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Linear-mixing model for shock-compressed liquid deuterium
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A model has been developed for the equation of state of deuterium that builds in the correct limiting
behavior for the molecular fluid at low pressure and extends smoothly through dissociation to the very high-
density monatomic-metallic fluid. The key assumption is that the Helmholtz free energy of the dissociating
mixture is a function that can be approximated by the composition average of the free energy of the pure
molecular and metallic hydrogen equations of state. The composition is determined by minimizing the free
energy. In comparison to earlier studies this model leads to an enhancement of molecular dissociation and a
lowering of shock temperatures and pressures. Calculations for shock-compressed liquid deuterium are in
agreement with experiments to a pressure of 2.1 Mbar. At about 1 Mbar and 20 000 K liquid deuterium is 90%
dissociated and is a nearly degenerate metal. The model predicts that molecular dissociation will lead to
negative values ofdP/dT)y in the range 4000 to 10 000 K and volumes below 7 cc/mol. This feature suggests
the formation of covalently bonded species in the partially dissociated miX®04.63-18208)05825-1

I. INTRODUCTION shock and piston velocities that determine the final pressure,
density, and energy.The pressure R), volume (V) and
An accurate knowledge of the equation of stéE®©9 of  energy E€) behind the shock front is related to the initial
fluid hydrogen at extreme conditions is of considerable sciconditions @,,V,,E,) through the Hugoniot equation:
entific interest, but it is essential for designing deuterated
capsules for inertial confinement fusidCF) (Refs. 1 and 2 E—E,=3(P+P,)(V,—V). (1)
and for modeling Jovian planets and brown dwa#Shock
wave experiments have been the most reliable source of EOBhe Hugoniot curve is the locus of final states that are attain-
data for hydrogen at such conditions, and deuterium has beeible by a series of experiments with different shock intensi-
the favored isotope because its higher mass permits the aies each starting from the same initial state. The temperature
tainment of higher final pressures and densities. of the final shocked state cannot be obtained from the Hugo-
ICF is a scheme in which hydrogen fusion is realized byniot equations. It can be measured if the optical emission
impinging an intense laser light on a target to generate &om the shock front is sufficiently high, but it is usually
shock wave in a liquid deuterium tritideDT) sample that obtained from calculations of the Hugoniot using a theoreti-
will achieve a density of-10° times solid density at a ther- cal equation of state.
mal temperature okT~ 10 keV? The shock path in an op- Deuterium starting from the liquid, &/,=23.6 cc/mol
timized capsule would first track this Hugoniot and be de-and T,=20.3 K, has been shock compressed using the
signed to follow an isentropic compression from the point ofLLNL two-stage light gas gun to 210 kbar using single
maximum compression to higher density. By following anshocks and to about 850 kbar with reflectéat double
isentrope the temperature rise is limited, and this permits thehocks’~® More recently, a series of laser-generated shock
sample to achieve the density and temperature necessary f@ave experiments have been made to measure the Hugoniot
fusion. Since the efficient performance of deuterated ICFof liquid deuterium over the pressure range from 0.25 to 2.1
capsules relies heavily on achieving a maximum compresMbar (Ref. 10 with the maximum compression to 3.85 cc/
sion, the design of such a capsule depends critically on amol, a density of 1.05 g/cc. This is the highest pressure mea-
accurate EOS for predicting the Hugoniot. Given the com-sured in a shock experiment with a liquid hydrogen isotope
plexity of the physics, experimental shock data becomes inand greatly extends the data available for examining the
dispensable for developing an accurate EOS model. Whilequation of state. Prior to these experiments theoretical esti-
the isotherm for solid hydrogen has been measured in eates of the maximum density were lower by 20 to 40 %.
diamond-anvil cefl up to a pressure of 1.2 Mbar at room  In Sec. Il a linear-mixing model is described for dense
temperature, the considerably higher temperatures achievetissociating hydrogen. The model has built in the correct
by shock compression are more nearly in the range of intedimiting behavior for the low-density molecular fluid and the

est to ICF and astrophysics. high-density monatomic-metallic fluid and the equation of
Shock experiments achieve states at high compressicstate interpolates smoothly between these limits. The calcu-
and temperature by introducing a rapid impulse into a sublated results are presented in Sec. Ill. Section IV is con-

