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Electrical conductivity of dense metal plasmas

Ronald Redmer
Universität Rostock, Fachbereich Physik, Universita¨tsplatz 3, D-18051 Rostock, Germany

~Received 8 September 1998!

The composition of dense metal plasmas is calculated considering higher ionization stages of the atoms. A
system of coupled mass action laws is solved self-consistently taking into account medium corrections which
lead to pressure ionization at high densities. The electrical conductivity is calculated within linear response
theory. The interactions between the various species are treated onT matrix level. The numerical results for the
electrical conductivity are in reasonable agreement with new experimental data for nonideal Al and Cu plas-
mas. Comparison with other theories is performed.
@S1063-651X~99!04101-X#

PACS number~s!: 52.25.Fi, 52.25.Jm, 05.60.Cd, 51.10.1y
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I. INTRODUCTION

The electrical conductivity of strongly coupled plasmas
a fundamental quantity for the characterization of the plas
state. For instance, the transport coefficients of fully ioniz
hydrogen~and helium! plasma are relevant for the descri
tion of the physical properties of the interiors of the gia
planets or white dwarfs@1–3#. In the famous shock wave
experiments of Ivanovet al. @4# the conductivity of rare gas
plasmas has been determined for coupling parametersG<2.
New techniques such as capillary discharges@5# or ultrashort
high-intensity laser pulses on solid targets@6# have been de-
veloped over the last ten years so that the strongly cou
plasma domain withG@1 is now accessible.

Especially, the technique of rapid wire evaporation w
applied successfully to generate expanded fluid metals
metal plasmas with coupling parameters up toG'200
@7–12#. The electrical conductivity was determined for va
ous metals such as copper, aluminum, tungsten, zinc,
molybdenum for the density and temperature range fr
near solid density and room temperature to 0.001 solid d
sity and some 10 eV temperature, depending on the detai
the experimental setup. Experiments for carbon plasma a
progress@13#.

Interesting features have been observed in these ex
ments. First, the conductivity shows a minimum arou
0.1g/cm3 in the expanded metal vapor. This behavior of t
plasma conductivity has been predicted theoretically a l
time ago; for a review, see@14#. Second, the conductivity
becomes a universal function of the coupling parameterG for
high densities.

Theoretical studies of the transport properties of stron
coupled plasmas are mainly based on standard kinetic th
@15# or the Ziman theory for fluid metals@16,17#. We will
use here linear response theory in the formulation of Zuba
@18–20# to calculate the electrical conductivity of metal pla
mas within a partially ionized plasma model. This approa
has already been applied to determine the transport co
cients of hydrogen plasma@21# and fluid alkali metals@22# in
a large domain of the density-temperature domain. We c
pare our results with available experimental data for me
plasmas and the standard theories mentioned above. Th
sults of a self-consistent field theory of Tkachenko a
PRE 591063-651X/99/59~1!/1073~9!/$15.00
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Fernández de Co´rdoba@23# which is based on a generalize
random phase approximation for strongly coupled, fully io
ized, multicomponent plasmas are given in addition.

II. PLASMA COMPOSITION

A. Mass action laws

In this paper, we treat dense metal plasmas consistin
electrons and various ion species such asM11, M21, M31,
etc. We will apply the approach to aluminum and copp
plasmas, i.e.,M5Al, Cu. Neutrality requires thatne5n11

12n2113n311¯, wherenk1 is the partial density of the
k-fold ionized speciesMk1 andne the electron density. The
total ion density is given byni5n111n211n311¯. Be-
sides the charged components, also neutral atomsM0 and
dimers M2

0 may occur especially for low temperatures,
that the partially ionized plasma~PIP! model applies.

The composition of such a multicomponent plasma is
termined by the possible reactions between the various
cies. We consider here the following ionization processe

M0
M111e,

M11
M211e, ~1!

M21
M311e.

Higher charged and neutral clusters are negligible. The
spective partial densities are derived from the coup
chemical equilibria for given parameters such as tempera
and total mass density,

m01Eion
~1!5m111me ,

m111Eion
~2!5m211me , ~2!

m211Eion
~3!5m311me .

The energies necessary for the excitation of the different i
ization states (k1) are denoted byEion

(k) and are given for Al
and Cu in Table I up tok53.

