
2 containedtheclumpdistribution describedabove,andRun3
containednoclumpsbut hada smoothbackgroundwhoseden-
sity wasequalto theaveragedensityin theclumpregionof the
clumprun. All threerunslastedwell pastthemomentof con-
tactof the global shockwith thebackplate,namelythe Run 1
wasrunfor t = 76nsor

�

79tSC, Run2 wasrunfor t = 138� 2 ns
or

�

144tSC, andRun3 wasrun for t = 70nsor
�

73tSC
8.

8 Hereafterin oursimulationstime is givenfrom themomentwhentheblastwave entersthelow-densityinterclumpmedium.
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The resolution used in our simulations is signi�cantly
smallerthan the resolutionthat would correspondto the con-
vergedregime (e.g.,see(Klein et al. 1994;Poludnenko et al.
2002)). Such converged resolutionwas unfeasiblewith our
computationalresourcessincewe neededto simulatetheevo-
lution of hundredsof clumpsnot thesingleclumpsexploredin
(Klein etal. 1994;Poludnenkoetal. 2002).Theresolutionused
in our studywas,however, suf�cient to captureglobalproper-
tiesof shockpropagationin theclumpy mediumwhichwasthe
primary focusof the investigation.In orderto corroboratethe
latter statementwe conducteda convergencestudythe results
of which are summarizedin Figure 3. In order to carry out
runs with a higher resolution,necessaryfor the convergence
study, we usedonly a subsetof thecomputationaldomainused
in Runs1 - 3 (cf. Figure4). In theconvergencestudyrunsthe
computationaldomaincorrespondedto a region with extent in
thex-directionfrom 0  16- 0  41cmandin they-directionfrom
0  15- 0  25cm. In additionthecomplex shockusedin theRuns
1 - 3 was replacedwith a steadyshockwave of comparable
Mach number(MS = 10). Threepairsof runswereperformed
at resolutionsof 16,32,and64 cellsperclumpradius.In each
pair of runs,the�rst simulationreproducedthesetupof Run2
with clumppositionsexactlymatchingthosein thecorrespond-
ing subdomainof Run2. Thesecondsimulationreproducedthe
setupof Run3.

In theleft panelof Figure3 weshow theresultsof thesimu-
lationsreproducingRun3. Sincein thatcasetheshockfront is
�at, it is convenientto measurethetime for theshockto reach
the right boundaryof the domain. The uncertaintyin shock
front positiondeterminationis of theorderof a cell sizeat the
highestresolutionfor eachcase. Thus the error barsare de-
terminedbasedon the ratio of the uncertaintyin shockfront
position over the measuredshockfront speed. From the �g-
ure it is clearthat thedomaincrossingtime for theshock,and
thereforethe shockspeed,remainvirtually constantwith in-
creasingresolutionup to the temporalresolutionof the simu-
lations. Also it shouldbepointedout that the lowesttemporal
resolution( ! 100 ps) achieved at the spatialresolutionof 16
cellsperclumpradiusis practicallyequalto thetemporaldiag-
nosticuncertaintyin thephysicalexperiment(seenext section).
Rightpanelof Figure3 showsthemoreimportantresultsof the
runsreproducingRun 2. It shows positionof the shockfront
at time t = 60 37 ns. The error barscorrespondto the uncer-
tainty in theshockfront positionfor a givenresolution.Again
note that as the resolutionincreasesthe changesin the shock
positionareminimal ( ! 7 " m) andthey do not exceed0.5%.
It shouldbe emphasizedthat the largestuncertaintyin shock
position,equalto aboutthe cell size in the caseof resolution
of 16 cellspercloudradius,i.e. ! 1  6 " m, is abouta factorof
6 smallerthanthespatialdiagnosticuncertaintyin thephysical
experiment( ! 10 " m, seenext section). Therefore,we con-
cludethat the resolutionof 16 cellspercloudradiuswe useis
suf�cient to capturethepropertiesof globalshockpropagation
includingits positionandvelocity.

