PHYSICAL REVIEW E, VOLUME 65, 046414

Possibility of an unequivocal test of different models of the equation of state of aluminum
in the coupling regime I'~1-50
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The equation of statéEOS in regimes of density ) and temperaturéT) which are inaccessible to
experiment has to be determined using theories which may themselves be out of their range of validity. Even
for Al, the EOS in the region 0dp<2 gcm 2, and I<T<50 eV, where the ionic coupling paramefer
ranges from 1-50, is not unknown. We present results for the EOS using the Thomas-Fermi (héglehe
quotidian equation of state, the Sesame tabulation, and using the density-functional neutral-pse(ii@atom
model which is a first-principles theory applicable at strong coupling. It is found that the NPA predictions are
very different from the other models, and experiments could provide an unequivocal test of the validity of the
different EOS models. We report theoretical results for the Hugoniot, and the electrical conductivity in the
regime of interest.
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[. INTRODUCTION units, contains just one ion, i.&N,= 1. An experimental tech-
nique, presently under developméatg, at Los Alamos Na-
Building the equation of statdEOQS of materials requires tional Laboratory probes the thermodynamics of dense plas-

the use of many physical theories, numerical methods, an@as in thel’(1-50) region[4]. An Al wire is heated to
experimental techniques. Even in presumably “simple” ma-create a plasma which is allowed to expand, and then subject
terials, the evaluation of thermodynamic properties may bdo @ laser shock. The density and temperature behind the
very uncertain. The recent studies of dense deuteriumShock is expected to be of the order of 1 gcinand
prompted by recent shock experiments done with the Nova 10 eV, respectively. The measurements give the depsity

laser,[1] prove that sound theoretical models, on which a lotthe pressuré®, and the internal energl. The objective of
of EOS data rely, may still be inadequate. this study is to show that such experiments should be able to

Aluminum is a simple metal, and is often considered andistinguish among the theoretical EOS models of dense plas-

accurate standard for EOS studies. The knowledge of th as in this regime, to well within experimental accuracies.

aluminum EOS is good in the regime of the solid and the ¢ _briefly present the theoretical r_nz_)dels, the thermody-
metallic liquid (i.e., for p>2 g cni3, and for temperatures namic functions, and transport coefficients calculated from

. them. Examples of shock Hugoniot curves relevant to the
up to a few electron voljs due to numerous static and dy- P g

X X “unknown” region are also given.
namic measuremenfg]. However, there are domains where

no experimental information is available and common theo- 10°
ries are out of their range of validity. This is true for very low ] AcTex ‘
and moderate densities, the temperature being not high Jnomas-Ferm|
enough to make the Thomas-Fermi statistical method reli- 107 corrections
able. The density/temperature plot of Fig. 1 illustrates the ES o~
subregions covered by the theories used to calculate the - ) g

: NLad. metal
Sesame EOS of Al3]. The hatched area is not addressed by 109] SAHA =L perturb. th.
theory. It is accessed by numerical interpolation from the
adjacent regions where data are available. The “unknown” 1 soft Sphere s APW
area, roughly defined by, O<dp<2 gcm 3,1<T<50 eV, 10°2 © X
is such that the plasma is strongly couplgde ionic cou- 10 107 .5 10 10°
pling parametel’=(Z*e)?/r,,kgT, goes from 1 to 5 It plgem™)
will be called thel’(1-50) region. Here,,s is the Wigner- FIG. 1. Temperature-density plot of the subregions covered by

Seitz radius such that the volumé=4sr3/3, in atomic  yarious theories used to calculate the SESA equation of state for
aluminum. The hatcheB(1-50) region is the object of the present
calculation, using TF, QEOS, NPA, and an interpolation from the

*Electronic address: chandre@cm1.phy.nrc.ca neighboring region$SESA.
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Il. EOS MODELS FOR ALUMINUM A temperature-dependent exchange and correlation potential,
as parametrized in lyetomi and IchimdriB] is added to the
Hartree potential. The displaced electron charge density
around the nucleus consists of a localized bound contribution
ny(r) and a free delocalized contribution(r). The uniform