stance through the detonation of a high explosive, the impaaterned mainly with interpreting the results in hopes of gain-
of a high-speed projectile propelled by a two-stage gun oing some new insight into the nature of the partially
the absorption of an intense pulse of radiation as with a higheissociated fluid. The section also includes a comparison
powered laser. High-speed optical and electronic methodwith quantum Monte Carlo calculations. Section V is a sum-
are necessary to measure certain dynamic variables; thmary.
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Il. THE MODEL -2.10
A. Theoretical background ”15
A major barrier to the construction of an accurate EOS for -
deuterium at simultaneously very high pressures and tem- g 220 L
peratures is the lack of information describing the chemical £ |
structure of the dissociating mixture. For example, it is un- =
known whether the mixture consists only of molecules and o 225 ¢
atoms such as in a dissociating dilute gas or whether more w
complex chemically bonded species are present. Molecular -2.30
bonds may be destroyed by thermally exciting or pressure
delocalizing electrons to create molecular chains and elec- -2.35 ' ' ' ;
trons may become itinerant as in a metal. One of the few bits 6 2 4 6 8 10
of information comes from an analysis of the atomic arrange- V (cc/mol 2H)

ments found in both guantum Monte CatigMC) (Ref. 11 FIG. 1. Configuration interaction calculation of the total energy
and quantum molecular-dynamit’scalculations that sug- T -
q y £ 9 for Hy,-H, and linear H taken from the tables of Bender and

gests that the structure of the reacting m!xture IS a COmp“_s[chaefer(Ref. 16. The data has been plotted in terms of the vol-
cated arrangement of molecules and strings of atoms tha

. . . S - imated as th h ied b i t f th
implies the presence of chemical bonding in the mixture. Hme approximated 8s e Sprere occupled by an fner atom ot the

. ) equidistant H chain for equal linear lengths of +and H-H,.
In the regime of relatively low shock pressure and tem- q H q d 4 H-H,

peratures, up to 210 kbar and about 4500 K, the fraction ofpove a pair of K molecules. Similar curves exhibiting en-
molecules dissociated is only a few percent. Up to this presergy minima have been calculated foy stjuares, rectangles,
sure the Hugoniot has been calculated using fluid perturbahomboids, and tetrahedrons, but these configurations have
tion theory with the Ross, Ree, and YOulRRY) Hy-H; pair  higher energies, lying nearer2.1 Ry!” Energy surfaces for
potential that was fitted to the shock dataCalculations of the ground and excited states of thg $ystem also show
the solid isotherm and the melting curve made with this PO-energy minima?

tential are also in good agreement with experiment. At |y the case of the solid, hydrogen has been found to re-
higher pressure and temperature theoretical models Mugiain molecular to at least 2.3 Mb4First-principles total-
contend with a rapidly increasing degree of dissociation. Atenergy calculations predict the transition to a monatomic-
tempts to model the EOS in this regime have been made byetal at some higher pressure, widely believed to be above 3
Saumon and Chabrir'® using the RRY H-H, potential  Mbar2? Similar results are obtained from predictions made
and potentials for the H-H and HHnteractions that were wjth models in which the energy of the molecular solid
determined from molecular orbital calculations for the iSO'(|ower curve in F|g 2is determined by an empirica| poten-
lated pairs. These potentials are characterized by shorfa| (such as RRY obtained by fitting experimental data and
ranged exponential repulsions. They predict second shogle energy of a monatomic bcc metatiddle curvé calcu-
temperatures near 0.8—-0.9 Mbar that are too high by abouyited by local-density approximatiofLDA) electron band
40%9 The conclusion drawn from these results is that Wh”etheory?l These two curves in F|g 2 show a Striking resem-
theoretical pair potentials may be useful for modeling thepjance to the two plotted for #H, and H, in Fig. 1. In
low-density gases, they are apparently too repulsive to acCysarticular, the energy minimum in the metal ang $tring
rately model the interactions present in a dense, partiallyccyr at about the same interatomic spacing, suggesting that

dissociated, fluid. o _ _there exists a fundamental relationship between pairs of mol-
One explanation for the limited usefulness of simple pairgcyles to strings and solids.

potentials for dissociated fluids is the possibility that species
other than atoms and molecules will be present. For example, 1.0
consider the simple Hsystem. Much of the interest in this
system has centered around thetH,—2HD exchange re- I
action studied in shock tube experiments and by quantum- -1.41

