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Laser shock experiments have recently been used to measure the equation @EQ8tef matter in the
ultrahigh pressure region between condensed matter and a weakly coupled plasma. Some ultrahigh pressure
data from nuclear-generated shocks are also available. Matter at these conditions has proven very difficult to
treat theoretically. The many-body activity expansion metfBETEX) has been used for some time to
calculate EOS and opacity data in this region, for use in modeling inertial confinement fusion and stellar
interior plasmas. In the present work, we carry out a detailed comparison with the available experimental data
in order to validate the method. The agreement is good, showing that ACTEX adequately describes strongly
shocked mattef.S1063-651X%97)03211-X]

PACS numbdss): 52.25.Kn, 62.50+p, 05.70.Ce

I. INTRODUCTION ter. Phenomena such as electron band crossings, charge

. . . transfer, electron shell ionization, and phase transitions all
The last 40 years have seen major advances in expenme{g_‘

| high hvsics. Th ) ¢ di ) ay occur in hot dense matter. The question of how, or even
tal high-pressure physics. The generation of one-dimensiong e pound states in a dense plasma are shifted by screen-

shocks in condensed matter using chemical explosives, 9339 remains an unresolved experimental prob[&]. The
guns, and nuclear explosives has produced states of mattgfoplems associated with dense, high-temperature matter
ranging up to pressures of 4000 Mbar and temperatures ¢fave not been solved in a comprehensive way.
500 eV (1eV=11605K). Measurement techniques have A partial solution of the ultrahigh pressure equation
been steadily refined so that accurate characterization of upf state can be found in the activity expansion method
trahigh pressure states of matter can be obtaji¢dThese  (ACTEX), which approximates the quantum-mechanical par-
advances have been complemented by the success of ttiion function of a mixture of atoms, ions, and electrons. It is
diamond-anvil techniqug2] for producing high static pres- exact in the weakly coupled plasma limit of high tempera-
sures now approaching 5 Mbar. Recently laser-driven shocture, but becomes progressively less accurate as the
techniqueq 3] have been used successfully to measure theondensed-matter regime is approached. It is useful because
equation of stat¢éEOQS of deuterium and a number of other it overlaps the highest pressures reached in shock experi-
materials in regions not previously accessible to experimentnents, and a rigorous test of the theory is now possible. The
The performance of inertial confinement capsules containingheory underlying the ACTEX method has been developed
hydrogen isotopes is critically dependent on the EOS. Th@ver a number of years and is described in detail elsewhere
EOS for mixtures of lowZ elements in the range accessed[7—11. It has been used extensively in astrophysical model-
by the new laser experiments is also important input daténg and has been found to be in better agreement with heli-
required to model giant planets and late stages of stars th@seismic observations than other meth¢#ig]. These data
have entered the horizontal branch of the HertzsprungPresent an opportunity to directly compare ACTEX with ex-
Russell diagrani4]. In these cases, experiment can serve aperiments that test its limits of validity. A brief summary of
a useful guide, but the amount of data required to carry outhe ACTEX method is given in Sec. II. Section III discusses
model calculations can only be obtained from theoretical calthe experimental data used to make comparisons. Section IV
culations. shows the comparison of theory with shock data. Section V
The properties of matter at high compression and higtfoncludes with a discussion.

temperature present a challenge to theory, because the ex-
cited electronic states occur in condensed matter, not in iso-
lated atoms or molecules. This requires a full self-consistent
guantum-mechanical treatment of the electrons, including the The EOS of partially ionized plasmas has been of interest
occupation of excited states. For shock compressions dince the 1920s when Sahi3] introduced a method to in-
normal-density solids that attain temperatures of at most 1—-2lude ionization equilibrium in weakly coupled stellar plas-
eV the appropriate starting point is the zero-temperaturenas. This simple approach led to a breakthrough in stellar
electron band-structure calculation. The higher-temperaturmodeling and greatly increased our understanding of stars.
data now becoming available are in an intermediate regim&ince that time there have been a number of attempts to
between that of a solid and a partially ionized plasma havingmprove on the method by adding plasma screening effects
identifiable ions. Any successful model of shocked matteton bound states and nonideal Coulomb coupling corrections,
needs to pass smoothly between these extreme states of met-many cases using phenomenological reasohidg-19.