. . : density of the jellium in which the atom is embedded is
(NPA) model in the framework of density functional theory elf-consistently determined from these densities. It is related

(DFT) [9], generalized to finite temperatures and constructe > the average ionizatiod* by: Z* p=n, in atomic units.

within a self-consistent treatment of ion correlations usingThe free energy required to embed the atom in the jellium
the hypernetted-chain method inclusive of bridge correctlonil(v,_l_), is also calculated from the Kohn-Sham wave func-

[7,8]. . . . .
The Thomas-Fermi model (TFThe TF equaion is {705, ASSUTS ot e dersty response ielon of e
solved accurately, and no analytical fits are used. : n g .
sity n and at temperatur€, a pseudopotential is determined

The QEOS modelThis EOS, proposed by Moret al, which reproduces the self-consistent free-electron charge
pragmatically tries to correct for the most important Short'densitynf(r). With this pseudopotential, the ion-ion interac-

comings of the TF model. The free energy of the material IStion is computed. A hyper-netted-chain equation inclusive of

written as: a bridge function is solved for the pair-correlation function
F(V.T)=Ep(V) +[Fre(V,T) = Fer(V,0) ]+ Fi(V,T). [14], from which the ionic free energf;(V,T) is calcu-
lated. Finally, the total free energy of a plasma atom is
Ep(V) is a binding energy alT =0 substituted for the TF
energy. The thermal part of the electronic free energy re- FVT)=Z*f(V,T)+F|(V,T) +F(V,T). )
mains that of the TF model without any quantum corrections.
An excess-ionic contributiorF;(V,T) is included. In the Heref(V,T) is the free energy of an electron in a uniform
solid phaseF;(V,T) is given by the Debye model with a interacting electron gas of densityat temperaturd. Varia-
Debye temperatur€ depending on the density according to tional properties of the free energy may be used to simplify
parametrized forms due to Cowan. The parameters are ch#i€ calculation of the internal energy and pressure. This ap-
sen to fit the experimentdly , the Grineisen coefficienty, proach is accurate foF>5 eV. At lower temperatures, tak-
and the melting temperatufie, at normal density. Those two Ng account of several multiply charged ions instead of an
are related by the Lindemann law. In the fluid phaseaverage atom becomes necesgafyAt still lower tempera-
F,(V,T) interpolates between the Dulong-Petit solid attures, molecules and clusters arise and require multicenter
Tm(V) and the perfect ideal gas at very high temperatureDFT calculations. _ _
with a scaling inT,,(V)/T. A calculation of the electrical  Once the basic properties of the plasihe., Z*, electron-
resistivity within the same conceptual and phenomenologicdPh interactionVe; and the structure facto(k)] are ob-
framework as the QEOS is available via the work of Lee andained, the transport coefficients, e.g., the resisti\8ly and

We present four EOS models of aluminum dense plasma
These models are: The genuine Thomas-FdifR) model
[5], the quotidian equation statdQEOS model [6], the
Sesame(SESA model [3], and the neutral pseudoatom

More [10]. the energy-relaxation coefficieft5], etc., may be evaluated.
The Sesame (SESA) EO®e Sesame library, developed
at Los Alamos National Laboratory, is widely used for nu- 1Il. NUMERICAL RESULTS AND COMPARISONS

merical simulations. In thé&'(1-50) region, SESA is an in- .

terpolation between the results of several theories valid in "€ main differences between the NPA and the TF-type

adjacent domains. These theories aig:higher densities; _models.anse.from thg |nclu3|_on_ of f|n|te—3|ze(_j, com_pre;sple,

liquid-metal perturbation theory with electronic excitations Interacting discrete ions within the associated ionization

up to aboufT = 20 eV, and TF theory with electronic quan- equmprlum. Also, an explicit treatment of the cont_lnuum

tum corrections and ionic corrections forabove 20 eVfii) lowering _due to eIec@ron-eIectro_n exchange correlation, and

lower densities; Saha model to approximatély: 3 eV, and electron-ion correlation, gets mcluded in the NPA. We

then an activity expansiofACTEX) based on static- present results for the excess mtern_al_ gnelfgy, excess

screened potentials is used for higher temperatiiréls pr_es_surePe*, and the electrical resistivityr, calculated
The Neutral Pseudo Atom (NPA) madehe NPA model  Within the different EOS models.

