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We compare the results of two complementary approaches, tight-binding molecular-dynamics simulations
and a dissociation model, for determining the characteristics of dense, fluid hydrogen at pressures extending to
megabars and temperatures to 10 000 K. Two tight-binding models were examined: one parametrization em-
phasized crystalline, molecular, and fluid properties, the other focused more on the intricate molecular inter-
actions involving up to four hydrogen atoms. The two tight-binding cases and the dissociation model agree
reasonably well for a variety of properties, including the equation of state, dissociation degree, and proton
pair-correlation functions. In simulations of recently reported laser-driven shock experiments, the tight-binding
and dissociative models predict different maximum compressions of four and five, respectively. We discuss the
sensitivities of the models as well as give estimates for the region of validity of the chemical gaisse-
ciation model and the accuracy of the dynamical pictdtight-binding simulationsin cases where molecular
hydrogen still dominates the physical behavi{®1063-651X99)02608-2

PACS numbgs): 05.70.Ce, 52.25.Kn, 62.96k, 64.30:+t

[. INTRODUCTION New quantum statistical studies of hydrogen as the sim-
plest Coulomb system have been stimulated by these experi-
The behavior of fluid hydrogen derived from recent ments. We apply both a chemical and dynamical picture for
shock-wave experiments shows distinct features at Mbathe description of dense hydrogen at ultrahigh pressures in
pressures and finite temperatures. While metallization ofhe Mbar region. In a chemical picture, composite particles
solid hydrogen neaf =0 K has not been verified up to 3 such as atoms and molecules are taken as the elements of a
Mbar so far, metalliclike conductivities have been observedstatistical description of the systef®]. Starting with the
in shock-compression experiments using a two-stage lighteutral molecular fluid at low densities and not too high
gas gun in the fluid domain around 1.4 Mbar and 300AK  temperatures, the consideration of pressure dissociation ex-
Furthermore, significant discrepancies between the Hugoniatnds the applicability of this method into the region of Mbar
curves derived from laser-driven shock-wave experimentpressures and elevated temperatures up to about 10000 K.
[2,3] and those using rather simplified theoretical equationghe physical properties are derived from the effective inter-
of state such as the Sesame talpfgshave been found in the actions between these particles, which already reflect the
Mbar region where fluid hydrogen seems to be much morenany-particle nature of the system. The variation of the ef-
compressible than predicted. Both effects would drasticallyfective interactions and of the atomic and molecular proper-
change our present understanding of the behavior of matteies with the density and temperature is the central problem
at ultrahigh pressures relevant for models of planetary andithin a chemical picture.
stellar interiors and inertial confinement fusion studies. For the dynamical picture, a spatially replicated sample of
particles move according to forces generated from model in-
teraction potentials. These models cover a wide range of so-
*Present address: Lawrence Livermore National Laboratory, Livphistication from simple pair potentials to elaborate
ermore, CA 94551, quantum-mechanical descriptions. Simulation methods such
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as path-integral Monte CarldPIMC) [6], wave-packet whereH and S are the Hamiltonian and overlap matrices,
molecular-dynamic§WPMD) [7], and quantum molecular- respectively. Only a singles-type orbital occupies each
dynamics [both density-functional(DF) [8,9] and tight- atomic center. We performed nonlinear least-squares fits to
binding (TB) [10] approachels have been developed, which find the optimal form of the function¥(r), hge,(r), and
are capable of treating the quantum effects at various levels,, (r), which represent the pair potential, the two-center
of rigor. For practical evaluations, however, simplifying as- matrix elements of the Hamiltonian, and overlap matrices,
sumptions are usually necessary. In the WPMD, antisymmerespectively, that best reproduce a setlofinitio and experi-
trization is limited to pairwise exchange while assumptionsmental results. The total internal energy per atbifi\, then
about the nodes of the density matrix must be made in thaas the form

PIMC method. For the tight-binding molecular-dynamics

(TBMD) case, the matrix elements of the interaction Hamil-

tonian take a prescribed functional form determined from a U/N=E/N+ SKgTion, )

fit to accurate experimental arab initio results. Further-

more, the limited computer capacity restricts an evaluation tQyhere T,,, is the ion kinetic temperature ands ks the
finite samples of particles. Boltzmann constant.