The chemical potentials are usually split into an ideal a
an interaction part according to
1073 ©1999 The American Physical Society
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1074 PRE 59RONALD REDMER
ma5ma
id1ma

int , ~3!

where $a%5$e,11,21,31,0%. The relation between the
ideal part of the chemical potentials and the respective n
ber densities is given for arbitrary degeneracy by Fermi
tegrals F1/2(x) of the order 1/2. Defining dimensionles
quantities according to

xa5bma
id , ya5naLa

3/ga , ~4!

where b51/(kBT) is the inverse temperature,La
2

52pb\2/ma is the thermal wavelength of speciesa, andga
is the sum over the internal degrees of freedom~spin!, we
have

ya5F1/2~xa!. ~5!

Considering the densities as independent variables, the
verse function

xa5U1/2~ya! ~6!

is of more practical interest. Efficient Pade´ approximations
for this relation can be found in Ref.@24#.

The heavy particle ions and atoms can be described c
sically and Eq.~6! reads for this casexa5 ln(ya). The spin
factors for Al and Cu areg052, g151, g252, andg352.
Combining Eqs.~2!–~6!, the following mass action laws ca
be derived for the composition of a dense metal plasma w
higher ionization stages up tok53:

n052n11exp@b~me
id1Eion

~1!1Dm1!#,

n115 1
2 n21exp@b~me

id1Eion
~2!1Dm2!#, ~7!

n2152n31exp@b~me
id1Eion

~3!1Dm3!#.

The quantitiesDmk5me
int1mk

int2mk21
int are given by the in-

teraction contributions to the chemical potentials and yiel
shift of the chemical equilibria compared with the ideal Sa
equations. They can be interpreted as lowering of the res
tive ionization energiesEion

(k) with increasing density which
leads to pressure ionization or the Mott effect. The consis
calculation of these shifts is the central problem for the
termination of the plasma composition.

TABLE I. Parameters for the evaluation of the coupled ma
action laws according to Eq.~7! and the molar massesMmol for Al
and Cu.

Al Cu

Z 13 29
Eion

(1) in eV 5.986 7.726

Eion
(2) in eV 18.829 20.293

Eion
(3) in eV 28.448 36.841

aD in aB
3 56.28 41.165

r 0 in aB 1.86 1.61
Mmol in g/mol 26.982 63.546
-
-
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a
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B. Medium corrections

The interaction contributions to the chemical potent
ma

int can be derived from the respective one-particle s
energy using standard methods of many-particle theory s
as the Green function technique~for details, see@21,25#!.
Considering the lowest orders of a perturbative expans
with respect to the screened Coulomb potential, the Hart
Fock and Montroll-Ward contributions are relevant. A pola
ization contribution occurs in addition due to the possib
interactions of the charged particles with neutral atoms.

In order to characterize the plasma state, we introduce
Coulomb coupling constantG for the ion system with an
effective ionization stateZeff and the degeneracy paramet
Q for the electron system@26#,

G5
~Zeffe!2

4p«0kBTd
, Q5

kBT

EF
. ~8!

EF denotes the Fermi energy of electrons andd is the mean
distance between the heavy particles~ions!,

EF5
\2

2me
~3p2ne!

2/3, d5S 3

4pni
D 1/3

. ~9!

Efficient interpolation formulas have been constructed
Ebeling and Richert@27,28# for the interaction contributions
to the chemical potentialm int and the free energy densityf int

of a fully ionized, two-component electron-ion plasm
These Pade´ approximations interpolate between the know
limiting cases for the behavior of the thermodynamic qua
tities of a fully ionized plasma: the nondegenerate caseQ@1
~Debye-Hückel theory!, the strong coupling limit for the
electrons r s5d/aB!1 ~Gell-Mann–Brueckner result;aB
50.529 177 2310210m is the Bohr radius!, and the case of
strongly correlated ionsG@1 ~Madelung energy!. These for-
mulas cover the whole density region from the dilute plas
to the dense fluid state within an estimated maximum e
of about 20%.

The expressions for the free energy density have b
generalized by Fo¨rster @29# for the case of a fully ionized,
multicomponent plasma with various ionization states. T
correlations in the Coulomb system can be split into an e
tron, ion, and electron-ion term,

f int~ne ,ni ,T!5 f e
gas~ne ,T!1 f i

gas~ni ,T!

