
Hydrodynamial modeling of targets ompression to highdensitiesL. Dr�ska, M. Kuha�r��k, J. Limpouh, R. Liska, M. �Si�norCzeh Tehnial University in Prague, Faulty of Nulear Sienes and PhysialEngineering, B�rehov�a 7, 115 19 Prague 1, Czeh RepubliA. IskakovInstitute of Mathematial Modeling, Russian Aademy of Sienes, Miusskaya pl. 4,Mosow, Russia Reeived XXXTwo di�erent one-uid one-temperature models, Lagrangian and Eulerian, are em-ployed for modeling target ompression to high densities. Numerially, Lagrangian modelis treated by support operator method and Eulerian one by omposite shemes on movinggrid. Both models also inlude heat ondutivity. The quotidian equation of state (QEOS)is used. This equation of state is valid for a very wide range of plasma parameters, it isfast, reliable and onsistent. Several partiular on�gurations inluding targets with sev-eral layers from di�erent materials have been simulated. Results for ompression of oldliquid/frozen hydrogen by gold yer orrespond reasonably well with fully independentalulations performed by others. We have also simulated a real experiment performed inLawrene Livermore National Laboratory where liquid hydrogen ontained between twosapphire anvils was ompressed by a high speed impator. Reasonably good agreement ofour simulation inluding six layers with experiment has been ahieved.PACS : 52.65.KKey words: hydrodynamis, targets, high densities1 IntrodutionPlasmas are any statistial systems ontaining mobile harged partiles. In stan-dard, low density plasmas the long-range Coulombi fores play the key role in es-tablishing for plasma spei� olletive phenomena. Physis of this form of plasmasis elaborated very ompletely and serves as a redible basis for many appliations.As the density is inreased, the plasma begins exhibiting feature harateristisof a ondensed matter, where short-range as well as long-range fores onspire toendow the plasma with a harater of strongly oupled many-partile systems [1℄.As the temperature is lowered, quantum statisti and dynami e�ets start to playa dominant role in the plasma, so that interplay with atomi, moleular, and alsonulear physis beomes a major issue.Study of strongly oupled systems poses a great hallenge for ontemporaryphysis [2℄, a omplex approah based on theory, simulation and experiment isneessary. In this report we desribe some preliminary simulation studies of novelmethods of strongly oupled plasma generation, based on hydrodynami modeling.Czehoslovak Journal of Physis, Vol. 52 (2002), No. 0 A 1



L. Dr�ska et al.2 Hydrodynamial modelBoth Eulerian and Lagrangian desription is used in this study and numerialmethods for them are developed.Here we present Lagrangian formulation whih is given by the systemd �d t + � div u = 0� d ud t = �grad p (1)� d �d t = �p div u� � divWwhere � is density, u is veloity, p is pressure, E is total energy and heat ux W isgiven by W = �� grad T (2)where T is temperature and � is heat ondutivity for whih we onsider Spitzer-Harm [3℄ and Rozmus-O�enberger [4℄ approximation however we should note thatfor most presented omputations the heat ondutivity is negligible. The abovesystem is oupled with an ordinary di�erential equation (ODE)d xd t = u;whih de�nes movement of Lagrangian ells (x denotes the position of a ell).For numerial treatment of Lagrangian formulation we use support operatormethod sheme [5℄ with arti�ial visosity given by ombination of linear and non-linear arti�ial visosity. Veloities of Lagrangian ell boundaries are updated fromthe pressure di�erene in the two neighboring ells and the internal energy insideeah ell is updated from loal pressure and di�erene of veloities at both endpoints of the ell. After moving the ell boundaries, the density is updated frombasi Lagrangian assumption that the mass of any ell remains onstant all thetime.Our model also inludes heat ondution, whih introdues a paraboli terminto the energy onservation equation. This term is treated by splitting the modelinto hyperboli hydrodynami system and paraboli heat equation whih is numer-ially solved either by expliit method with sub-stepping in time or by impliitmethod with the same time step as the main hyperboli part of the model. For lowtemperatures the heat ondutivity is relatively small and thus it allows us to usean expliit method with one or few heat ow time sub-steps per one hydrodynamitime step. 3 Equation of stateWe are dealing with hydrodynami modeling of plasma ompression to highdensities for whih we need an adequate equation of state valid in a broad range of2 A Czeh. J. Phys. 52 (2002)