The dissociation modgll1,12 has already been used to e have developed two complementary TB models that
study the accuracy of WPMD simulations for the neutralemphasize different regimes. The original model, designated
fluid domain[13]. Reasonable agreement with the WPMD Tg_|  has received extensive explication elsewh§te].
has been found for the proton-proton pair distribution func-Tg.| was parametrized over a large span of information, in-
tion (PDF) atrs=2 andT=2000 K andT=5000 K. We  ¢|yding the diatomic molecule, various crystalline symme-
extend this study by comparing with dynamical modelstries, and the fluid, to yield a model applicable over a broad
based on the TB and density'functional approaches for ﬂuiqange of density and temperature. On the other hand’ we
hydrogen at temperatures ofx20° K to 1X10* K and  designed TB-Il with greater emphasis on the low-
representative  hydrogen ~mass densities 0P temperature regime and, therefore, included more of the H
=0.3344 g/cm, 0.5257 g/cm, and 0.6177 glcf These  and H, characteristics as well as diamond anvil G&IAC)
parameters correspond tQ values of 2.0, 1.72, and 1.63, data. Both models provide an effective representation of the
respectively, wheres=d/ag is the mean distanagbetween  direct Coulombic interactions, as well as the purely quantal
the electrons in units of the Bohr radiag . In this region, mechanisms of exchange and correlation, and reasonably de-
the transition from molecular, insulating hydrogen fluid to ascribe processes such as breaking and forming molecular
state with metalliclike conductivities has been verified in bonds(dissociatio% associatioh promoting and demoting
shock-wave experimenfd]. electrons between statéexcitation — de-excitatiop, and

The determination of the molecular dissociation degree afemoving and binding electron@onization < recombina-

a function of the density and the calculation of the equationjon) as well as the basic motion of the nuclei.

of state (EOS is of central importance. The behavior of  The ab initio information used in constructing TB-II in-
atomic states created by pressure dissociation in a densguded(i) the ground and antibonding electronic states of H
molecular medium remains an open problem, in particulargs a function of internuclear separatigid], (i) the H+H,
as to whether these electronic states are still localized Ofgaction barrier, andiii) the H, ground-state potential en-
extended. A solution to this problem would give more in-ergy surface for 83 different atomic configuratigits). In
sight into the mechanism of the nonmetal-to-metal transitionyqdition, we employed the DAC pressure dft8] at five
observed. The proton-proton PDgp,(r), which gives the  points (,=1.6, 1.72, 1.85, 2.0, and 2.2To gauge the pre-

probability to find two protons at a distaneeand, thus, gictive capabilities of the model, we determined other well-
structural information, is also determined within the two known molecular properties not included in the fit. For ex-

methods. We compare the a}nalytical approach and the Simlé:mp|e, TB-Il yields good structural properties for the
lation method to extract regions where these models are apyystalline states of hydrogen. Owing to the restrictive nature
plicable. of the orbital basis, such models always necessitate compro-
mise in the quality of fits to the various parameters. For
Il. FORMULATIONS TB-Il, we sacrificed a small shift in the Hbond length
(1.4ap to 1.3&p) to accommodate an accurate representa-