1 f ie
int~ne ,ni ,T!. ~10!

The rather lengthy analytical expressions can be found in
literature@30#. The interaction contributions to the chemic
potentials needed for the evaluation of the mass action l
~7! are derived numerically from Eq.~10! via

ma
int5S ] f int

]na
D

T

. ~11!

For partial ionization, a polarization contribution aris
due to the interaction between charged particles and ne
atoms which has been calculated for arbitrary densities
the interaction of electrons with hydrogen and alkali me
atoms@31#. The results can be given in a parametrized fo

s
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PRE 59 1075ELECTRICAL CONDUCTIVITY OF DENSE METAL PLASMAS
as linearized virial coefficientsBPP with respect to a
screened, local polarization potentialVPP(R) @32#,

meM0
int

5n0BPP, BPP5E d3R VPP~R!,

~12!

VPP~R!52
e2aDexp~22kR!

2~4p«0!2~R21r 0
2!2

~11kR!2.

The cutoff radiusr 0 is estimated from the relation@33#

r 0
45aDaB /2Z1/3. ~13!

The dipole polarizabilityaD , the nuclear charge numberZ,
and the cutoff radiusr 0 are summarized for Al and Cu in
Table I. The inverse screening lengthk51/RD is given for
arbitrary degeneracy by Fermi integralsF21/2(x) of the order
21/2 @24#,

k25
be2

«0

2

Le
3

F21/2~bme
id!. ~14!

Inserting the interaction contributions of the chemical p
tentials via Eqs.~10!–~12! into the mass action laws~7!, the
composition of the plasma can be characterized by the
lowing quantities dependent on temperature and total m
density:

ae5ne /~n01ni !, ak15nk1 /~n01ni !. ~15!

FIG. 1. Composition of Al plasma as a function of the ma
density % for various temperatures:~a! 104 K, ~b! 23104 K, ~c!
33104 K. Electrons: solid line, Al11: long-dashed line, Al21:
dashed line, Al31: dotted line~negligible forT<104 K).
-

l-
ss

The ionization degreeae is the average number of free ele
trons generated per ion, whileak1 denote the relative frac
tions of the ion speciesMk1 with respect to the total numbe
of heavy particles.

Besides the composition, the equation of state of
plasma is of interest which can be derived from the relat
@25#

p~%,T!5(
a

@nama~ng ,T!2 f a~ng ,T!#. ~16!

The mass density% is defined by the molar mass accordin
to %5niMmol /L where L56.022 13731023mol21 is
Avogadro’s constant.

C. Results for the composition

In Figs. 1 and 2 we show the results for the composit
of aluminum and copper plasma for various temperature
a function of the mass density%. The relative fraction of
electrons and ions is defined via Eq.~15!.

The behavior is very systematic. For low densities a
high temperatures, the plasma is fully ionized. With incre
ing density and for lower temperatures, also the low
charged statesM21 and M11 as well as neutral atomsM0

occur in relevant fractions according to the mass action la
~7!. The region where neutral atoms occur is characterized
ae<1. The higher charged states are again dominating
densities near or higher than the solid state density%0 . For
example, the twofold ionized states Al21 and Cu21 are the
highest charged states forT<104 K so that thereae52 and
a2151. For higher temperatures, also the threefold ioniz

FIG. 2. Composition of Cu plasma as a function of the ma
density % for various temperatures:~a! 104 K, ~b! 23104 K, ~c!
33104 K. Electrons: solid line, Cu11: long-dashed line, Cu21:
dashed line, Cu31: dotted line~negligible forT<104 K).
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1076 PRE 59RONALD REDMER
states Al31 and Cu31 become operative so that thereae

53 anda3151 are the limiting values. The concentratio
of the higher charged states in copper plasmas is some
lower than in aluminum plasmas because of the higher
ization energies, see Table I.

The equation of state~16! shows an instability behavior a
high densities around the solid state density%0 for T<
153103 K, i.e., (dp/dV)T>0, which has to be treated by
Maxwell construction. This instability manifests itself in a
ambiguous behavior of the ionization degree as a functio
the density, see Figs. 1 and 2.