was first proposed for solid simple metalsTat 0 [9]. The

problem of the ion distribution does not arise in solids. A Eex=E—(3/2)keT, )

self-consistent density-functional theory of the ion distribu-

tion coupled to the electron distribution leads to a liquid- Pex=P—kgT/V. 3

metal type theory of the EOS of a plasma within the so-

called “physical picture,” i.e., a first-principles theofy,8]. = Note that the number of particlesl in the volume V

It combines an average-atom full self consistent Kohn-Shanr 47133, is one. The electrical conductivity within the

treatment of the electrons, both bound and free, with a deQEOS is evaluated using the approach due to Lee and More,

scription of the ionic fluid using the classical theory of lig- while that from the NPA is given in Ref8].

uids (this is in fact a classical DFT for iohsFor the elec- We use the results of thermodynamic calculations for the

trons, the Kohn-Sham-Mermiri2] equations are solved for QEOS and SESA models done by Renftd]. Some tabu-

a single “pseudoatom” embedded in a jellium with a cavity. lations of the thermodynamic functions for our NPA model,
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FIG. 3. Hugoniot curves for initial conditionspg
=0.05 gcm?® andkgT,=1.0 eV, as calculated in the four EOS
models.

type models have no explicit treatment of the ions. The re-
sults for TF and QEQOS are very similar B30 eV, while

SESA shows the same density variation as TF at a lower
pressure. NPA is different from the other three EOS; the

P, V/KT
P, V/KT

00 Tf5 eVI . T=:|50 eVI . 30 pressure is always lower, and its density variation is larger.
00 04 08 12, 1600 04 08 12 16 This would result in a very different sound velocity. At
density (g cm™) density (g cm™) =30 eV, all curves show a decreaseRyf,V/ksT with in-

FIG. 2. Two upper panels: excess intemal enefiy,/NksT, crease of densitg,l\_l.B. P.V/kgT is a decreasing function_of
with V such thatN=1, is given as a function of density in the four the density even iP, were constant. Moreover, the deriva-
EOS models, fof =5=30 eV. Two lower panels: excess pressure, ive of the total pressurejP/dV|; is negative as it should
Po.V/NkgT, with N=1, as a function of densitf=5 and 20 ev.  be€). This behavior is most pronounced in the NPA, and is a

result of the interplay betwen the density, ionization balance,
as well as the code for carrying out such calculations vighe compressibility of the screened ions and the electron
on-line input, are given at our websit&7]. pressure. Also, the NPA model admits a realistic treatment of

The variation of the excess internal enerBy,/NksT,  the reduction in fugacity due to electron-electron exchange
with N=1, for densities ranging from 0.1 to 1.5 gch  and correlation, ion-electron, and ion-ion correlations, while

and temperaturekgT = 5, 10, 15, 20, 25, and 30 eV is the other models do not explicitly address such effects.
consideredfor detailed tabulations, sg&7]). Figure 2 dis-

plays thekgT = 5 and 30 eV data. The behavior is rather

similar for the TF, QEOS, and SESA energies, while there is A. Hugoniot curve for a typical experiment

a significantly different behavior for NPA. The excess energy

is smaller by a factor of about 2 at low temperature; its |n the proposed experimenteeferred to in the introduc-
density variation is steeper for the lowest densities, and th@on) a shock is induced in the Al plasma with an initial
temperature gradient is weaker at low temperature but strortensity much lower than the solid density, and the shock
ger at higher temperature. Theagnitudeof Ee./kgT de-  pressure is in the megabar range. We have calculated the
pends on the chosen energy origin, which is the energy of thgygoniot curves for such shocks using the four EOS. The
isolated Al atom(—482.6705 Ry for NPA These differences initial density is po=0.05 gcm? and the temperature is

are easily seen in the specific heat, shown in Table I. _ P,
Figureyz chows V/ISk T with N=1_ as a function of kgTo=1 gV. Thelfour_curves. are shown in Fig. 3. The ther-
ex B ’ modynamic functions in the initial state are not known. We

p for the two values ofT. Note that ideal-gas term :
PoV/keT=1 and only the excess component is displayedhave checked that the use of some plausible values for the