A. Tight-binding molecular dynamics method tion of the entire H energy surface.

The total TB energy has the forpiQ] For each TB model, we performed constant-volume
molecular-dynamics simulations with the Verlet algorithm
E:E fi6i+2 V(R;j), (1) within an isokinetic ensemble, maintained through velocity

i i< scaling. At each time step, we solve Ef) for the eigenval-

ues and eigenvectors from which we generate the forces on
wheref; is the occupation number based on a Fermi—Diracach atom by Hellmann—Feynman prescriptions. The nuclei
distribution at temperatur€, V is an effective pair potential, then move according to the classical equations of motion,
andR;; is the distance between atornandj. The eigenen- based on these quantum-mechanically derived forces. Thus,
ergy € comes from a solution of a generalized eigenvaluethe electrons receive a quantal treatment while the nuclei, a
equation of the form classical one. Local thermodynamical equilibrium was as-

sumed whereby the electronic temperature in the Fermi—

Hi=€;Si; , (2 Dirac distribution was set to that of the ion motiof (
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=Tion - Electronic states were computed at only th@oint The composition of the system is given by the chemical
in reciprocal space. These aspects of the calculation werequilibrium M, = 2y for the reaction H=H + H. Usu-

identical to Refs[10]. We used a short time step of 0.2 fs, ally, the chemical potentials are split into ideal and correla-
and a cubic periodic cell, typically with 250 atoms, in eachtion contributions, i.e.uc=p'9+uS (c=H, H,). The

A
2”0'“ ex (Do~ i+ 21§ ksT],

. - . C
case allowing the hydrogen to reach full equilibrium beforegissociation degreg is defined by the partial densities in the
collecting statistics fpr 3000—-4000 time steps. B';ot'h staticyiq, B=ny/(ny+2n,.). The molecules and atoms interact
and dynamic properties appear well converged within better. . 2 . . .

. . via effective two-body potentials, which approximate the ef-
than a few percent as a function of the length of the simula; cts of the real manv-bodv interactions. Exponential-six bo-
tions and the size of the samples. Properties determined fro{ﬁntials were taken tg mogel the effecti\./e tvr\)/o—bod intergc-
our standard 250-atom sample evince convergence (o Withi{] ons between the constituents; the parameters ca)r/1 be found
a few percent compared to larger cases of 512 and 102éllsewher §11-13 ’ P
atoms. - : o : The fractiong 6f dissociated molecules is determined by

We determined the dissociation degree, or more precisel : S : .
the fraction of monomers, by examining the nearest neighbo e g:orrelatlon contributions to the chemical potential ac-
of each atom in the molecular-dynami@®dD) reference cell cording to
at a particular time stefl0]. If two atoms form the nearest 2
neighbor of each other, then they comprise a designated Ny = H
“molecule.” This analysis ranges over all the particles in the 2
reference cell, atoms not associated with molecules are la- 4
beled monomers. The ratio of monomers to the total number kT hew) 11
of atoms gives the fraction of dissociation. The average of o'”t=ﬁ3 1—exp( — ﬁ)
this fraction over time provides the reported measure of dis- ¢ B
sociationB. The scheme does not require the input of a spe- ) . o .
cific bond length, as in many cluster analysis prescriptionsPo=4-735 e>2V is the dissociation energy of isolategdrhiol-
On the other hand, the formulation only allows monomersecules and\{=2m#% (mykgT) the thermal wavelength of
and dimers. Therefore, the scheme breaks down at highét atoms.c™ denotes the internal partition function of vibra-
densities where clusters containing many atoms may skefional and rotational states witB=60.853 cm' and o
the results. =4401 cm ! as the characteristic rotational and vibrational