This instability is connected with the theoretical plasm
phase transition which has extensively been discussed
hydrogen and other elements, e.g., in@14,30#. Our aim is to
compare the electrical conductivities with the available
perimental data for theexpandedsolid ~or fluid! domain.
Therefore we will restrict ourselves in this paper to the d
sity region with%<%0 . A detailed analysis of the instability
region is necessary when treating shock compressed m
with %.%0 which is not intended here. In that domain, t
Thomas-Fermi theory and related equations of state suc
the QEOSmodel @34# are applicable.

III. ELECTRICAL CONDUCTIVITY

A. Linear response method

The electrical conductivitys and other transport coeffi
cients such as the thermopowera and the thermal conduc
tivity l are well known for nondegenerate, low-density pla
mas where the Spitzer theory@35# applies. For strongly
coupled, degenerate systems such as fluid metals, the Z
theory is applicable@36# and the electrical conductivity is
given by the Ziman formula, the thermopower by the M
formula, and the thermal conductivity by the Wiedeman
Franz relation.

Most of the theoretical attempts to describe the~electrical
and thermal! conductivity of plasmas in a large densit
temperature domain are based upon the Ziman form
which is, strictly speaking, only valid for the case of strong
coupled ions and degenerate electrons. Improvements
count for many-particle effects such as, for instance, str
ture factor, local-field corrections, and arbitrary degener
@15–17,37#. On the other hand, improvements of the Spitz
theory have been proposed for the nondegenerate regio
strongly coupled, partially ionized@38,39# as well as weakly
nonideal@40–42# plasmas. Lee and More@43# evaluated the
complete set of transport coefficients for electron transpor
electric and magnetic fields within relaxation time approx
mation for a quantum transport~Boltzmann! equation for
arbitrary degeneracy as well as partial ionization.

A general approach to the thermoelectric transport pr
erties of Coulomb systems valid for arbitrary degeneracy
been derived within linear response theory, given here in
extended version originally developed by Zubarev@18# for
mechanical and nonmechanical perturbations of an open
tem. Due to the relation between transport coefficients, c
relation functions, and thermodynamic Green’s functio
@19,20#, this efficient method allows for the treatment
many-particle effects and the consistent inclusion of
composition, as has been determined in the preceding
tion.
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Postulating a linear response of the system with respec
the external electric field, the conductivity can be given in
determinant representation@44,45# which is known also from
standard kinetic theory,

s5
e2

V0 uduU 0 N̄0

N0 d U , ~17!

with the system volumeV0 and the abbreviations

N̄m5~N̄m0 N̄m1 ••• N̄mL!,
~18!

Nm5S N0m

N1m

A

NLm

D , ~d!5S d00 d01 ••• d0L

d10 d11 ••• d1L

A A � A

dL0 dL1 ••• dLL

D .

The equilibrium correlation functions

N̄nm5Nnm1
1

m
^Pn~«!;Ṗm&,

Nnm5
1

m
~Pn ,Pm!,

~19!
dnm5^Ṗn~«!;Ṗm&,

Ṗn5
i

\
@HS ,Pn#,

are defined by

~A,B!5E
0

b

dt Tr$r0A~2 i\t!B%,

^A~«!;B&5 lim
«→0

E
2`

0

dt e«t
„A~ t !,B…,

~20!
A~ t !5eiH St/\A~0!e2 iH St/\,

%05
1

Z0
expS 2bHS1b(

a
maNaD .

The system HamiltonianHS is given below, see Eq.~23!.
The generalized momentaPn of the electron system,

Pn5(
k

\k@bEe~k!#nae
†~k!ae~k! , ~21!

are a set of relevant observables which characterize the
equilibrium state. The terms of lowest order are related to
total electron momentum (P0) and the ideal part of the elec
tron energy current (P1). They are connected with the m
croscopic expressions for the electrical current density
the electronic heat current density, respectively. A set
three momenta$n%5$0,1,2%, i.e., L52, is sufficient to de-
termine the transport coefficients within 5% accuracy@45#.
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B. Evaluation of the correlation functions

Neglecting the termŝPn(«);Ṗm& which are related to the
Debye-Onsager relaxation effect, we haveN̄nm5Nnm in Eq.
~19!. The generalized particle numbersNnm are given by
Fermi integralsFn(x),

Nnm5Ne

G~n1m15/2!

G~5/2!

Fn1m11/2~bme
id!

F1/2~bme
id!