-1.2

mechanical calculations and in,Has a prototype for the S

infinite antiferromagnetic chain and as a crude model for & 181

metallic hydrogen. Figure 1 shows the results of calculations = 18l

made by full configuration interaction calculations for linear 3 —

H, and taken from the tables of Bender and Schalfénm. w20

order to place these calculations more clearly within the con- e |

text of the present discussion, the data has been plotted in '

terms of the volume occupied by an inner atom of the equi- -2.4 ) ‘ ‘ ; ‘
distant H, chain for equal linear lengths of 4and H-H.. 6o 2 4 6 8 10 12
The ground-state energy of the lineag-H, interaction is Volume (cc/mol)

repulsive, except for the small van der Waals attraction at
low density. In contrast, the energy of the linear equidistant FIG. 2. Energy vs volumé2H atoms for lattices of molecular

H, is predicted to have an energy minima at 1.67 Bohr lying(lower curvé, metallic(middle curve, and atomic hydrogefupper
7.1 eV below the exact energy of four atoms but 1.9 eVcurve.
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With increasing density the energy of the molecular phas¢hat deviations from the linear-mixing rule are snfallThe
rises exponentially while the energy of the metallic structurepressure and energy of the fluid are obtained by differentiat-
decreases to a minimum at very nearly the same volume. Ahg the free energy:
much higher densities the metallic structure becomes more
stable than the molecular, leading to a first-order insulator- P=(1=X)Pmoi+XPret ()
metal transition. This is not the case for the uppermost curvg 4
in Fig. 2. This curve represents the energy of a close-packed

lattice in which hydrogen atoms interact by the short range E=(1—X)Emot XEmet- (4
H-H potential of Saumon and Chabri#ér® This curve
shows no energy minimum. The linear-mixing approximation does not imply that the

At low density the energy of the atomic lattice convergesmixture consists of clumps of molecular fluid and clumps of
to that of the meta(middle curvé and both are offset from metallic fluid, nor does it assume that atoms and molecules
the molecular energy by the dissociation energy. With in-are homogeneously mixed, but rather that the free energy of
creasing compression, the energy of the atomic lattice parathe entire system is a functional that can be expressed as the
lels that of the molecular phase and never crosses into atbmposition average of these two states of the element. The
insulator-metal transition. However, a transition can be creapproximation is equivalent to assuming that the energy of
ated for the dense plasma by adding an attractive polarizatiointeraction ¢4, between particles 1 and 2 can be written as
potential to describe interactions in a partially ionized mix-the average o, and ¢,,, the interaction between the par-

ture between charged and neutral speties. ticles in the pure components,
If we naively transfer the theory of chemical equilibrium
for a dissociating gas to that for the dissociation of a shocked $12= (11t d20)/2. 5)

liquid, then we should expect the partially dissociated fluidrp g |inear mixing has the attractive feature in that it allows
to be some hybrid mixture made up, principally, of the low- s 4 ayoid specifically defining the interaction energy be-
est energy states; the molecular and metallic phase. Since Wgeen unlike species, which includes the effects of chemical
know that the electrons in fHare highly localized and the ,5q4ing a subject of which we lack sufficient knowledge to
electrons in the metal are itinerant, it then follows that a,o4el. " In many respects, the present model is similar to
partially dissociated mixture will be characterized by state§ gnqau’s two-fluid model for liquicd*He in which the mix-

of intermediate energy with intermediate fractions of local-¢ e i presumed to consist of thermal excitations of phonons
ized and itinerant bonding. At very high temperature, when, 4 (otons.

KT is comparable or greater than the metal Fermi energy, The free energy of the molecular fluid is calculated using
hydrogen will be a dense, partially ionized, plasma of atomssoft-sphere fluid variational theoly
ions, and electrons and outside the scope of the present ’

model. Fmno= Fg’l0|+ Frert Fint- (6)

The first term is the free energy of the ideal gas, and includes
the translational, vibrational, rotational terms, and the disso-
The linear-mixing model assumes that the Helmholtz freeciation energyF, is the free energy of the soft-sphere ref-
energy of the dissociating mixture is a functional that can beerence system arigl,; is the contribution of the free energy
approximated by the composition average of the free energglue to molecular interactions and is calculated using the
of the pure molecular and metallic hydrogen equations oRRY potential obtained by fitting the theory to the shock
state. The composition is determined by minimizing the freedata below 210 kbar. The general equationsFgg andF e
energy. This approximation has the important practical feaare summarized here for ease of presentation, but the specific
ture that it interpolates the equation of state smoothly fromexpressions are given in Holmes and co-workRers.
the normal molecular liquid to the metallic fluid at extreme  The free energy of the metallic fluid is written in terms of
conditions that closely tracks the trajectory of the shock exthe liquid metal, nearly free-electron, perturbation theory us-
periments. To quantify the model we write the Helmholtzing a one-component plasni@CP reference systerft
free energy(per two particlesas