Hydrodynamial modeling of targets ompression. . .plasma onditions. We have hosen the quotidian equation of state (QEOS). TheQEOS equation of state onsists of three main parts [6℄: (1) The eletron ionization-equilibrium equation of state based on the Thomas-Fermi statistial ell model withsaling property for atomi number and atomi weight. (2) Analytial ion equationof state that ombines Debye, Gruneisen, Lindemann and uid-saling laws. (3)Empirial term that introdues orretion for hemial bonding and is derived fromphysial properties of a given material.The QEOS equation of state is valid for a very wide range of plasma parameters,it has an appropriate auray for plasma simulations of our interest, and it is fast,reliable and onsistent in hydrodynami alulations. It does not need any externaldatabase. The loal thermodynami equilibrium of eletrons is assumed. Quantumshell e�ets and phase transitions are negleted. Material from whih plasma isprodued an be either pure element or a ompound. As input parameters for theQEOS equation of state one needs atomi weight and atomi number of everyelement, number of atoms of eah element in the ompound, solid state densityand bulk modulus (whih desribes how the total pressure hanges with hangingdensity) at solid state density.4 Compression of targets to high densitiesIn order to test implemented numerial hydrodynamial models several parti-ular potential on�gurations for generation of strongly oupled Coulomb systemshave been explored. In all these numerial experiments QEOS equation of state [6℄and Spitzer-Harm formula for heat ondutivity [3℄ have been applied. Clearly, thisis not fully aeptable approximation in all regions of parameters (density, tem-perature) of these on�gurations, but for testing purposes it an be used. Here wepresent two tests onsidering ompression of hydrogen to metalli state.4.1 Cold hydrogen ompression by gold yerThe �rst numerial experiment has been related to very atual problem: produ-ing metalli hydrogen by using strong shok waves in liquid/frozen planar hydrogentargets. In order to have possibility of quantitative omparison, we have used a on-�guration with parameters similar to simulation onduted in Max-Plank Institutefor Quantum Optis [7℄ some time ago.The �rst on�guration here is 100�m thik hydrogen layer ompressed by 100�mthik gold yer having initial veloity 2:5 km=s. Initial densities are 0:088 g=m3 forhydrogen and solid state density 19:3 g=m3 for gold. We start omputation atvery low temperature T = 0:00027 eV := 3K needed for liquid/frozen hydrogen.Computation has been ended after 60 ns when hydrogen layer starts to expandafter the ompression. On the hydrogen boundary whih is not adjaent to goldlayer we use reeting boundary onditions. Fig. 1 (a) shows the time evolution ofdensity in hydrogen layer for this on�guration. Several shok waves ompressinghydrogen are learly seen.In the seond on�guration we assume 100�m thik hydrogen layer adjaent toCzeh. J. Phys. 52 (2002) A 3



L. Dr�ska et al.200�m thik gold layer whih is not moving at the initial time however veloity ofthe outer gold boundary is presribed to 1:66 km=s. Initial densities and tempera-ture are the same as in the previous on�guration and we perform the omputationtill time 80 ns. Material density versus time and spae is presented in Fig. 1 (b).Moving boundary initiates a shok wave in gold whih hits hydrogen layer aroundtime 35 ns an propagates into hydrogen where it reets several times from bound-ary x = 0 and from the interfae with gold. Shortly before maximal ompressionaround time 64 ns a reeted shok wave is formed in the gold layer.Our results in Fig. 1 ompare reasonably well with those of [7℄ whih useddi�erent equation of state, namely SESAME [8℄. Simulation of planar hydrogentarget based on our ode agrees reasonably well with the results of omparative,fully independent alulations.