, ~22!

which were evaluated for given densities and temperatur
The force-force correlation functionsdnm in Eq. ~19! can

be related to thermodynamic Green’s functions. Applying
systematic diagram analysis, the Landau, Lenard-Bale
and Boltzmann collision integrals can be derived~for details,
see@14,21#!. According to the system Hamiltonian,

HS5(
k

Ee~k!ae
†~k!ae~k!

1(
a

(
p,k,q

Vea~q! ae
†~k1q!aa

†~p2q!aa~p!ae~k!,

~23!

wherea5$e,11,21,31% denotes the species andVea(q) is
the effective interaction between the charged particles,
correlation functions can be separated with respect
electron-electron, electron-ion, and electron-atom scatter
i.e.,

dnm5Dnm
ee 1Dnm

ei 1Dnm
ea . ~24!

The correlation functionsDnm are evaluated on the leve
of the Boltzmann collision integral which corresponds to aT
matrix approximation for the respective scattering proce
They can be related to transport cross sectionsQT

ea given
below as for the case of hydrogen@21#. The electron-electron
term reads

Dnm
ee 5

4

3
A2m

pb
nNeE

0

`

dx x3Rnm~x!QT
ee~x!exp~2x!,

~25!

where x5b\2k2/me . The polynomialsRnm can be found,
e.g., in@14#.

The total electron-ion contributionDnm
ei represents the

weighted sum of the scattering processes of electrons a
possible ion species via

Dnm
ei 5

2\

3p2
NiE

0

`

dk k3@bEe~k!#n1mf e~k!@12 f e~k!#

3U(
k1

Aak1QT
ek1~k!U2

. ~26!

The electron-atom contribution is given by
s.

a
u,

e
to
g,

s.

all

Dnm
ea 5

2\

3p2
NaE

0

`

dk k3@bEe~k!#n1m

3 f e~k!@12 f e~k!# QT
ea~k!. ~27!

Ne , Ni , andNa are the electron, total ion, and atom partic
numbers.

The transport cross sections are determined by the s
tering phase shiftsd l within a partial wave expansion with
respect to the angular momentuml according to (d5e,a)

QT
ed~k!5

4p

k2 (
l 50

`

~ l 11!sin2@d l
ed~k!2d l 11

ed ~k!#,

~28!

QT
ee~k!5

4p

k2 (
l 50

`
~ l 11!~ l 12!

2l 13 S 12
~21! l

2 D
3sin2@d l

ee~k!2d l 12
ee ~k!#.

C. Results for the transport cross sections

The scattering phase shifts in Eqs.~28! are determined by
solving the Schro¨dinger equation@46,47#. The simplest
screened potential which models the interactions between
charged particles is the Debye potential

Vea
D ~r !5

Zae2

4p«0r
exp~2kr !. ~29!

k is the inverse Debye screening length according to Eq.~14!
and Za5$21,11,12,13% is the charge of speciesa. The
transport cross sections are shown in Figs. 3–5 as a func
of the wave numberk for RD5(1,10,100)3aB .

For higher energiesk>1aB , where the Born approxima
tion becomes applicable, a systematic increase withZa oc-
curs. For higher densities, i.e., lower screening lengthsRD ,

FIG. 3. Transport cross sections for electron scattering at sin
~long-dashed line!, double ~short-dashed line!, and triple ionized
atoms~dotted line! as well as for electron-electron scattering~full
line!. The interactions are modeled by the Debye potential~29! for
a screening length ofRD51aB .
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1078 PRE 59RONALD REDMER
the transport cross sections are decreasing. Resonanc
structures may occur especially for smaller wave numb
and higher densities due to the disappearance of bo
states. Their contributions are taken over by the scatte
states and the corresponding phase shifts accomplish ju
according to the Levinson theorem. However, thisk region is
not important for the calculation of the correlation functio
dnm ~19!.

IV. RESULTS FOR THE CONDUCTIVITY

The electrical conductivity has been determined via E
~17! inserting the density-dependent transport cross sect
~28! and the respective composition of the plasma into
expressions for the correlations functions~24!. These result-
ing conductivities are based on a realistic plasma comp
tion within the present PIP model and account for the sc
tering processes of electrons at other electrons, all rele
ion species, and neutral atoms onT matrix level.

FIG. 4. Same as Fig. 3 but for a screening length ofRD

510aB .