The most fundamental approaches have been mainly con-

cerned with obtaining terms through orde¥? in hydrogen

*Electronic address: rogers4@Iinl.gov plasmas[20-27, where n=N/V is the number density.

Il. THE ACTEX METHOD
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56 VALIDATION OF THE ACTIVITY EXPANSION METHOD. .. 5877
ACTEX is a systematic attempt to obtain similar results valid o Bu;;
for higherZ plasmas, where strong coupling exists between  Sj=—nin; Bij(Ta)\D)+27Tf (ﬁuij - T) r2dr},
highly ionized ions. The philosophy behind the ACTEX ap- 0 )
proach is to sacrifice some degree of rigor in order to obtain
reliable results over a wide range of mass densitgmpera-  gng Bi;(T.\p) is the second virial coefficient for the static
tureT, and atomic numbez. . __screened potentiall;; = £;e? exp(—r/\p)/r. The S and
Fully quantum-mechanical activity expansion calculationsyigher-order terms systematically replace the divergent Cou-
are very complicated and, for practical calculations, limitediomp virial coefficients with the virial coefficients for the
to a few low-order termg22—-24. However, in many re- pepye-Hickel potential[Eq. (1)]. The terms through order
gimes of interest the quantum mechanics only enters throug,qz, given by Eqs(3)—(5), show that there are some differ-
degeneracy-weighted Boltzmann factors that control the ionances in detail with the virial expansion of the screened Cou-
ization balance, while the Coulomb interaction terms arggmp potential. For example, there appears a term of order
highly clgssical, e.g., at low density, the Saha equation witrh3/2, i.e., the Debye-Fickel Coulomb interaction term, com-
Debye-Hickel Coulomb correctionf28]. With these factors ing from the ring diagrams, while terms of ordgu;; and
in mind it is possible to first work out global classical equa-( 3y, )2 are missing from the screened second viri]al coeffi-
tions that describe partially ionized, arbitrarily coupled plas-cien{_ In the special case of the one-component plasma
mas|[8,9]. Then at a later stage of the analysis, after the(ocg' much studied with Monte Carlo simulatiof@2], the
underlying structure has been determined, classical electrolpe method recovers the strong-coupling lif8§. Rogers
ion Boltzmann factors can be replaced with Tr ex) of  5nq Dewit[ 7] showed that the equivalent result in the grand
the screened potentlal.' In the static limit this is the Debyexanonical ensemble, including all singly and multiply con-
Huckel (Yukawa potential, nected diagrams, could be generated from the Abe density
expansion. In the classical case this removes the complica-
é«jeZe—r/)\D tions related to the long-range Coulomb interaction and the
Us==—— (1) multiply connected diagrams. However, due to the inversion
technique, this expression is still not in proper form to study
ionization balance; i.e., it is expressed in terms closely re-
sembling the virial coefficients of the screened Coulomb po-
" tential, not cluster coefficients as would be expected for the
_ kT ) ®) GCPF. This is remedied by recollecting the virial-like terms
b 4we22jnj§jz to obtain an activity expression in terms of Mayer cluster
coefficients of the statically screened Coulomb potefgal

is the Debye length. This results in an expansion that gived N next step is to everywhere replace classical Boltzmann
statically screened bound states and the lowest-order quaffctors exptpu) with Tr exp(—BH). These steps give an
tum corrections to the Coulomb interaction terms. In a few@Ctivity expansion of the GCPF in which the short-ranged
cases some higher-order quantum corrections are availabféassical divergences have been removed with quantum me-
from other sources and have been added. It is possible fhanics and the long-ranged divergences with convergent
further improve these results by using the Cooper-Dewitinany-body resummations. This result is finally in a suitable
formalism[29] to introduce electron degeneracy correctionsform to allow the study of partially ionized plasmas. The
into the screening length and directly into the Coulomb coulound states in the reorganized activity expression are
pling terms. The major steps involved in the method areScreened by a static potential that has the Debyekelu

where(; is the net ionic charge and

described in the following paragraphs. (Yukawa form Eq. (1), but the screening length,
The classical activity expansion of the grand canonical KT 12
partition function(GCPH of strongly coupled, fully ionized B
. . A 7~ 2| (6)
plasmas involves a many-body analysis of a very large num- 4me 2z