For more results, sdd 7]. The P, in NPA has two compo- initial internal energyE;,, and the pressurd;,,, does not

nents, viz., from electrons and from screened ions. The TFi_anuence the density and pressure behind the shock above
' ' 0.4 Mb. So, for the initial state of the shock, we have taken

TABLE I. Specific heaf JE,/d(kgT)]y in the SESA and NPA  Ein and Py, to be that of the perfect gas ap and T, (We

models. emphasize that some other choice, eRy,=E;,=0 would
not affect the Hugoniots above 0.4 Mihe TF and QEOS
pgcm 3 SESA NPA SESA NPA curves are too close for experimental discrimination. But the
T (V) 5 5 20 20 SESA and NPA curves are very different from the previous
ones, and between themselves: the SESA is much steeper,
0.1 12.9 9.4 256 36.3 with an asymptotic density=0.35 gcm 3. With the DFT-
15 7.9 5.0 15.7 19.6 NPA, p does not saturate for pressures up to 2 Mb.PAt

=0.5 Mb, the SESA and NPA densities differ by 15%. We
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800.0 B. Electrical resistivity
T=10 eV
~— phase shifts In Fig. 4 we show the electrical resistivity for a typical
800.0 1 = — = pseudopotential case within the region studied. The Lee-More Thomas-
Fermi-type approach, does not show the structure shown by
the NPA calculation. The Ziman formula is used, with the
electron-ion interaction described 6g) the pseudopotential
(constructed from the NPA charge dengitib) a scattering
amplitude constructed from the phase shifts of the pseuodoa-
tom. A detailed discussion of various models of resistivity
g Orreeerenns - within the NPA scheme has been given in Ref8]. The
Lee-More - structure in the NPA resistivity arises from the transition of
0.0 w . . . Z* from ~2 in the low-density regime, t&*~3 in the
0.0 0.4 0.8 12 1.6 20 . . .
density (g cm™®) high-density regime. These results show that measurements
of the electrical resistivity would also serve to distinguish

FIG. 4. Electrical resistivity for a typical system at=10 eV between the various available plasma models.
calculated from the Lee and More model, and from the DFT-NPA

model. In the NPA case the resistivity is evaluated from the pseudo-
potential constructed from the NPA-charge density, and from the IV. CONCLUSION
scattering phase shifts.

400.0

resistivity {20 cm)

200.0

We have reported results on the aluminum EOS and trans-

believe that typical experimental accuracies are quite suffi- ort properties in the regime of dense strongly coupled

cient to determine which of the EOS models best descrlbeglasma obtained from several models, one of which is a first-

the experiments. S : .
. y . _principles model. These results show important differences
sit;— rf](?rl\tlrﬁ): gﬁgzl o?bs:)e?;rislag%%vc\:/zai?lgiig. rgétltﬁrsdoemnein the thermodynamic functions, with drastic consequences

sense, this is because the change in internal volume of th%r_]_the pressure of ShOCk.S that can be induced in plasmas
atom (associated with changes ") and the screening Initially obtained by electrical heating followed by expan-

cloud allows this gradual density change. In fact, a similarSion- The predicted transport properties also show clear dif-
effect is seen in Fig. 4, where a larger change in resistivitferences between the NPA and the Thomas-Fermi-type mod-
occurs over the density range shownlike in the TF model els. In our opinion, the existence of large differences in
of Lee and More wher® versusp is “flat,” because here theoretical predictions should be a strong motivation for ex-

also Z*, the free-electron density, and the ion distribution Periments which are potentially able to discriminate among
come in to play. available models of hot dense matter.
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