FIG. 5. Same as Fig. 3 but for a screening length ofRD

5100aB .
like
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g
ps

.
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The conductivities are displayed in Figs. 6 and 7 for a
minum and copper plasma, respectively, as a function of
density for various temperatures. We compare first with
sults of DeSilva and Katsouros~DK! @10# for plasmas gen-
erated by rapid vaporization of metal wires in a water ba
These conductivities have been derived for densities fr
about 1/5 solid density down to 0.02 g/cm3 and a temperature
range of (10– 30)3103 K.

The theoretical conductivities approach the Spitzer val
in the low-density limit. For higher densities and, especia
for low temperatures ofT<104 K, the conductivities pass
through a minimum around%'(0.05– 0.1) g/cm3. This spe-
cial behavior is a result of the diminishing fraction of fre
electrons and their decreasing mobility due to scattering
neutral atoms. The experimental values of these minima

FIG. 6. Electrical conductivity of Al plasma forT5(10–
30)3103 K as a function of the density within the present P
model ~lines! compared with the experimental results of DeSil
and Katsouros~DK, data points! @10#.

FIG. 7. Same as Fig. 6 but for Cu plasma. In addition, t
conductivities of Tkachenko and Ferna´ndez de Co´rdoba~TF! @23#
are shown~data points connected by lines!.
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PRE 59 1079ELECTRICAL CONDUCTIVITY OF DENSE METAL PLASMAS
much lower than the minimum metallic conductivity o
smin'23104 V21m21 as estimated by Mott for the solid a
T50 K @48#. Then, the conductivities show a subsequ
sharp increase which is a direct result of the increasing
ization degree due to the occurrence of the higher char
states, see Figs. 1 and 2. The behavior for the high-den
domain above%0 can usually be described by the Zima
formula.

Using the Mott criterion for the minimum metallic con
ductivity in order to locate the corresponding nonmetal-
metal transition also for finite temperatures, a critical dens
of about 0.3 g/cm3 is found for Al and of 0.5 g/cm3 for Cu,
respectively. Below these densities, the expanded meta
dergoes a transition to a partially ionized vapor with nonm
tallic conductivity. This behavior is very similar to tha
found in static experiments for expanded metal fluids such
Cs @49# which has been explained theoretically also with
the PIP model@22#.

Although simple concepts have been applied for
plasma composition~coupled mass action laws! and the in-
teractions between the charged particles~Debye potential!,
the overall agreement with the experimental conductivities
DeSilva and Katsouros@10# is good, especially for lower
temperatures and the domain of higher densities where
strong increase of the conductivity occurs. The agreem
with the Cu data is better than for Al and reasonable even
the higher temperatures. We conclude that the present
model is applicable for the description of expanded me
plasmas.

We show in Fig. 7 also the theoretical conductivities
Tkachenko and Ferna´ndez de Co´rdoba~TF! @23# which have
been reported in Table III of their paper for copper plasm
Their alternative correlation function method is based o
generalized random phase approximation and applicable
fully ionized plasmas. The agreement with the experimen
points of DeSilva and Katsouros is reasonable for conditi
where the plasma is nearly fully ionized, i.e., for the high
temperatures and/or higher densities. For lower temperat
and not too high densities, greater discrepancies occur du
the neglect of partial ionization.

Systematic deviation between the experimental points
the present results within the PIP model have to be stated
the density region below 0.1 g/cm3. The SESAME tables@50#
have been used by DeSilva and Katsouros to analyze
experimental data, especially to determine the tempera
Furthermore, they have applied the Thomas-Fermi mode
More @51# to calculate the ionization stateZeff . However,
both the SESAME tables and the Thomas-Fermi model b
come increasingly inaccurate when the plasma is no lon
fully ionized. A chemical model as used here is more app
priate for the treatment of the partially ionized vapor whe
an electronic transition from metallic to nonmetallic condu
tion occurs.

Another series of experiments using the technique
rapid wire evaporation has been performed recently
Krisch and Kunze~KK ! @12#. They vaporized Al wires in
small glass capillaries by means of short pulse currents f
an electrical discharge and produced nonideal plasmas
densities of (0.001– 1.0) g/cm3 and temperatures of (7 –
24)3103 K. Contrary to preceding measurements@9# and the
data of DeSilva and Katsouros@10#, they were able to deter
t
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mine the plasma parameters densityand temperature spec
troscopically so that no model for the equation of state
been used. We compare our results with their data and v
ous theories forT510 000 K andT520 000 K in Figs. 8 and
9, respectively.