ber of both singly connected and multiply connected dia- o
grams[30]. In contrast, only the multiply connected dia- IS Now dependent on the activity,

grams contribute to a density expansion of the canonical _ 3.0 kT

partition function. Abe[31] showed how to carry out an zj=(2s;+1)x7e ™, @)
all-orders expansion in the density. The leading terms in the )

resulting convergent multicomponent expression for the nonf@ther than the density, where

ideal Helmholtz free energy are

Zwﬁz 1/2
i=(m) ®
L T S 3 |
VKT T AR Tk ’ is the thermal de Broglie wavelength. It approaches the ion-

sphere radiusa= (3/4wn)*3, at strong coupling, while the
where Debye length that appears in the density expansion, as is well
known, becomes much less than These results are still
only appropriate for fully ionized plasmas. The dynamic
=—, (4) screening corrections, which are being neglected here, affect
127N p the bound state energies and also the Coulomb coupling

1
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terms of lowZ plasmas[21]. However, the effects on the consistent potential was used. Critical screening values for
EOS are not large when>\ [24]. the bound states in this potential are given in R&8]. How-
Next, analogous to the way dissociation is treated inever, when the number of core electrons is large, the binding
short-ranged molecular dissociation in low-density gases, ais somewhat stronger and the critical value\gf where a
augmented set of activity variables is introduced to accounstate becomes unbound is lower than given by the tail part of
for the formation of ions, atoms, and molecu[88]. These the potential. Furthermore, as pointed out in Appendix B of
new variables are built from products of the fundamentalRef. [9], the electrons in a given subshell all disappear at
particle activities and the Boltzmann factors that control theabout the same point as when only one electron occupies the
ionization balance between states of chafgand (. ;. shell. For highZ ions that are not highly ionized, this can
The resulting activity expansion for the pressure thaftgreatly reduce the critical screening length, thus causing
originally was expressed in terms of the basic componentsstates of ions with multiply occupied outer shells to remain
i.e., electrons ¢” and nuclei “{i}", is replaced with an bound until somewhat higher density. These considerations
expression that involves additional activity variableg}” will mostly only affect valence shell states. The critical
that account for the possible composite partidiems, at- screening values for excited states in other shells are ap-
oms, moleculgsthat can form. Since the ACTEX analysis proximated reasonably well by the old method.
works from equations that include all possible interactions The critical screening values give the value of the screen-
among the basic constituents of the system, plasma screeniitg length where the electron is no longer bound in that state
effects on bound states are automatically included. The statio a single charge center; it does not preclude quasimolecular
screening approximation limits the calculations to conditionsstates where electrons are shared by several ions. The usual
such thatx<\ ,. The reorganized expansion has two note-assumption is that the electron becomes an unbound particle
worthy features(1) it systematically pulls out the important free to roam throughout the system. This seems correct for
contributions to the EOS as temperature, and thus ionizatioaxcited states. However, high density is required to screen
state, changeg?) states whose energy lies somewhat belowout the valence states. In this case it would seem that quasi-
the continuum edge shift;- g,—ezl)\A, are moved back to molecular formation, where several ions share electrons for
their isolated particle positions. This is because Xhede-  extended periods of time, are possible, i.e., the ionized elec-
pendence in the Boltzmann factors, ExBE4(\,)] of the  trons would not immediately wander far from their parent
original expansion was used in the process of creating th®ns. There is some experimental evidence for this type of
new activity variables. However, states lying in the vicinity behavior[34]. The recent observation of high-temperature
of the continuum edge are affected by plasma screening arftydrogen with metalliclike properties could also be inter-
share their degeneracy with neighboring i¢h6]. The total ~ preted with this type of picturg85]. For plasma densities not
number of states that need to be considered is nevertheletar above where critical screening occurs, the EOS properties
determined by the screened potential. How particular state®ay not differ significantly from treating the quasimolecule
are treated in the analysis depends on the size of the Boltas Ny, distinct ions. If this is the case, then treating the va-
mann factors eXp- BE{(\,)], whereE¢(\,) is the energy of lence states as atomi@solated states, even when,
states in the screened potential. For example, the degeneracy-1.5\., could provide a practical method to extend the
weighted Boltzmann factor for a particular low-lying state atrange over which reliable results are obtained. In the follow-
low temperature igys exp(—BE2) until A\a=1.5\, for that  ing we use both the screened and quasimolecular approaches,
state, wheré& is the atomic value anil, is the value of, &t highp, to obtain the valence state contributions in com-
whereE¢(A4)=0. As the density is increased furthey, is ~ Parisons with experimental data. The effect of the core elec-
reduced, becoming zero ag=\.. Finally, a reorganization frons on the critical screening value of a given shell was
that takes advantage of the charge asymmetry viheri is obtained using a quantum defect approximation to obtain an
carried out. This allows the treatment of strongly coupled gffective {* to put in the scaling formula.
highly ionized, highZ plasmas, provided the electron-ion

