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Transport coefficients for dense metal plasmas
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Thermoelectric transport coefficients of metal plasmas are calculated within the linear response theory
applied previously to determine the electrical conductivity of Al and Cu plagiRaRedmer, Phys. Rev. 9,
1073(1999]. We consider temperatures of 1-3 eV and densities of 0.001—13gismrelevant in rapid wire
evaporation experiments. The plasma composition is calculated considering higher ionization stages of atoms
up to 5+, and solving the respective system of coupled mass action laws. Interactions between charged
particles are treated oh matrix level. Results for the electrical conductivity of various metal plasmas are in
reasonable agreement with experimental data. Thermal conductivity and thermopower are also given. In addi-
tion, we compare with experimental data for temperatures up to 25 eV and liquidlike densities.

PACS numbgs): 52.25.Fi, 52.25.Jm, 05.60k, 51.10+y

[. INTRODUCTION trons, various ion species, atonvgere treated on & matrix
level. Reasonable agreement with electrical conductivities
Transport coefficients are used to characterize the state derived from experiments in which Al and Cu wires were
a plasma. For instance, varying density and temperaturevaporated rapidly from a solid state densgty down to
metal-nonmetal transitions may occur in dense hydrddén 0.001X g, by increasing the temperature from room tem-
or expanded fluid meta[®] which can be observed via elec- perature to about 1-3 eM9,20, was achieved. In particu-
trical conductivity. The energy balance of astrophysical ob4ar, the minimum of the electrical conductivity as a function
jects depends strongly on the thermal conductivity, whichof mass density observed experimentally for low tempera-
has to be known for a large domain of densities and temperdures can be explained by partial ionization.
tures for stellar or planetary matt¢€B]. The efficiency of New conductivity experiments were recently performed in
pulsed power machines designed to produce inertial confinghe same parameter domain by DeSilva and Katsouros using
ment fusion plasmagt] is mainly determined by the electri- Fe, Ni, and W wired21], and by Haun and Kunze for Zn
cal conductivity of the exploding wire array and the thermal[22] and C[23]. Aluminum plasmas at much higher tempera-
conductivity of the plasma. The reflectivity of plasmas gen-tures up to about 25 eV were generated in a tamped explod-
erated by irradiation of ultrashort laser pulses on solid suring wire z pinch [24]. Electrical conductivity in the solid,
faces is governed by the optical conductiVii. liquid, and plasma state was inferred from reflectivity mea-
Various methods of many-particle theory were applied tosurements of thin aluminum layers embedded in a laser-
generalize the standard Spitzer thep8y, and to calculate heated targgi25]. These data indicate a metal-insulator tran-
transport coefficients for strongly coupled plasmas. Based osition in the warm, expanded fluid around 0.5 eV and
the Ziman formula[7], self-consistent calculations for the 1.7 g/cnf. However, new first-principles calculations show
frequency and wave vector dependent dielectric function ando evidence of such a transiti¢26].
the structure factors of fully ionized plasma were performed It is the aim of the present papér) to generalize the
[8-10], or electron-ion pseudopotentials and ion-ion struc-method outlined in |, so that thermal conductivity and ther-
ture factors were determingdl]. Density functional theory mopower of dense metal plasmas can be determined in ad-
was applied to calculate the conductivity from the weak-dition to the electrical conductivityii) to calculate these
isolated-scatterer limit up to that of strong multiple scatteringtransport coefficients for Al, Fe, Ni, Cu, Zn, and W plasma;
self-consistently with the equation of staté2]. Standard and (iii) to compare with experimental daf20,21,23. In
kinetic theory was also used to calculate the transport coefaddition, we study the high-temperature and high-density be-
ficients of strongly coupled plasm§$3,14). havior of the electrical conductivity. Therefore, we consider
In a previous papdrl5] (hereafter denoted a$, we cal- a maximum ionization stage of+5 instead of 3+ to deter-
culated the electrical conductivity of dense Al and Cu plas-mine the composition of the plasma and compare with the
mas, applying linear response theory in the formulation ofexperimental data of Benags al. [24].
Zubarev[16]. This method allows one to evaluate the ther-  This paper is organized as follows. The equation of state
moelectric transport coefficients of electrical conductivity,and plasma composition are calculated in Sec. Il. We sum-
thermal conductivity, and thermopower for arbitrary degen-marize the linear response theory for the transport coeffi-
eracy, and reproduces the well-known Spitzer results focients in Sec. lll, and demonstrate its capacity by comparing
nondegenerate, weakly coupled plasmas as well as the Zimawith electrical conductivities derived from the famous shock-
theory for degenerate, strongly coupled plasfdd@s1g. Par-  wave experiments of Ivanoet al. for Ar and Xe[27]. Re-
tial ionization of the plasma can be treated as well. Thesults for the transport coefficients of metal plasmas are given
plasma composition was determined in | by considering ionin Sec. IV for temperatures of 1-3 eV and for densities up to
ization stages up to-8, and solving the corresponding mass 1 g/cnt. In Sec. V, we apply the present theory to Al plasma
action laws. Scattering mechanisms between partidies-  for temperatures up to about 25 eV, and study the high-
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TABLE |. Parameters for the evaluation of the coupled mass action laws according (#) Fand atomic
weight for the materials under considerati@8g].