B. The linear mixing approximation

Fmer= I:?rans"' Ebect I:thocp'ip Fi. (7)

F=(1=X)FmoitXFmet~ T Snix, (@ RO is the H-ion translational free energgy.. s the lattice

energy of bcc metallic hydrogén,and Fihocp IS the thermal
is the f £ th llic fluidt is the fracti . free energy of the OCP F, is the first-order correction to
is the free energy of the metallic fluid. is the fraction of  no Heimnoltz free energy due to electron-ion screening. An

dissociated molecules and is determined by minimi#g oy hression for this term has been derived by Galam and
Shix» is the entropy of mixing of Hland H, Hansert®

whereF ., is the free energy of the molecular fluid aRg,

Smix= — K{(1=x)In[ (1 —x)/(1+x)]+2x In[2x/(1+x)]}. NKT [

__ 2
Fq P OS(q)W(q)q dqg,

For the purpose of equation of state calculations, the energy

of mixing is generally a small term and is neglected. Lengthywhere S(q) is the structure factor of the ionic fluid, and
Monte Carlo simulations for the equation of state of binaryw(q) is the perturbation potential due to electron screening.
ionic mixture fluids in a uniform negative background showw(q) is written in terms of the form factor for the electron-
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ion interaction and the dielectric constam; is negative 3.0 . .
definite and acts to lower the free energy.
Experience has shown that for the purpose of calculating o5 [ Actex ]

accurate liquid metal properties at high pressure using per-
turbation theoryw(q) must be fitted to data. Rather than
attempt to calculat§(q) and fitw(q), we have treate#t; as 20
an empirical function and fitted it to the shock temperature
measurements of Holmes and co-work&iSor simplicity,

we assumed thdt,;= sekT. The value ofde= —2.0/atom

was determined by impedance matching the pressure and
shock particle velocity y p) of the model against the-Up
curve of the LiF or sapphire optical windowse was ad-
justed to fit the shock temperature measureniess! pre- 0.5
dict the final volume and pressurée was not readjusted to
fit the laser shock compression experiments that were carried 0.0 ‘ ‘ ‘ ,
out afterward® SinceF; is linear inT, it is effectively an . 3.0 4.0 50 60 7.0 8.0 9.0
entropy or reference free-energy term and does not appear in
the pressure or energy. Viewed as an entropy térmecan

also be interpreted as a weighting to the density of states to FIG. 3. S ¢ shock ) q i -
account for the large number of fluctuating chemical con- - 3. Summary of shock experiments and linear-mixing

. . . . model (L-M) and Actex calculations for shock-compressed liquid
_flguratlon_s that appear in the.ﬂu'd and needs to be prOperl}ﬁeuterium. Single shock liquid experimeri®efs. 7—9 made with
included in a statistical counting.

the LLNL two-stage gas gun are shown as black circles. The gas-
It should be apparent that any attempt to accurately char

. . . ‘(_jun points plotted are representative of a much larger data set.
acterize the properties of a system as complex as a partial Nitial conditions are at atmospheric pressure &fe-23.6 cc/mol

dissociating mixture at extreme conditions will require some;ngT_=20.3 K and reach final pressures of up to about 210 kbar
degree of chemical intuition and empirical approximations.yith reflected shock gas-gun experiments to 0.8 to 0.9 Mbar. Laser
However, by starting with a metalliclike fluid we have a griven shock experiment®pen squargsextend the experimental
more realistic model and one that simplifies the fitting pro-range to 2.1 MbatRef. 10.

cedure. By fittingF, to a single data point, we obtain an
effective interatomic potential that is, in effect, the correction
to the free energy for all the inadequacies of the model.
Other modeling approaches to this problem, such as those The experimental results and model calculations obtained
employing H-H and H-H repulsive potentials, would find it for shock-compressed deuterium are plotted in Fig. 3. For
necessary to fit several parameters to the experimental dagase of presentation the data is reviewed in chronological
in order to obtain an accurate EOS. The calculated values ¢fider.