coupling parameter lll. EXPERIMENTAL DATA

_,35192 Ultrahigh pressure shock data have come mostly from

e A ©) Russian sources. These experiments have been done using
underground nuclear explosives as the source of the shock

is <1, wherej={i}, {i.}. The method used in the present wave. In a number of cases, results for experiments carried
calculations to include strong-coupling effects considers onlyut years ago have only recently been reported. In the United
the direct Coulomb interaction between ions. It fails whenStates, some data have been obtained from underground
the ion core size becomes comparabla @nd the core-core nuclear explosives, and, very recently, from high-power
interactions become importaf]. pulsed lasers. We reviewed the available experimental data

The version of ACTEX used in the current calculationsfor suitable comparisons with ACTEX calculations. We
differs from earlier versions in one significant way, namely,looked for data on lowZ elements and compounds that were
the criteria used to determine the critical screening values foshocked to temperatures where significant ionization would
multielectron ions. In earlier versions, due to the complexitybe expected, and when the plasma would be in the
of calculating the states of an ion haviNg bound electrons, intermediate-coupling regime. We found that D, Be, CH,
in which the Coulomb interaction has been replaced by théd,O, Al, and SiQ were the best candidates.
exponentially screened Coulomb potential, a scaling method For D,, there has been gas-gun shock Hugoniot data up to
based on just the tail,Z— Np)e? exp(—r/\n)/r, of the self- 200 kbar available since 19836]. However, at this pressure

A
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D, is only slightly dissociated, and is not yet a plasma. The TABLE I. I.nitial temperatures, densities, and energies for
very recent Nova laser experiments of Da Siktal. [3] ACTEX Hugoniot calculations.
have extended the range to above 2 Mbar where dissociation

is complete and some ionization has started to occur. These Temperature  Density Energy
experiments revealed a strong density maximum in thdfaterial (K) (g/en) (erg/g
Hugoniot due to molecular dissociation. For Be, there have,, 20 0.17 —1.089x 102
been gas-gun experimeri37,38 and five data points from pgg 295 1.85 355 x10M
underground nuclear explosiof39,40. CH 205 1.044 —6.42 X101

For polystyrene, CH, there have been conventional_|20 295 1.00 —5.36 X101
explosive-generated shock experiments up to 0.5 NWb&ay 205 2.70 —1.21 x1011
and recent Nova data up to 40 MHd?2]. The Nova results i0, 205 135 —3.08 %101
are based on an x-ray contrast shadowgraph technique whic% i i

is less accurate than in the, Bxperiments, and this leads to
substantially larger error bars. For water the explosive and
gas-gun data go up to 1 Mbp43,44], and Russian nuclear ; . S
experiments have achieved pressures up to 31 Mbar, whef ? dlel:_terlum Hugomot atrr?t‘ksi%hown n F'g't.l' Tge A%TEX
dissociation has occurred and partial ionization has beguﬁa culations were done wi 2 approximation describe
[45—47,. In the case of Al, Russian nuclear explosion experi-'” Sec. Il of Ref.[9], with the modification described above

ments have been taken up to 4000 Mbar, far higher than fo\{yhere the  ground s_tate_is hot screeneq._ We will refer to
any other materia[48—51. These data are important be- this as theP,,,, approximation. In the specific case of D, the

cause they are the only published work that enters the ele®/@Sma coupling is weak, so that screening tisestate or
tron shell ionization region. Additional data are available@dding thePs term has very little effect on the results. How-
from other source$52—53. For silicon dioxide, there are €Ver the atom-atom and atom-ion contributionstg, are
underground nuclear explosion ddts] for several starting Substantial and should also be included in g, term. .
densities. We have chosen the starting density 1.35%/cm_1N"€ sharp density maximum shown in the experiment is