Finally, we have benchmarked the TB models by MD constants of the fHimolecule[18]; c is the speed of light.
simulations within a finite-temperature density-functional ~We have calculated the correlation parts of the chemical
(FTDP) approach. Both the local-density approximation potentials viau”'= (dF°7dN.)1. The free energies for the
(LDA) [8,9] and the generalized-gradient approximationpure molecular and atomic system are derived from fluid
(GGA) were employed at a select set of temperatures anudariational theory[19] using the effective pair potentials.
densities. The GGA calculations were performed using thdhe results for the EOS of the pure moleculand atomig¢
ab-initio total-energy and molecular dynamics progrensP  subsystems agree with those obtained from classical Monte
(Vienna Ab-Initio Simulation Prograi17]. These simula- Carlo (MC) simulations up to Mbar pressures. The correla-
tions used very large plane-wave bases5Q 000) that ef- tion contributions in Eq(4) yield a lowering of the dissocia-
fectively represented the excited and continuum states. Theg®n energyD, so that pressure dissociation becomes opera-
sophisticated FTDF methods allow us to gauge the accuradyve already in the neutral fluid. Neglecting these terms,
of various approximations introduced into the TB models,almost no dissociation would occur at these conditions.
for example, the use of a singtdype orbital on each atomic Three PDFSOn,m,: OHpH and gy, are derived from
site. We should emphasize though that this constraint doegassical MC simulations for the mixture of hydrogen mol-
not limit the TB models to the ground state of the H systemecules and atoms using again the effective pair potentials, the
since different linear combinations of these single atomicgissociation degreg, the temperatur&, and the mass den-
orbitals can form excited and ionized states of the wholesjty o as input. In order to extract the proton-proton POE
system. For example, with twoslorbitals on each H atom, from these data, we need to determine the proton distribution
we can represent both the grount®() and first excited in the H, molecule, which is very well known for isolated
('3,) states of H. molecules in the singlet staf@0]. Neglecting in-medium

corrections to the molecular structure in E4) such as the
B. Dissociation model vibron-shift [21,22] or a variation of the binding length of

In a chemical picture, hydrogen fluid is considered as al-4ag, the vibrational and rotational spectrum of the H
mixture consisting of K molecules and H atoms interacting Molecule can be derived by standard techniques. The prob-
via effective potentials. At very high densities, modificationsability of finding a proton at a distancefrom another proton
of the constituents and their interactions have to be treated iff the H, molecule at a temperatufieis given by the eigen-
a systematic way. We will restrict our considerations to thefunctions¢; and eigenvalueg; for the singlet potential via
region where these medium modifications are small. Further-
more, we consider low temperatures so that thermal ioniza-

tion can be neglected. A corresponding dissociation model Z | i()|? exp(— Ei /kgT)

(DM) has been derivefil1,12, which shows that pressure w(r)= . (5)
: o . : PP

dissociation becomes important already in the shock- > exp(—E; /kgT)

compressed, neutral fluid. i



1668

LENOSKY, KRESS, COLLINS, REDMER, AND JURANEK

TABLE |. Pressure®, internal energied), and dissociation degregsbased on the dissociation model
(DM) given in Refs[11,12] compared with those derived from the TBMD simulations of R&€] (TB-I)
and the present versidiiB-11). Pressure in units of GPa, internal energy in eV/atom, @i percent. Mass
densities are for hydrogen.

0.3344 glcri (re=2)

0.5257 glcr (rg=1.72)

0.6177 glcrh (rg=1.63)

Model T (K) P U B P U B P U B

DM 2000 216 -—-1.803 0.01 66.4 —1.417 1.73 916 —1.128 8.6
TB-I 220 —-1.840 0.50 65.9 —1.451 2.0 90.0 -—1.212 7.0
TB-lI 191 —2.025 0.0 65.2 —1.690 0.1 97.3 —1512 0.1
DM 3000 242 -1616 0.44 67.0 —1.162 6.65 90.7 —0.874 14.6
TB-I 241 —1.622 2.0 65.1 —1.188 12.0 916 —0.978 16.0
TB-lI 232 -1.782 0.10 71.3 —1.506 0.30 103 —1.284 0.80
DM 5000 28.1 -—-1.164 5.92 68.9 —0.654 17.3 925 —-0.397 24.3
TB-I 26.7 —1.094 17.0 712 —-0.764 27.0 102  —0.592 30.0
TB-II 285 —1.372 3.4 76.2 —0.970 8.4 109 -0.758 115
DM 7500 324 —-0531 176 74.1 -0.073 28.0 99.1 0.143 33.2
TB-I 327 —-0575 27.0 83.7 —0.320 32.0 119 -0.167 335
TB-lI 343 -0.699 175 84.7 —0.384 22.9 120 —0.169 25.2
DM 10000 37.5 0.065 28.4 815 0.451 35.8 108 0.638 39.6
TB-I 409 —-0.091 320 97.8 0.112 35.0 136 0.266 38.2
TB-lI 420 -0.098 214 97.2 0.125 24.0 136 0.297 251