3.3. Results

Figure 4 shows a snapshotof the clumpy simulationearly
in its evolution after 15.89 ns (16.55 tSC) and is a synthetic
Schlierenrepresentationof thelogarithmicdensityin the �o w.
A numberof points are worth noting. By this time the �rst
“row” of clumpshasalreadybeendestroyed andthe material
from theseclumpshasbeenaccelerateddownstream.The ef-

fect of this �rst line of clumpson the downstreamneighbors
canbeclearlyseenin this �gure. Thesecond“row” of clumps
is disruptedbothby thepassingof theglobalshockaswell as
by thedebrisfrom theupstreamclumps.Thus,thekinetic en-
ergy in the �o w Fk interactingwith theseclumpsis enhanced
abovethatfor singleclumpsas

Fk =
1
2 #

PSv2
PS+FC =

2
#

0v2
S

( $ - 1)($ +1)
+

1
2 %&#

CA '

v2
C  (7)

Here
#

PS and vPS are the post-shockdensityand velocity re-
spectively,

#

0 is theunshockedinterclumpdensity, andvS is the
globalshockvelocity. The�rst termcorrespondsto theundis-
turbedpost-shock�o w. Thesecondtermencompassestheac-
celeratedclumpmaterialandit dependsonits instantaneousve-
locity vC (expressionsfor it canbefoundin PFB)aswell asthe
detailsof its dispersion,i.e.

%(#

CA '

. As wasshown in PFB,such
interactionsgreatlyenhancemixing, andmoreimportantlyfor
our purposes,rob theshockof energy by convertingbulk �o w
into a turbulentcascadeof vorticity.

In Figure4 noticealso the presenceof the individual bow
shockssurroundingeachclump. As the incident shockpro-
gresses,theseindividual shocksmerge into a singlestructure.
This mergedstructurebecomesnormal to the directionof the
�o w eventually taking the form of a single reverse shock.
Thus, we seea clear transitionfrom a �o w patternin which
the heterogeneitydominatesinitially to onein which a global
�o w dynamicsemerges. It is worthwhile noting that consid-
erableacousticstructurecan be seenbehind (to the left) of
the global reverseshockas informationaboutnewly shocked
clumpspropagatesupstream.

Finally, noticethatwhile theglobalshockhasnumerouscor-
rugationsin it dueto thepresenceof theclumpswe do not see
any largescaledisturbances.This trendcontinuesfor theentire
evolution of the simulation. On average,theshockappearsto
“anneal”itself asit passesthroughtheclumpregion. Theglobal
structureof theshockuponpassingthroughtheclumpy region
andtheeffect of “annealing”canbestudiedin theexperiment
via the diagnosticsof the interactionof the shockwith the Al
layeron thebackplate.

The global behavior of the incident shock is illustrated in
Figure5 thatshows theprogressof theshockasa functionof
time for all threesimulations.For the clumpy simulationthis
�gure was madeby constructingan averageposition for the
shockfrom differentsamplingsalongstripsin y-direction.The
processwasperformedby locatingthe global shockposition.
An estimatederroris of aboutthecell sizeat thelevel with the
highestresolution,which is about1.6 " m. This �gure demon-
strateshow shockpropagationwill differ in aclumpy �o w from
that in a smoothone,evenwhenthesmooth�o w hasthesame
averageproperties.Initially, shockfront velocity in theclumpy
caseis virtually identical to that whenthe clumpsareabsent.
However, asthe shockpropagatesfurther throughthe clumpy
region,causingmoreclumpsto bedestroyed,its velocitygrad-
ually startsto decrease.As thewholeclumpy systembreaksup
andhomogenizes,the global shockvelocity would eventually
tendtowardthevaluesthatcorrespondto thecaseof a uniform
averageddensitymedium. The time for theclumpy systemto
changeits behaviour from the onesimilar to the casewith no
clumpsto theonesimilar to thecasewith averagedensityis on
theorderof thesystemdestructiontimetSD. De�nition of tSD is
givenin section3.1.2of PFB.It shouldbenoted,however, that
from the experimentalpoint of view it wasunfeasibleto pro-
vide extendedregion behindtheclumpsectionof the target to
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follow clumpsystemevolution after its break-upfor somepe-
riod of time. Sincein oursimulationswe tried to reproducethe
targetdesignascloselyaspossible,wewerenotableto observe
theshockfront velocityevolutionbeyondthepointof its emer-
gencefrom theclumpsystemandcontactwith thebackplate.

We now addressthe issueof whetherthe differencesfound
here are large enoughto be detectedexperimentally. Aver-
agevaluesfor the shockvelocitiesderived from Figure5 are:

)

vs1 *,+

57- 1km s- 1;
)

vs2 *.+

51- 95kms- 1;
)

vs3 *,+

44- 94km s- 1.
Thustheshockin theclumpy casepropagates15.6%fasterthan
in thesituationwith thesameaveragedensitybut no inhomo-
geneities.This is an importantpoint thatmayhave signi�cant
consequencesfor astrophysical�o ws as we discussin the �-
nal section.An experimentof thetypedescribedabove would
have several experimentalpackagesdriven by the samex-ray
source.An alternative approachwould 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
reachedthe interfacesin the experimentalsystem,andafter it
hadpropagatedthroughdifferentthicknessesof clumpy mate-
rial. Theshockwave would be detectedeitherby emissionor
by a changein there�ectivity of a shockedsurface.Eitherap-
proachissuitablefor imaging,sothatonecanobservethestruc-
ture in theshockthroughthe differencesin arrival time at the
measuredsurface. Both the time resolutionand the absolute
accuracy of thesemeasurementsare / 100ps. Thelocationof
themeasurementwill beknown with anaccuracy of / 10 0 m.
Thus,onewill beableto locatethepositionof theshockon a
plot like Figure5 with an accuracy of / 20 0 m in spaceand