The new data of Krisch and Kunze continue the exist
data points of DeSilva and Katsouros for 10 000 K a
20 000 K into the regions of lower and higher densities,
spectively. In general, the results of the present PIP mo
approach the experimental points better than the other th
ries. However, the deviations still amount up to a factor
2–4 for the region of low densities and temperatures.
higher densities above 0.1 g/cm3, the agreement is much be
ter.

The Spitzer theory is only applicable for the low-dens
region and fully ionized plasmas. The theory of Lee a
More @43# is based on the relaxation time approximation f

FIG. 8. Electrical conductivity of Al plasma forT510 000 K as
a function of the density within the present PIP model compa
with the experimental results of Krisch and Kunze~KK ! @12#, those
of DeSilva and Katsouros~DK! @10# from Fig. 6, and other theories
~see text!.

FIG. 9. Same as Fig. 8 but forT520000 K.
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the solution of a Boltzmann transport equation valid for
bitrary degeneracy but neglects electron-electron scatte
which yields an upper estimate for the plasma conductiv
The Rinker theory@17# is based on the Ziman formula. Th
ion-ion structure factor and the effective electron-ion pot
tial are determined self-consistently. This treatment ob
ously gives a lower estimate for the plasma conductiv
The theories of of Ebelinget al. @30# and Djurić et al. @52#
are derived for fully ionized plasmas and approach the
perimental points much better than those of Lee and M
and of Rinker. The consideration of neutral atoms in
present PIP model which are relevant especially for low
temperatures gives a further improvement.

In order to estimate the accuracy of equations of s
based on the Thomas-Fermi theory in the expanded m
regime, we have taken into account the composition from
QEOSmodel @34# instead of the relative fractions as derive
here for the case of Al plasma at 10 000 K, see Fig. 8. T
respective conductivities converge to the experimental d
around the solid state density%0 , but are systematically
higher up to one order of magnitude for lower densities.

With increasing density, further effects become of imp
tance. For instance, the ion-ion structure factor has been
cluded in the calculation of the electron-ion correlation fun
tion ~26! on the level of the hypernetted chain approximati
for high densities%5(0.1– 1.0)%0 as outlined in Ref.@21#.
Only a small decrease of the conductivity of about 10%
been obtained for those conditions. Therefore structure fa
effects as well as local-field corrections to the dielect
function become important for the conductivity only at st
higher densities.

V. CONCLUSIONS

In this paper we have determined the electrical conduc
ity of dense aluminum and copper plasmas within a partia
ionized plasma model, originally developed for hydrog
plasma@21#. We have considered a realistic plasma com
sition and the interactions of free electrons with other el
trons, atoms, and the relevant ion species onT matrix level.
The agreement with the available experimental data@10,12#
is reasonable. In general, an improved understanding of
behavior of expanded metal plasmas can be gained w
the present PIP model. Especially, the metal-to-nonm
J.
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transition in the expanded, partially ionized vapor can
explained by the occurrence of neutral atoms. This has
ready been shown for expanded metal fluids such as C
lower temperatures@22#. The minimum behavior of the con
ductivity as found experimentally for low temperatures h
been reproduced in the present study.

For a more sensitive treatment of the special metal pr
erties compared with those of hydrogen@21#, various im-
provements of the present approach are possible. For
stance, the influence of non-Coulombic contributions to
electron-ion potentials has to be studied using self-consis
pseudopotentials rather than the Debye potential~29!. Fur-
thermore, higher charged states beyondk53 may have an
influence on the plasma properties at the highest dens
considered here.

For the description of shock compressed matter, i.e.,
%>%0 , the instability of the present equation of state has
be analyzed within a Maxwell construction which is the a
of future work. There, structure factor effects and dynam
screening including local-field corrections become of imp
tance. This region of strongly coupled, fully ionized, mul
component plasmas can be treated by self-consistent
theories as given, e.g., by Tkachenko and Ferna´ndez de Co´r-
doba@23#, The present approach can also be applied in t
region considering the many-particle effects mention
above.

The reason for the systematic discrepancies between
experimental conductivities and the present theoretical
sults at lower densities is probably the use of different eq
tions of state. This has to be checked.
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