PRE 60

The ground and first-excited state were taken into accourfor the temperature and density range considered here, the

for the evaluation of Eq(5), which is sufficient for the low

temperatures considered here.

Recalling that the total number of protons is givenriy

=nu+2ny,, the proton-proton PDF is given by

H

2Ny, H, n3
Ipp(M) =5 W (1) +— Gun(r)
Np Np

4anHZ
+

Ny

4

+
n

X G, (1~ $1/2—5,/2).

2 [ su S g1 92

2

Ny
[ s, [ @sawliswis)
p

(6)

GGA and TB-I remain in very good agreement both for
static and dynamical properties. Diffusion coefficients, dis-
sociation degree, internal energies, and pair-correlation func-
tions show differences of 10% or less; only the pressure var-
ies by as much as 20% at the higher densities and
temperatures. The TB-Il model departs from TB-I mainly in
the degree of dissociation, as seen in Table I, with the former
exhibiting less relative dissociation as the medium heats and
compresses. Nevertheless, the region in which both models
progress from a molecular to atomic fluid covers a very nar-
row o —T space. If TB-I and TB-II start from the initial con-
ditions of the laser experimenig], namely, a molecular lig-
uid at cryogenic temperatures, the respective Hugoniots lie
very close, both yielding only a factor of four in compres-
sion. This should engender no surprise, as the TB models
readily dissociate and rapidly move toward an atomic fluid at
higher densities and temperatures.

Representative results for EOS propertigessureP, in-

The first term describes the internal proton-proton distri-ternal energyJ/N) and a descriptive properighe dissocia-
bution in the H molecule and the second one describes thdion degreeB) appear in Table I. The DM and TBMD show
proton-proton distribution for the H-H interaction. The third consistently similar trends across the whole span of study
term represents the HoHdistribution, and the fourth one With noticeable disagreements beginning only at the highest

represents the J4H, contribution.

Ill. RESULTS

Before comparing the DM and TB models, we briefly

densities and temperatures. This extreme probably marks the
limits in both models since the fits for the TB cases did not
extend much beyonds=1.5 and no ionization channels ap-
pear in this version of the DM.

We now examine in more detail the results in Table | and

discuss the results for the two TB cases in relation to thdvegin with the internal energyd/N) by featuring a typical
more sophisticated FTDF molecular-dynamics simulationsexample in Fig. 1 forg=2 or a hydrogen mass density of
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FIG. 1. Internal energy as a function of the
temperature ars=2 for the DM (solid line),
TB-I (dashed ling and TB-Il (chain-dashed line
models.
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p=0.3344 g/cri. We emphasize that all mass densitiesgime in density and temperature.

given in this paper, unless specifically noted as in the case of We observe more variation among the models for the dis-
the Hugoniots, refer to hydrogeE 1). At a fixed density, ~Sociation degregs although only over the very narrow re-
TB-Il and DM parallel each other over the span of temperadion from onset tolthe .beglnnlng of saturation in dissocia-
tures with the TB-II having the more negative value. TB-1 fion. As indicated in Fig. 3 fors=1.72, the TB models
remains closer to the DM model at lower temperatures, angracket the DM, indicating upper and lower limits of the
to the TB-Il model at higher temperatures. We observe simi"UMPer of monomers. Again, this is expected given that the

lar trends at the other two densities. However, as the densit§8'| and TB-Il were constructed to highlight different as-

increases, this crossover point moves to lower temperature ects of this regime. At the higher density, TB-1 and the DM