F1 are comparable to those for the screening correction to (1) Single shock experiments made on the LLNL two-
the free energy extrapolated to higher density from thestage light gas guff;® starting from the liquid, reach final

1.5 -

—8~ Laser B

P (Mbar)

-®- Gas Gun

10

- Reflected G-G

V (cc/mol)

lll. RESULTS

Monte Carlo results of Hubbard and Dewtt. pressures up to about 210 kbar. These points are summarized
Minimization of F with respect tox leads to an expres- by the black circles. They represent the sampling of a much
sion for the fraction dissociated: larger data set. Up to 210 kbar the fraction of dissociation is
small (2% and less The data was fitted using soft-sphere
x=1/q/(4+0q), fluid theory to obtain the RRY kH, pair potentialt® This

model provides the molecular contributioR ) to the free

where i -
energy of the linear-mixing model.
—Exp(—(E..— E ) /KT). (2) Double shock experiments in which the liquid is re-
9= ExP(= (Fnet= Fma) /kT) shocked from near 210 kbar to about 0.8—-0.9 MigaFhese
This expression may be written as points are represented by a single black circle with an error
) bar. Calculations using the soft-sphere theory modified to
q=(Qi/Qu2) Exp(—D/KT), ()  include H-H, H-H interaction&®~° are in agreement with

P-V measurements. However, no temperature measurements
were then available with which to validate predictions in the
— 7000 K range.

De=(Boce™ Enal -0+ AFun- © (3) The f?rst shock temperature measurements on deute-
The Q’s are the ideal gas translational, rotational, and vibrafium were carried out by Holmes and co-work&ideasure-
tional partition functions of the atom and molecule &, = ments were made for single shocks up to 210 kbar and 4500
is the change of the thermal free energy. 0K, D.is K and reflected shocks to about 0.8—0.9 Mbar. The reflected
equal to the difference in the energy between the metal anshock temperatures were found to be near 5000 K. This is
molecular phase®D, reduces to the gas phase value at lowlower than predicted by previous models by about 2000 K
density and with increasing density it decreases monotoniand lead to the development of the linear-mixing model. The
cally and goes to zero at the insulator metal to metal transiF, term in the free energlEq. (7)] was determined by im-
tion that for this model is near 3.6 Mbar. pedance matching the theoretical equation of state to the

where the effective dissociation energy is
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D2 Laser Shock Data 3.0 r .
2.50 : , . . ‘ 2.5[ ]
[ Sesame
2.0 b
< 50,000 K, x=0.97, E =15.1 eV A
2.00L 1 £ 8
I - g 1.5} ]
E_’ 8- Laser
L -@- Gas-Gun |
= 1.50 - l<— 30,000 K, x=0.96, E; =15.6 eV ] 1.0 .
o L
2 0.5L 1
o 400L 20,000 K, x=0.92, E =15.7 eV ] ; N
0.0 L i L 1 Ll h
1_101000 K, x=0.68, E4 =11 eV 3.0 40 5.0 6.0 7.0 8.0 9.0
0.50| J V (cc/mol)
500 K, x=0.02 Toz20 KI FIG. 5. Experimental shock data for deuterium with calculations
0.00![ ! ; ; from several models: linear-mixingFig. 3), RRY (Ref. 13,
0 5 10 15 20 25 SesamédRef. 31, and tight-binding(TB) (Ref. 30.

V (cc/mol)

can be found in the activity expansigdCTEX) method
‘which approximates the quantum-mechanical partition func-
tion of a mixture of atoms, ions and electrdig.he ACTEX
method is exact in the weakly-coupled plasma limit of high
temperature, but becomes progressively less accurate as the
pressure and particle velocity of the reflecting anvils as detemperature is lowered and molecular states are formed. In
scribed in Sec. Il B. the case of deuterium its region of validity extends down to

(4) Laser shock experiments extended the experimentaibout 60 000 K. Recently, Rogers and Yoﬁfhgaported the
range to 2.1 Mbat’ These measurements, shown by errorHugoniot calculations made with ACTEX shown in Fig. 3.
bars with open circles, are in reasonable agreement witlThe agreement between ACTEX and the present model is
prior predictions made by the linear-mixing model. The suc-good, but mixed. Although the pressures calculated by the
cess of the model is at least partly due to the fact that thewo models are in agreement near 2 Mbar, they begin to
volume of the reflected shock data point of Holmes near 0.84liverge at higher pressure. Calculated temperatures for the
Mbar overlaps the volume at maximum compression attaineévo models agree to within 10% over the pressure range 2 to
by the laser generated Hugoniot. 4 Mbar.