/ 200ps in time. Onewill easilybe ableto detectthediffer-
encesin arrival time of severalnspredictedby thesimulation.
Another potentialdiagnosticis x-ray backlighting,simulated
datafor which is shown in Figures6 and7. While theprinci-
pal purposeof x-ray backlightingis to observe thestructurein
thetarget,it might alsoproveableto distinguishdifferencesin
shockvelocityaslargeasthoseshown in Figure5. This would
dependuponthefacility.

Figures6 and7 show syntheticX-ray backlighterimagesof
the clumpy simulationat 15.89ns. Figure6 is an imageus-
ing 5 keV X-rayswith a maximumopticaldensityon the �lm
of 2.0, and Figure 7 is an imageusing 10 keV X-rays with
the samemaximum�lm density. The imageswerecalculated
usingcold materialx-ray attenuationcoef�cients anda linear
log(exposure)to opticaldensityrelation.

The5 keV X-ray radiographof Figure6 shows thestructure
of theglobalshockwave asit propagatesthroughthemedium
in which theclumpsareembedded.The shockfront andsub-
sequentshockwavesfrom theclumpsareclearlyvisible. The
effect of theshockwave on theclumpsis shown by thehigher
energyX-ray radiographof Figure7. Thecollapseof individual
clumpsastheshockwave interactswith themis apparent.

4. DISCUSSION AND CONCLUSIONS

In this paperwe have presenteda designfor an experiment
to explore the evolution of a strong blast wave propagating
througha clumpy medium. Theseexperimentsarerelevant to
astrophysicalshockspropagatingthrougha varietyof inhomo-
geneousenvironmentsincluding youngstellar objects,super-
nova remnants,planetarynebulae,andAGN. Our experiment
beginswith a shockwave createdby theaccelerationof a slab
of materialvia energy depositionfrom a pulsedpower source.

Theblastwavepropagates�rst througha smoothregionof low
densityfoamfollowedby aregionin whichplasticrodsareem-
beddedin a foambackground.Wehavedescribedthenatureof
the blastwave andthe propertiesof the foamsthat constitute
the “ambientmedium”, aswell asthe rodsthat constitutethe
clumps.We notethat,while theseexperimentsaredescribedin
the context of the Z-pinch pulsedpower machine,our design
couldbeadoptedto otherhigh energy densitydevicessuchas
high intensitylasers(Boehlyet al. 1995;Paisneretal. 1999).

Numerical simulationsbasedon the experimentaldesign
con�rm that the experimentsshouldbe capableof exploring
differencesbetweenshockspropagatingthough:1) smoothme-
dia;2) clumpy media;3) smoothmediawhosepropertiescorre-
spondto theaveragepropertiesof clumpy regions.Oursimula-
tionsshow thatshocksin clumpy mediamovemorerapidlythan
thosein thesmoothmediawith averagedproperties.Theshock
speedin the former caseis 7.01kms- 1, or 15.6%,higherthan
in thelatter for theexperimentalconditions.This differenceis
suf�ciently largeto beresolvedby existing diagnostics.Thus,
the experimentsshouldbe able to explore issuessurrounding
energy depositionin theevolutionof clumpy �o ws.

Our simulationshave alreadyrevealedbehavior that may
bearontheevolutionof clumpy astrophysical�o ws. Ourresults
suggestthattheuseof averagepropertiesof inhomogeneousre-
gionsin calculationsof critical timescalesmaybeinappropriate
andleadto incorrectconclusions.Consider, for example,the
propagationof a strongshockimpingingon a molecularcloud
of sizeL which containsmany densecores. Consideringthat
the shockcompressionof the coresmay trigger gravitational
collapse,onewouldbeinterestedin comparingthecloudcross-
ing timescalefor theshockto propagateacrossthecloudto the
time associatedwith the collapseof an individual core. De-
terminationof the relative sizeof thesetwo timescaleswould
establishthe environmentsin which star formationwould oc-
cur. For example,whentcross 121

tcol thenonecanignoreany
ongoinginteractionbetweentheshockandthecollapsingcore.
Our results,however, indicatethatcareis neededin determina-
tion of tcrosssincetcross= L 3 vS wherevS is theshockspeedin the
cloud. SincevS is a functionof conditionsin thecloudsuchas
the density 4 c, our resultssuggestthat replacingthe spatially
inhomogeneous4 c(x 5 y5 z) (appropriateto a clumpy medium)
with theaverage