The internal energy in all cases rises monotonically with gree best over the temperature range. Although the tech-
9y y niques for evaluating3 in the two approaches differ, the

te_mperature; no d"?ma“c or abru.pt changes oceur. To VI€Yissociation preserves a common, general trend in this range.
this in greater detail, we present in Fig. 2 f=1.63 only To investigate the models further, we turn to the proton-
the electronic component of the internal energyN) with  proton PDF as derived from the DM and the TBMD simula-
the ion kinetic contribution removed. A slight hysteresis ex-tions and present a representative exampler fer2 andT

ists in both the TB models that correlates closely with the—5000 K in Fig. 4. We compare not only the DM and
regime of molecular dissociation. Pfaffenzeller and HohlTBMD cases but also the FTDF-GGA, WPMD, and PIMC.
[23] observed similar behavior in DF-MD simulations of hy- The DM, WPMD, and TB-Il agree well while the PIMC
drogen at higher densities. Although a small inflection existsshows a somewhat higher first peak, and the TB-I shows a
this does not translate to the Hugoniot in any noticeable waysomewhat lower first peak. The FTDF-GGA nearly coincides
The internal energy appears well-behaved through this rewith the TB-I result.

-0.6 L L

-0.8

'
o
]

FIG. 2. Electronic component of the internal
energy as a function of the temperaturerat
=1.63 for the DM (solid ling), TB-I (dashed
line), and TB-II (chain-dashedmodels.

E/N [eV/atom]

'
IS
I

-1.6

-1.8 T T T | T T |

T1000K]
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FIG. 3. Dissociation degreg as a function of
the temperature at;=1.72 for the DM (solid
line), TB-lI (dashed ling and TB-Il (chain-
dashed ling models.
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We explore the effects of density and temperaturethe two approaches reflects the different values employed for
changes in Figs. 57 for the three densities=2.0, 1.72, the H, equilibrium distance, 1a; in the DM and 1.38g in
and 1.63 and temperatures between 2000 K and 10000 KTB-II.
The general behavior is very systematic. The first peak oc- A seeming contradiction appears from a comparison of
curs at the molecular bond length of dgdand is very pro- the average dissociation degree and the relative heights of
nounced at low temperatures indicating the molecular structhe first (H,) peak in the PDFs. For the parameter, the DM
ture of hydrogen under these conditions. The first and seconahd TB-I agree remarkably well over the entire range of
peaks become less pronounced as temperature and dengiignsities and temperatures studied. Yet, at the higher tem-
rise due to an increasing fraction of dissociated moleculeeratures, the heights of the molecular peak in their respec-
Compressed hydrogen becomes less structured, and the &t PDFs show considerable differences. An initial tendency
oms are located between the molecules. For higher densitiearises to associate the peak height directly ydtthowever,
the differences become more pronounced as expected. Esphis can result in misleading conclusions. Part of the problem
cially, the PDFs obtained from the TBMD simulations show rests with the procedures employed to deftheéAs indicated
significantly less structure than the DM for the highest tem-above, these yield at best semiquantitative results since they
peratures; the first peak height is even smaller than the secequire certain definitions of a “molecule,” based on
ond one. The slight displacement in the first peak betweenearest-neighbor or bond-length constraints that do not uni-
versally apply in a transient, disordered system. A more re-
liable comparison involves integrating the PDF in the radial

f\ variable until the coordination number yields unity. This
3 I —— DM 1
I TB-| 35
| i ——— TB-I
U —-—- FTDF-GGA
! 3.0}
% | 25| (Tin 10°K)
o Iy
20 |
1t %
© 15t i
ol
. e
0
0 0.5 | rs=2
r/ag
FIG. 4. Proton-proton pair distribution function fog=2 (o 0000 10 20 30 40 50 60 70
=0.3344 g/crA) and T=5000 K: DM (solid line), TB-I (dashed r/ag
line), TB-II (long-dashed ling and FTDF-GGA(dot-dashed ling
The PIMC results of Magro and co-workd® (dotted ling and the FIG. 5. Proton-proton pair distribution function feg=2 p