Although the temperature has as yet not been measured A number of Hugoniot calculations have been made for
along the portion of the Hugoniot generated by the laser, theleuterium using very different models. Some of these are
calculated values provide some insight to the nature of fluidhown in Fig. 5. In addition to the present results, these
at these conditions. Figure 4 shows a plot of the Hugonioinclude RRY*® Sesamé? and the tight-binding molecular-
and the calculated temperatures, dissociated fracti@hs ( dynamics calculations of Linofskdf. Saumon and
and Fermi energies at selected pressures. The temperatu@@abriet*!® have examined the EOS of deuterium but we
rises from 4500 K at 0.21 Mbar to 10 000 K near 0.65 Mbarare not aware of any reported single shock Hugoniot calcu-
with 68% of the molecules dissociated. In the region of calHations to megabar pressures by these workers. However, un-
culated maximum compression, near 0.9 Mbar, the tempergublished result place the Saumon and Chabrier Hugoniot
ture is about 15 000 K with 90% of the molecules dissoci-between the present model and RRY. All the models are in
ated. The degree of dissociation increases continuously tagreement with the Hugoniot data over the pressure range up
about 97% at 2.1 Mbar, the highest pressure achieved expetie 0.21 Mbar where the fluid is molecular. Above this pres-
mentally. The calculation of the Fermi enerdy,} is based sure dissociation occurs and the different models demon-
on the atom density in the dissociated fluid and leads tatrate considerable disagreement. Of these, the tight-binding
values of 11 eV at 0.65 Mbar and 15.7 eV at 1.1 Mbar. Thes¢jugoniot differs most dramatically. Starting from 0.21
energies are an order of magnitude greater tk&nThere-  Mbar, the Hugoniot rises steeply and reaches the perfect gas
fore, deuterium at these conditions can be considered Wmit (V/V,~4) near 0.5 Mbar, indicating complete disso-
nearly fully degenerate liquid metal and thermal correctiongiation.
due to electronic excitations can be treated as negligible.

At temperatures above 50 000 ¢@bove 2.2 Mbar the IV. DISCUSSION
thermal energy becomes a significant fraction of the Fermi
energy and corrections for nondegeneracy and plasma effects Now that comparisons with experimental data have dem-
such as charge transfer, highly excited electrons, and electramstrated the utility of the model, let us consider some in-
shell ionization may all occur. Above this temperature thesights regarding the nature of the fluid that follow directly. In
validity of the condensed matter approach taken by théhis regard, a very interesting property i8R/JT)y, the
linear-mixing model becomes questionable. While the probvariation of pressure with temperature. This derivative de-
lems associated with dense, high-temperature matter hayeends sensitively on the temperature dependence of the com-
not been solved in a comprehensive way, a partial solutiofosition.

FIG. 4. Experimental laser shock data for deuterium with calcu
lated, Hugoniot, shock temperatures, dissociated fractionsand
Fermi energiesK;) at selected pressures.
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7K FIG. 8. Gruneisen Gammdy) and reduced heat capacity

FIG. 6. Calculated isochores and the liquid deuterium Hugoniof Cv/NK) vs pressure calculated along the Hugoniot.

plotted as pressure vs temperaiure. Figure 8 shows a plot of andC,,/Nk, the reduced constant
. , ) ) volume heat capacity, as a function of pressure along the
Figure 6 shows a plot of isochores predicted by the I'”earHugoniot. SinceC, /Nk peaks near 0.5 Mbar and 7500 K
mixing model over the range of v_olume of greatest interest tq, 4 @P/4T)y is small or negative, this leads to small or
the present study. The calculations show that the pressuig,qaive changes in the thermal pressure as illustrated by the
increases with increasing temperature up to about 4000Eri'1neisen model, making the fluid more compressible and

5000 K. Further increases in temperature leads to a rapifhcreasing the maximum density to which deuterium can be
increase in dissociation, Fig. 7, accompanied by a loweringp,,cked.

of the pressure with values of/JT),<0. At about 10 000 Plotted in Fig. 9 are isochores, at a volume 'f
K the dissociation is 80% completed and above this tempera= g -/mol predicted by the Iinear-m’ixing model and path-

ture the pressure increases aga@n. This.feature has im.portqmegrm quantum Monte Carfd.QMC predicts that, starting
consequences for the Hugoniot, which passes directlyom 5000 K, the pressure decreases with increasing tem-
through the range of negative or small values @LdT)v.  perature, reaching a minimum near 10 000 K, and then in-
In the Grwneisen model, the pressure at some referencgrgases with increasing temperature. Over this temperature
state,T,V, is related to the pressure at a second S8/,  range, 5000 to 10 000 K, the linear-mixing model predicts
by that the dissociation fraction rises from 6% to 70%. Unpub-
lished QMC(Ref. 32 calculations show the same qualitative
P(T2,V)=P(T1,V) + (T2, V) —E(TL, V)1V, feature% per(sist to?ﬂgher densities. It is notewor?hy that the
The second term is the thermal pressure grid the Grin-  QMC calculations are unable to converge correctly to the