(one-half normal crystal densjtgo that the thermal effect of du€ to the large change in internal energy as D associates
porosity will be optimized for comparison with ACTEX. ~ into D, molecules with decreasinfy We have not attempted
to include the molecular dissociation in the ACTEX calcula-

tions and thus cannot obtain the density maximum observed
IV. COMPARISON OF EXPERIMENT AND THEORY in the Hugoniot data. However, ACTEX does show good
agreement with the experiment in the region of the maxi-
mum. ACTEX also predicts a small secondary maximum
'near 10 Mbar, which corresponds to the ionization of D at-
oms. Further Nova experiments may be able to explore the
gion above 1 Mbar in more detqB5].

The comparison of experiment with several theories for

The Hugoniot curve is the locus of points attainable by
shocks of increasing intensity from some fixed initial state
According to the Rankine-Hugoniot relatiof4] that result
from energy, momentum, and mass conservation, the intern
energy at a point along the Hugoniot is given by relation

3
En=Eon+3(Vou—V)(Pu+Poy), (10 10 '

Deuterium
whereH refers to the final state andrefers to the initial 10° |
state. The Hugoniot curve is determined theoretically by se-
lecting a volumeV=M/p of interest and iterating on the
temperature until the relation E¢L0) is satisfied. In prac-
tice, as will be seen, there can be several temperatures at (=
given density where the EOS satisfies this condition. Since & 10
ACTEX is not valid at the cold initial state, it is necessary to

use experimental data to obtdiigy andVyy whenTgy and

1

10

bar)

0 3

—1
Pon are known. In most casélgy is room temperature and 0 ,/
Py is 1 atm. Using Eq(10) with the classical ideal gas ,;7"
relationship betweek andP, we see that for an ideal mon- 1072 L ' . . s
atomic gas of ions and electrons at infinite temperatdige 0.2 0.4 0.6 J8 1.0 1.2
regarding the presence of thermal radiatjgry =4pqy . For p (g/em)

an ideal diatomic gaspy=38pgy . Any physically correct
plasma EOS modégkuch as ACTEX will show the Ilmltlng experimental datdpoints and ACTEX (smooth curve The dots
shock density of #,. However, phenomena such as disso-5re gas-gun daf@6] and the squares are laser digh Here and in
ciation and ionization will cause an increase in the molafine following error bars are indicated where available. ORort-
heat capacity and a consequent increase in shock densifgshed lingis based on Thomas-Fermi thed87], Sesame (long-
beyond this limit. At very high temperatures, when all elec-gashed ling is based on an insulator-metal transition mof],
trons are ionized, the density will smoothly approach theand Ross's theorydot-dashed lingis based on liquid perturbation
limit. Table | gives the initial values of temperature, density, theory[3]. All of these theories include approximate dissociation
and energy for the calculations discussed below. models.

FIG. 1. Comparison of several deuterium EOS models with the
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2 — 2
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FIG. 3. Comparison of ACTEX theorgsmooth curvgand ex-
FIG. 2. Comparison of three versions of the ACTEX theory perimental datdpoints for the polystyrene Hugoniot. The dots are
(curves; described in textand experimental datgpoints for the  explosive datd41], and the squares are Nova laser dd@.
beryllium Hugoniot. The dots and triangles are explosive and gas-
gun date[37,38], while the squares and diamonds are undergroundy| polystyrene(CH) data. Predicted pressures fall below the
nuclear datd39,40. measurements, but are within the error bars. The ACTEX
) , L ) calculations predict a sharp density maximum near 100 Mbar
. The sesamE EOS includes a dissociation model with an ¢ responding to the ionization of the glectron in H, and a
insulator-metal transitiof56]. The theory of Rosg3| uses a  554er maximum corresponding to the ionization of te& 1
liquid perturbation theory with a volume-dependent dissoCiay ectrons in C. These features are an outcome of the mixture
tion energy and gives reasonable agreement with experiment,,ye| ysed in ACTEX and are experimentally verifiable in