PDF of the WPMD methodsymbols, se¢13]) are shown for com- =0.3344 g/cr) and various temperatures: Digolid lines and
parison. TB-Il (dashed lines
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FIG. 6. As Fig. 5, but for;=1.72 (¢=0.5257 g/cr).

rlag

FIG. 7. As Fig. 5, but for,=1.63 (¢=0.6177 g/cr).

gives an average bond length or width of a distribution ofemploy a minimization of the free energy to determine the
molecular bonds found in the medium. For the TB case aEOS but emphasize different basic properties and tech-
10000 K, we must integrate to a radial value of almosg 2 niques. The DM does not include ionization; its inclusion
before obtaining a coordination number of 1, while this dis-will demand an eventual return to the SESAME curve at
tance remains much smaller for the DM. Therefore, we obhigher pressureg26]. Both the TB and PIMC represent dy-
tain approximately the sam@ parameter, and by inference namical models and are in disagreement at low pressures.
the same number of molecules, but with very different dis-The TB-Il follows the SESAME Hugoniot for most of its
tributions of the bond lengths. course, yielding only a slightly larger maximum compression
In Fig. 8, we next compare the Hugoni¢®st| for the DM (7%). TB-I, with a rather different set of fitting criteria, ex-
and TB with other theoretical formulations and with the hibits nearly the same behavior, while the PIMC shows a
NOVA laser and gas-gun experiments. Liquid molecularlarger excursion. This trend to a higher compression in the
deuterium at cryogenic temperatures pp( PIMC seems closely tied to a phase transition that occurs
=0.171 g/cm, T=20 K) sets the initial conditions for around 10000 K at deuterium densities of about 0.66 &/cm
the models and the laser and gas-gun shocks. The solid lifgeither the TB nor the DF schemé@sDA or GGA) exhibit
denotes the results derived from the SESAME Ef3$§  this phase transition under these conditions. The error bars in
which represented a standard for H up to the advent of thénhe laser experimen{®,3] range from about-0.1 g/cnd in
laser experiments. The maximum compression reaches the density at the lower pressures:Z00 GPa) to about
value of about four, which appears similar to an ideal gas of-0.2 g/cn? above this.
atoms. The laser experimeritg,3] reach a maximum com- Comparing the TB and DM in more detail gives further
pression factor of 6, more in line with a rigid diatomic ideal insight into the behavior of various models in this regime. As
gas, and remain considerably compressed even at rather higidicated above, the two models contain the same basic
temperatures. SESAME and the model of RE2S], both  physics that should govern the Hugoniot at least to maximum

3500 1 1 1 1 1 T 1 1
\\
]
300.0] \ L
\\
!
\O
260.0 \ -
\\ (o] o
. 200.04 \\ | FIG. 8. Deuterium Hugoniots. Theoretical
S Yo models: SESAMHE(ine, Ref.[4]), TB-Il (chain-
g. o dashed ling Ross(dashed line; Ref[24]), DM
150.0 | 00, 5 (dotted ling, and PIMC (crosses, Ref(6]). Ex-
°// periments: gas-guftriangles, Ref[1]) and laser
100.0 4 e, L (circles, Refs[2,3]).
9/
-t
50.0 - e =
0.0 } T T T T T T T
0.3 04 05 0.6 07 08 0.9 1.0 1.1 1.2

ppla/cc)
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compression. TB contains ionization to some degree, whiclthe hypothetical plasma phase transition. No indications of
the DM does not; however, ionization does not appear as auch a phase instability have been found in either the TB or
major influence at these low temperatufg6]. The TB  DF models.