eisen parameter 1.20 : :
vy=(VICy)(dP/dT)y=V(IPIJE)\.
1.00
1.00 ; [ i
0.80 -
3 cc/mol
0.80 | . B
Q
5 cc/mol = 0.60
- 2
2 o
s
§ 0.60 1 4 cc/mol } 0.40 -
© x=0.90
a
c x=0.81
2 040 1 020 1" y=0.06 x=0.70
3 I
i 0 K isotherm
000 1 i 1 L
0.20 |- 1 0 5,000 10,000 15,000 20,000 25,000
I T (K
0.00 ' ‘ FIG. 9. Comparison of isochores calculated by the linear-mixing
0 5,000 10,000 15,000 20,000 25,000 model and quantum Monte Carlo methdref. 11 for hydrogen at

Temperature (K) V=6 cc/mol (s=2.0). Listed at several temperatures are the
linear-mixing predictions for the fraction dfi, dissociated. The
FIG. 7. Calculated fractions @, molecules dissociated vs tem- linear-mixing isochores converge to the low-temperature experi-
perature at several volumes. mental solid isotherm.
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FIG. 10. Schematic description of the energy states of the linear-

mixing model. The lower solid line is the energy of the molecular  FIG. 11. LDA calculation of the total energy and pressure of an
solid (x=0). The upper solid line is energy of the bcc metal ob- hep lattice of hydrogen molecules at O(Ref. 33 as the intramo-
tained by an LDA electron band theory calculatior=1). The |ecular bond distance is varied at a constant volume of 4 cc/mol.
difference in energy between the two curves at any volume is the

effective dissociation energyD, at T=0K. The intermediate dissociated at constant volume a negative contributiti
curves represent energies for states with a dissociation fraxtion 9 ’

with x increasing in the vertical direction. Shock wave experiments _ (Pmer—Pmo) X, is made to the total pressure, and

extend down to about 3.8 cc/mol near the minimum energy of th?P/STN(‘?P/?"T)V' . L. . .
metal. Further evidence that dissociation is accompanied by a

decrease in pressure, can be drawn from an LDA calculation

low-temperature limit of the experimemt&K isotherm. This  of the total energy of an hcp static lattice of hydrogen mol-
points to the fact that QMC is currently in a developmentalecules in which the intramolecular bond distance is varied
stage, and its validity to accurately predict the equation ofvhile the volume is held constafit.The results of the cal-
state for hydrogen has not yet been benchmarked by a coneulation are shown in Fig. 11. They were made at 4 cc/mol.
parison with shock experiments. In addition, we can find noThis is near the maximum compression of the Hugoniot and
evidence in our calculations for the presence of the criticatepresents a vertical cut in Fig. 10 at this volume. As the H
point reported by Magro near 11 000'KOver this tempera- bond length is shortened from the position of minimum vi-
ture range linear-mixing model isotherms cross becausbkron energy, the pressure and energy of the lattice increase.
(aP/dT)y<0. But, van der Waals-like loops in the isotherm, However, expansion of the bond leads to an increase in the
indicative of a critical point, do not appear. energy that flattens near the cell boundary as the metallic

The physical origin for negative values ofR/JT), is  state is reached, but the pressure decreases continuously to
described schematically in Fig. 10. The lower solid line isnear zero at the cell boundary. The decrease in pressure re-
the energy of the molecular soli€0) calculated with the flects the change in electron bonding in going from a local-
RRY potential. The upper solid line is energy of the bccized state in the molecule to an itinerant one in the metal
metal obtained by an LDA electron band theory calculationwith an accompanying decrease in the electron kinetic en-
and which represents the completely dissociated limit ( ergy. It takes only a small leap of intuition to identify the
=1). The intermediate curves represent partially dissociatethcrease in bond distance in going from the molecular to
states with energ¥(x), with dissociation fractiorx, which  metallic state with the increase in the composition averaged
increases in the vertical direction. At temperatures abovatom-atom separations in the dissociating mixture.
complete dissociationxE=1), the increase in energy is the  This interpretation is consistent with QMC restltshat
result of thermal ion motion. For the conditions consideredshow that, like the pressure, the total electron kinetic energy
here, the Fermi energy is sufficiently large compared to thelecreases with increasing temperature and reaches a mini-
temperature so that the effects of electron excitation are negaum near 10 000 K before rising again near 60 000 K. This
ligible. rise is likely due to thermal excitation of conduction elec-