Al Fe Ni Cu Zn W Ar Xe
z 13 26 28 29 30 74 18 54
EQ in ev 5.986  7.87 7635 7.726  9.394 798 15.76 12.13
E2) in eV 18.829 16.18  18.168 20.293 17.964  17.81  27.629 21.21
E®) inev 28.448 30.651 3517  36.841 39.772 24.1 40.74 32.1
ES in ev 119.99  54.8 54.9 55.2 59.4 35.4 59.81
E®) in ev 153.71 75 75.5 79.9 82.6 48.0 75.02
ap in a3 56.28  56.686 45.889 41.165 47.913  74.906 11.075  27.902
roin ag 1.861 1.759 1.658 1.609  1.666 1.728  1.206 1.386

atomic weight inu 26.982 55.847 58.70 63.546 65.38 183.5 39.948 131.29

density limit. In both Secs. IV and V, we compare with ex- g=1/(kgT) is the inverse temperature, aggthe spin factor
perimental data and give a short comparision with other theof the ion. For metals with an odd atomic number, we have

oretical approachg®,11,14,29. Conclusions and an outlook g,=2, g,=1, g,=2, gs=1,..., whereas for an even
are given in Sec. VI. atomic numbegy=1, g;=2, g,=1, g3=2, ... holds.
Accounting for an arbitrary degeneracy of the electrons,
ll. PLASMA COMPOSITION the ideal part of the chemical potential is determined by

. Fermi integrals of order 1/2,
Dense metal plasmas consist of electrons, atoms, and vari-

ous ion species K. In paper | we considered ions up to _ A3
k=3, which is sufficient for temperatures of about 30 000 K. Fl,z(ﬂ,u'g) = % (5)
In order to treat higher temperatures up to 280000 K, we

generalized the model, and now consider a maximum char
state ofk=5. The free electron density, and the total ion

densityn; are then given by

gﬁhereAézZvr,L%ﬁzlme is the thermal wavelength.
The quantitiesA u, = uy"— upt,+ ut are given by the

interaction contributions to the chemical potentials, and yield

5 5 a shift of the chemical equilibria compared with the ideal
Ne= 2 kne, nj= 2 Nk, ) Saha equations. They can be interpreted as a lowering of the
k=1 k=1 respective ionization energidg) with increasing density,

. ) , e , which leads to pressure ionization.
wheren, is the partial density of thé-fold ionized species For contributions due to charged particle interactions, ef-

M. Besides the charged components, neutral atMfls ficient Padeformulas were derived for fully ionized, two-
also may occur, especially for low temperatures, so that @omponent electron-ion plasmas that are applicable in a large
partially ionized plasmaPIP) model applies. _ domain of the density-temperature plg86]. For the gener-

The composition of such a multicomponent plasma is dey|ized case of a multicomponent plasma with various ioniza-
termined by the reactions between the various species, i.§jon states, similar expressions were given bysker and
ionization processes up t°: co-worker[29,31].