reaches about 15000 K and the DM, about 20 000 K at maxi- Besides the EOS data, we have compared also the result-
mum compression. Yet, the two models produce rather difing proton-proton PDFs extracted from the TBMD simula-
ferent predictions for the highest compression, the TB givingions and the DM. Again, the agreement is good at the lower
four and the DM, five. These differences do not appear taemperature§ <7500 K and densitieg=<0.5 g/cn?, while
arise from any basic physical process found in one and natystematic deviations occur in the remaining parameter re-
the other but must originate in sensitivites to the small dif-gion. However, the transition from a pure molecular liquid to
ferences in the two equations of state. As a comparison dd disordered monoatomic fluid at high densities and/or tem-
these basic quantities demonstrdieable ), these differ- peratures is clearly seen. The relation to the corresponding
ences are subtle. The DM seems to reach higher compresariation of the electronic properties, i.e., the nonmetal-to-
sions due to a somewhat later, slower release of theiktl-  metal transition as observed experimentally, has to be dis-
ing energy. An indication of this trend appears in the protoncussed by means of, e.g., the electrical conductivity. The TB
proton PDF. Although the dissociation fraction between theand DF molecular-dynamics simulations B29] display a

TB and DM remain close in magnitude, the DM has moredistinct rise in conductivity at low temperatureZg000 K)
molecules in the lower vibrational states that yield more enas a function of density in relatively good agreement with the

ergy on dissociation. gas-gun result§l]. This rise appears intimately associated
with the degree of dissociation and, therefore, a similar trend
IV. CONCLUSIONS is found in the DM when considering ionization in addition,

see[30]. The conductivity reaches a plateau at a few thou-
We have prese_nted results for a TB mo(_IEB-II) of hy-  sand inverse ohm cm, corresponding to a liquid metal or
drogen that considers more of the atomic and moleculagemiconductor. The associated medium remains mainly mo-

characteristics, which are important in the neutral fluid do-jgcylar with some monomers and resembles more a conduct-
main at low temperatures, compared with a previous modghg soup than a pure metal.

(TB-I). We compare with corresponding results of a DM and  “The Hugoniots show greater differences with the DM
the TB-1 at some points ip—T space, which cover the re- yielding a higher maximum compression. Since the models
gion where a nonmetal-to-metal transition was observed resontain basically the same physical processes, these differ-

cently. , . o . ~_ences must arise from subtle sensitivities to the basic EOS
A strong increase of the dissociation degree is obtained igata.

both models when the medium heats and compresses. The | this paper, we have compared several different models
agreement is reasonable considering the difficulties in defings hydrogen for low to intermediate densities and tempera-
ing this quantity in a consistent way in both models. Furtheryyres. while the techniques for generating these models dif-
more, the EOS data show good agreement for lower temgsr considerably, they show rather good agreement through
peratures and densities. For hydrogen densities this regime. Therefore, the behavior of hydrogen under these
=0.5 glent and/or temperature3=5000 K where both  conditions(dissociating fluidis better and better understood.

models become increasingly uncertain, the discrepancies afghe region of ultrahigh densities and higher temperatures has
more pronounced, especially for the pressure. to be probed further.

While the TBMD method includes, in principle, excited
and ionized levels, the DM is restricted to a neutral KH-H
mixture. The influence of ionization has been studief2if|
combining the present DM with known results for the EOS  This work was supported by the Deutsche Forschungsge-
of fully ionized hydrogen plasma, see, e.f27,28. The  meinschaft within the Sonderforschungsbereich 198 Kinetics
EOS of such a combined dissociation—ionization model forof Partially lonized Plasmas. The work was also supported
T=(2-10)x10° K andgy=<2 g/cn? shows a phase insta- by the U.S. Department of Energy through Los Alamos Na-
bility between 0.6 and 0.9 g/cirwhich is connected with tional Laboratory.
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