DTF [57] is & Thomas-Fermi-based theory with diatomic ,ininle At densities just below those shown, the ACTEX
molecular physics added. There are substantial discrepanci goniot curves downward and no solutions to E40)
between the various approaches, especially in the location Q. e found forp< 3.4 glcnd.

the density maximum. The DTF model overestimates the ., water (Fig. 4) the ACTEX calculation just barely

electron pressure and fails to predict any density maximumy,erans the experimental range. There is a significant
SESAME is in poor agreement with experiment probably be-cpanqe in the ACTEX slope predicted near the highest ex-
cause of an inadequate dissociation model. Ross” model doeg,inental points, which brings the calculations into good
yvel_l n the dl_ssoma_tlon region, but only_ C_rudely treats theagreement with the data. No density oscillation due to H
ionization region. It is clear that the prediction of the behav-;j i otion is found in the ACTEX calculations
ior of shocked liquid deuterium is a difficult and not yet ., Al, the experimental data overlap the theory over the
com.pletelyzsolr:/ed prﬁblem. . ; h entire range considered. Here as shown in Fig. 5 the experi-
Figure 2 shows the comparisons for Be. The ACTEXmentaI data reach the electron-shell ionization region. The
Py, (solid ling) results fall slightly below the two highest o< i the experiments are too large to reveal the expected

experimental points. Converged solutions to the activity,gnization oscillations in the Hugoniot density, but the theory
equations could not be obtained below 5.3 gfemd 9.8 eV.

Two additional variants of ACTEX are shown. One shows
that adding theP,, (dashed lingterm improves the agree-
ment with theory. In this case the core interactions are small. Water
For the other materials discussed below, repulsive core inter- 10° |
actions are larger and th,,, term actually slightly worsens
the comparison with experiment. The other variant of )
ACTEX (dotted ling shows that the model that allows 10y
screening of states connected with the valence electronic
configurations breaks down sooner than By, variant. It
is evident that core interactions cannot be neglected, and so
we have adopted the,,, variant as the standard calculation, 10° |
which is used in the remainder of the comparisons shown. o~
It is useful to compare Thomas-Fermi theories with
ACTEX for Be. The density maximum due to ionization oc- 10
curs atp="7.74, 7.90, and 8.35 g/chfor QEOS (Thomas-
Fermi [58], SESAME (Thomas-Fermi-Dirag and ACTEX. It
is clear that the TFD model is an improvement over pure TF. F|G. 4. Comparison of ACTEX theorgsmooth curvgand ex-
Further corrections to the Thomas-Fermi model might apperimental data(points for the water Hugoniot. The dots and
proach the ACTEX results closely. squares are explosive and gas-gun {4844, and the triangles are
Figure 3 shows the ACTEX comparison with experimen-underground nuclear daf45,46].

4

10

P (Mbar)

1.0 2.0 3.0 4.0 5.0
p (glem®)
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10° ' . i . i TABLE II. The lowest-temperature point computed by ACTEX.
The Z,, value is the charge on the most highly occupied charge
Aluminum state.I" is the ion-ion coupling constar?e?/akT. For deuterium
10* Z., is the ionization fraction.
—10° Density Temperature Pressure a
5 Material (g/cnT) (eV) (Mbar)  (bohn Z, T
?.E'_' 102 D 0.99 3.81 1.75 1.76 0.3 0.37
Be 5.31 9.89 10.33 158 2 6.96
. CH 3.70 23.00 21.62 215 2 234
0 T 1 H,0 3.90 13.23 13.88 153 2 5.30
° s Al 9.60 16.32 15.35 196 3 7.66
10° : . - : : Sio, 6.00 30.33 30.56 208 4 6.90
4.0 6.0 8.0 10.0 12.0 14.0 16.0
p (g/em’)
FIG. 5. Comparison of ACTEX theorysmooth curve and V. DISCUSSION