(a) (b)Fig. 1. (a) Density evolution of 100 �m thik hydrogen layer ompressed by 100 �m thikgold yer having initial speed 2:5 km=s. Gold yer neighbors the ell no. 50, initially atx = 100 �m, i.e. gold is on the right (not displayed). (b) Spatio-temporal plot of materialdensity. Hydrogen layer of thikness 100 �m is ompressed by 200 �m gold layer. The speedof upper boundary of the gold layer was set to 1:66 km=s. Di�erent olor maps are usedfor hydrogen on the bottom and gold on the top as seen on olor bar on the left whihhas density tik marks in g=m3.4 A Czeh. J. Phys. 52 (2002)



Hydrodynamial modeling of targets ompression. . .4.2 Simulation of real experiment ompressing hydrogen to metalli stateExperiments dealing with ompressing hydrogen to metalli state have been per-formed in the Lawrene Livermore National Laboratory [9℄. We have simulatedseveral of these experiments and present here one suh simulation.The target with impator is shematially depited in Fig. 2 (a). The hydrogenlayer of thikness t1 = 0:5mm is overed from both sides by two sapphire anvils ofthikness t2 = 2mm and again both sapphire plates are overed by two aluminumlayers of thikness t3 = 2mm. So the target is formed from �ve layers. Initiallythe whole target is ooled to the temperature T = 0:0018 eV := 20K neessary forliquid hydrogen. The target is hit by opper impator of thikness t4 = 3mm withinitial veloity v = 5:58 km=s. The initial densities are 0:071; 3:99; 2:7; 8:92 g=m3for hydrogen, sapphire, aluminum and opper respetively. The impat forms theshok wave propagating through aluminum, sapphire and hydrogen layers. Thisshok wave reets from the other sapphire anvil and starts a series of reverberatingshoks inside the hydrogen layer, whih gradually ompress the hydrogen. The timeevolution of density in all six layers is presented in Fig. 2 (b). Shok waves are learlyvisible. Fig. 2 (d) is the zoom of Fig. 2 (b) into the region of hydrogen ompressionand besides hydrogen layer in the middle inludes only two sapphire plates on topand bottom. Fig. 2 () presents time evolution of pressure in the enter of hydrogenlayer. Reverberating shoks in hydrogen an be seen in Fig. 2 (d) and (). Oursimulation results orrespond reasonably well with artile [9℄.Aknowledgment: This researh has been partly supported by Grant Ageny of theCzeh Republi grant No. 201/00/0586.Referenes[1℄ S. Ihimaru: Statistial Plasma Physis. Vol. II : Condensed Plasmas. Addison-Wesley,Reading, MA, 1994.[2℄ V. E. Fortov and I.T. Iakubov: The Physis of Non-Ideal Plasmas. World Sienti�,Singapore, 2000.[3℄ L. Spitzer and R. Harm: Phys. Rev. 89 (1953) 977.[4℄ W. Rozmus and A.A. O�enberger: Phys. Rev. A31 (1985) 1177.[5℄ M. Shashkov: Conservative Finite-Di�erene Methods on General Grids. CRC Press,Boa Raton, Florida, 1996.[6℄ R. M. More, K. Warren, D. Young, and G. Zimmerman: Phys. Fluids 31 (1988) 3059.[7℄ A. Oparin and J. Meyer-Ter-Vehn: In Laser Interation with Matter. Pro. of the 23thEuropean Conferene, IOP Publishing, Bristol, 1995, p. 363.[8℄ S. P. Lyon and J. D. Johnson (Eds.): Tehnial Report LA-UR-92-3407, Los AlamosNational Laboratory, 1992.[9℄ W.J. Nellis, S.T. Weir, and A.C. Mithell: Phys. Rev. B 59 (1999) 3434.Czeh. J. Phys. 52 (2002) A 5
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() (d)Fig. 2. (a) Sheme of experimental target. (b) Spatio-temporal plot of density in all sixlayers. () Evolution of pressure in the enter of hydrogen layer. (d) Spatio-temporal plotof density zoomed to hydrogen ompression area. The seond (after the slash) value oftik labels at (b) and (d) gives the density value in hydrogen layer while the �rst (beforethe slash) one gives the density value in the other �ve layers.6 A Czeh. J. Phys. 52 (2002)