)

4 c *

canleadto anoverestimationof thetcross.
It shouldbe emphasizedthat our resultsarebasedon the 2D
slab-symmetricsimulationsand in order to corroboratethem
a full 3D study is necessary. While theseissuesrequirefur-
therinvestigation,thesimulationspresentedin thispaper(along
with thosepresentedin PFB) indicatethatglobaldynamicsof
clumpy �o ws maynot beeasilycapturedby simplesmoothing
throughtheuseof spatialaverages.

Theseresultsmayalsohave implicationsfor thebehavior of
foam targetsthemselves. Somefoamsarecomposedof many
small bubbles,so that a shockwave will propagatethrougha
randomsequenceof bubblewalls, causingthemto expandand
creatingmany smalllocalshocksandrarefactions.Otherfoams
have the morphologyof a pile of straw with long rods sepa-
ratedby spaces.This casehasmoreresemblanceto thatstud-
ied here,as the shockwill propagatearoundthe rods,which
will subsequentlybedestroyed.However, thevacuumbetween
the rods implies that in this casealso local rarefactionswill
play an importantrole (unlesspreheathascausedthe release
of gasthroughoutthe foam). In both thesecases,the actual
equationof stateof the foam is complex anddependson the
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history of the material,at leastwhen preheatand shocksare
present.In addition,thepost-shockstateof the foam is likely
to includeturbulent motionsthat take up a non-negligible en-
ergy fraction,which impliesthat theEOSof theshockedfoam
maydiffer from thatof anordinaryplasmafor someperiodof
time. Studiessimilar to thosereportedhere,but in betteropti-
mizedmorphologies,could contribute to betterunderstanding
of thedetailedbehavior of thesesystems.

This work bene�tedgreatlyfrom discussionswith Tom Gar-
diner (Universityof Maryland),Eric Blackman(Universityof
Rochester),andMarcusKnudson,Clint Hall, MichaelCuneo,
and Tom Mehlhorn (SandiaNational Laboratories). Support
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by NSF grant AST-9702484andAST-0098442,NASA grant
NAG5-8428,andthe LaboratoryAstrophysicsprogramat the
Laboratoryfor LaserEnergetics.Supportfor work by theUni-
versityof Michiganwasprovidedby theSandiaNationalLab-
oratoriesandby theHigh-Energy-DensitySciencesGrantspro-
gramat theUSDOE.We alsoacknowledgework on the foam
technologyandproductionby DianaSchroenof SchaeferCor-
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The most recent results and animations of the numer-
ical experiments, described above, as well as the ones
not mentioned in the current paper, can be found at
www.pas.rochester.edu687 wma.
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FIG. 1.— Thetargetandits components,describedin thetext.
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FIG. 2.— Evolutionof thedensityandvelocityastheblastwave entersthelow-densityinterclumpmedium.Thepro�les arelabeledwith thetime in ns.
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FIG. 3.— Resultsof theconvergencestudy. Left: Time for theglobalshockto reachtheright domainboundaryfor theaveragedensitycase;Right: Globalshock
positionat time60.37nsfor thecasewith embeddedclumps.Seetext for furtherdetails.
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FIG. 4.— SyntheticSchlierenimageof thedensitylogarithmfrom thesimulationof theexperimentaldesignwith clumpregion. Theshockpropagatestowardthe
right into theregion of plasticrods. Imagetaken15.89nsafter theblastwave enteredthe low-densityinterclumpfoam. Notethebow-shocksforming aroundthe
individual clumpsandthedestructionof the�rst row of rods.Positionvaluescorrespondto theonesin Figures1 and2.
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FIG. 5.— Plot of shockpositionvs. time for threesimulations:1) Run1: no clumps,backgrounddensityonly; 2) Run2: clumps;3) Run3: no clumpsbut with
backgrounddensityequalto theaveragedensityin thetargetwith clumps.Thetwo horizontallinesindicatetheextentof theclumpy region in thesimulationsand
thetarget.



13

FIG. 6.— SyntheticX-ray backlighterimageof theclumpy simulationat 15.89nsfor the5 keV X-rays.
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FIG. 7.— SyntheticX-ray backlighterimageof theclumpy simulationat 15.89nsfor the10keV X-rays.