nuclear explosion experimental dg#&—52 (point9 for the alumi-

num Hugoniot. We have used nuclear explosion and laser shock data to

validate the ACTEX EOS method. Overall, the ACTEX

clearly indicates two major density maxima due to the ion-theory and experiment are in good agreement. This suggests
ization of theK andL electron shells. At low pressure the that the ACTEX model can be used to provide the large
ACTEX slope agrees quite well with the data, but the pres@mounts of EOS data required to model giant planets, dense
sure is somewhat low. This discrepancy could be explainedtellar objects, and inertial confinement fusideF) plas-
by the neglect of hard-sphere-like interactions betweernas, at least for the substantial regions where condlthns are
M-shell ions that affect the pressure but not the energy. VariSimilar to or less strongly coupled than those considered
ous theories for shocked aluminum, including self-consistenfi€re. The optical properties of matter at these conditions are
one-electron quantum-mechanical models, have been cor@lSO an important physical input to the modeling. The AC-
pared for aluminunf47]. The varied results show that there TEX method can be used to provide the bound-state occupa-
is not yet a standard model that includes all of the necessaf§on numbers needed to calculate these propef&ieh
physics. We have also made comparisons W|t_h some other ap-
For SiO, (Fig. 6), the theory does not reach the highestp_roaChes- Thomas-Fermi—based codes tkes generally
experimental point, but the trajectory of the theory clearly9Ve reasonable values for the_ EOS but due to the smoo'thlng
points in the right direction. lonization of the Si and O of the shell structure will not give accurate values for deriva-

atomic cores produces some structure in the density maxfives of the EOS in regions of partial ionization. One indica-
mum region. tion of this is that the predictegeosHugoniot density maxi-

The lowest-temperature points of ACTEX for the six ma-Mum is invariably lower than the ACTEX prediction.
terials are shown in Table II. It is clear that the ionic cou-Methods that probe the interiors of giant planets and stars
pling given by thel' parameter is in the transition region USiNg seismic observations depend critically on t_he deriva-
between weak and strong, that is, in the region where thfives of the EO§60,61], so that the Thomas-Fermi method

radial distribution function begins to show oscillations due to'S Nt applicable. , _
particle correlations. The ACTEX calculations reported here differ somewhat

from earlier work in the way valence states are treated at

4 high density. It was found that treating these states as form-
' ' ' ing quasimolecules, unaffected by plasma screening, gave
Silicon Dioxide significantly improved comparisons with experiment over
calculations that introduce screening. An alternative explana-
100 ¢ 1 tion for this could be that tha , predicted by the ACTEX
calculation is too short, causing valence states to be screened
into the continuum at too low density. As discussed in Sec.
I, higher-order terms, not included in the current calcula-
tions, cause ACTEX to become unreliable as the condensed-
. matter regime is approached. These terms tend to increase
100 ¢ ] the value of\, obtained from a converged solution to the
activity equations, so that allowing valence states to remain
bound when\ ,<<\. may approximate the effect of including
higher-order terms.

The most important improvement to ACTEX needed in
the intermediate coupling region, for few-times ionized ions,

FIG. 6. Comparison of ACTEX theorysmooth curvg and is the inclusion of core-interaction terms into tRg,, and
nuclear explosion experimental d&6] (points for the porous possibly similar higher-order terms. There is a noticeable
silicon dioxide Hugoniot. tendency in Figs. 2—6 for the ACTEX Hugoniot to fall below

10

P (Mbar)
a

3.0 4.0 5.0 6.0 7.0
p (glem®)
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the experimental points. This appears to be a consequence cdn produce partial tables for assembly into larger synthetic

the lack of ion-core interactions in the higher virial coeffi- tables, or it can be used as quasiexperimental data to be fitted

cients, since small corrections to the pressure will bring thdoy a simpler EOS model with adjustable parameters and

theory into better agreement with experiment. which can then be used to generate a global table. ACTEX
There is a steadily increasing interest in ultrahigh-appears to be a good model model for partially ionized plas-

pressure states of matter for applications such as shockedas, and will be useful for calibrating EOS data tables for

foams, laser fusion, surface ablation by x rays, meteorite angdimulations of processes at very high pressures and tempera-

comet impacts, and planetary and stellar interior evolutiontures.

These studies require accurate tabular EOS representations

over wide ranges of densi'gy ar_ld temperature, which can be ACKNOWLEDGMENTS
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