Since the energy of the molecular curve=0) is con-  trons in the metal phase. The initial reduction of kinetic en-
tinually increasing with decreasing volume, its pressure i®rgy indicates that in a dense dissociating fluid the electrons
always positive. In contrast, the binding energy of the metahre shared by a larger grouping of atoms, thereby extending
curve decreases slowly with decreasing volume and reachéieir wave function in space and lowering the kinetic energy.
a minimum near 4 cc/mol before increasing at smaller voldf a molecule dissociated directly to atoms in the repulsive
umes and intersecting the molecular curve near the insulator, state, the electron kinetic energy would rise, and not
metal transition. The point of maximum shock compressiordrop. This is the origin of the repulsive H-H interatomic
is near the minimum of the metal binding energy curve.potential®*
Since all of the partially dissociated states lying between the In contrast to QMC and the present work, Linofkfind
molecular and metallic phases are composition averagethat the tight binding EOS is smooth and featureless, and, in
they will have intermediate values of the pressure. Sincearticular, ¢P/JT)y is positive everywhere. Their use of a
Pmec<Pmal, then for each molecular fractionsX) that is  limited basis set of a singleslorbital on each atom excludes
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the additional bound states that can act as a thermal sink tments for liquid deuterium. Recent measurements of the
absorb some of the shock energy. These additional statésugoniot and sound speed of deuterium up to 276 kbar fur-
limit the temperature rise and reduce the dissociation. Inther confirm the predictions of the mod@l.
stead, the molecules dissociate into the repulsitig state There are several reasons for the success of the model and
and the Hugoniot rises rapidly to the monatomic gas limit.these involve some mixture of theory and phenomenology.
Such a model is consistent with the stiff, relatively incom- First, the model leads to negative values &P(JT)y in the
pressible, HugoniofTB) they calculated, as is shown in Fig. range 5000 to 10 000 K. This implies that it does in fact
5. mimic some of the changes in chemical bonding described
While the present model differs from other approaches tdy the fully quantum mechanically based QMC method.
hydrogen it is consistent with our current understanding of The quantitative success is at least partially due to the fact
matter at extreme conditions. For example, local-density calthat the reflected shock data points of Holmes and co-
culations for solid nitrogen predict the presence of a numbeworkers near 0.8—-0.9 Mbar and about 5000 K, which are
of polymeric structures with total energies intermediate bewused to fit thd=; term in the free energy, is at the volume of
tween the molecular and metallic crystaind the presence the maximum compression attained by the laser generated
of such states in the dissociating mixture are believed to behock experiment. This point overlaps both the gun and laser
responsible for the softening of the liquid Hugoniot andexperiments. The good agreement of the theory with both
shock cooling®®3’ Thermal pressure effects analogous todata sets argues for the consistency of the two experimental
those found in hydrogen, but due instead to electron excitamethods. Another reason for the practical success of the
tion, are also known to occur in the shock-compressed inermnodel is that molecular dissociation along the Hugoniot oc-
gas liquids. For example, in the case of argand xenor®?  curs over a relatively narrow range of conditions and linear
the energy of the highest fillggtlike valence band increases mixing provides a reasonable interpolation scheme.
with compression and intersects the emghtlike conduction Finally, the combined results of the linear-mixing model
band resulting in an insulator to metal transition at megabaand QMC calculations suggests the following picture for
pressures. Schematically, the inert gas electron energy diahock-compressed deuterium. In the temperature range be-
gram is similar to Fig. 10. The filled valence band is thelow 10 000 K, partial dissociation leads to the formation of
analog of the rapidly rising molecular curve and the emptystrings and clusters of atoms characterized by a decrease in
d-like conduction band is the analog of the nearly flat metalthe electron kinetic energy resulting in a small or negative
lic binding curve. The electron band gap, which is analogougdP/dT),,. With increasing temperature, above 1 Mbar, the
to the dissociation energy, decreases with decreasing votlusters, strings, etc., are dissociated to form a nearly degen-
ume, leading to enhanced thermal excitation and introduceserate monatomic-metallic fluid. At about 2.5 Mbar and
negative contribution to the pressure. This results in a coné0 000 K, the temperature is a substantial fraction of the

siderable softening of the liquid inert gas Hugoniot. Fermi energy and thermal excitation of electrons leads to a
rise in the electron kinetic energy and an approach to the
V. SUMMARY dense plasma regime.
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