In the case of partial ionization, a polarization contribu-
tion arises due to the interaction between electrons and neu-
tral atoms. This term is usually parametrized as a linearized
Yirial coefficient with respect to a screened polarization po-
tential[32]; for detalils, see I.

The plasma composition is characterized by

M(k—1)+‘:\Mk++e (k:15) (2)

The partial densities are derived from respective condition
of chemical equilibrium,

1=t et EX (k=1...5). 3

. o . =n./(ng+n;), =n/(ng+n;). 6
The energies necessary for the excitation of the different ®e=Ne/(No+ M), =N/ (Mot 1) ©®

. . . K+ (K) . o ) )
ionization statesV” " are denoted b¥i,, and are given for  tpe onization degree, is the average number of free elec-

the metals Al, Fe, Ni, Cu, Zn, and W in Table |. Parametersy s generated per heavy particle, whiledenotes the rela-
for Ar and Xe are shown in addition because we also applyye fraction of the ion speciel“* with respect to the total
our approach fto the con|d|t|ons rﬁached 'r:‘ the f’]hOCk'WaVﬁumber of heavy particles. We show the results for the com-
experiments of lvanoet al.[27]. Following the method out- - qition of Al plasma as a function of density for a constant
lined in paper 1, a system of coupled mass action 1aws i$emperature of 20000 K in Fig. 1, and as a function of tem-

derived which determines the plasma composition for give'berature for a constant density of 0.2 gfcim Fig. 2, respec-
temperatures and total mass densities according to ' o

tively.
g in While AI*™ and AP ions dominate at lower densities,
k—1Nk i ith i i i ioniza-
Ne_q= exd 8 (Mf"‘ Ei(cl;r)1+ App]. (4) neutral atoms occur with increasing plensﬁy, and the ioniza
Ok tion degreea, decreases. Approaching solid state density,
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sten is expected to be the metal with the poorest electrical

3 ——— T
2'_ Al 4 and thermal conductivity at a given mass density. The free
= F 20000K 1 electron density of aluminum increases more rapidly at high
1 1 densities compared with the other metals, which is related to

an earlier onset of pressure ionization.

Ill. TRANSPORT COEFFICIENTS
A. General expressions

The electrical conductivityr, the thermopower, and
the thermal conductivitin are well known for nondegener-
ate, low-density plasmas where the Spitzer thddy ap-
plies. For strongly coupled, degenerate systems such as fluid
jom®) metals, the Ziman theory is applicaljld; the electrical con-
P (gfem ductivity is given by the Ziman formula, the thermal conduc-

FIG. 1. Composition of Al plasma at 20 000 K according to Eq. fivity by the Wiedemann-Franz relation, and the ther-
(6). The upper panel shows the ionization degseeas function of ~ Mopower by the Mott formula. .
mass density, and the lower panel the relative fractigrof A" A general approach to the thermoelectric transport prop-
ions for the same densities. erties of Coulomb systems valid for arbitrary degeneracy was
derived within linear response theory in the formulation of
INEEE b . want b ¢ onizati ZubareV[16]. Applying this correlation function method, the

lons become important because of pressure 1onizatio nsager coefficients;, , that are connected to the transport
and the ionization degree increases rapidly toward a value e ;
; - T . oefficientso, «, and\ via

3; see Fig. 1. The minimum of the ionization degree is lo-

cated at about 0.1 g/cmNo ions with a higher charge than o=¢e%L,,
3+ occur at relatively low temperatures of 1-3 eV; they are
excited for temperatures above 10 &¢e Fig. 2 The com- 1 Ly
position of the other metals shows a similar behavior. K= ST (7)
Electrical and thermal current are proportional to the u
number of free electrons,. We show this quantity as a
function of mass density in Fig. 3 for all metals in the case of A= %( - LlL?L21) ,
11

a constant temperature of 20 000 K. Especially at low densi-
ties nfe~nN~n$U~nZ" because of the similar atomic prop- _ _ _ _
erties; compare Table I. Aluminum despite a similar ioniza-c@n be given in the standard determinant representation
tion degreea,, has a higher free electron density at the [17,18,33

same mass density than these metals because of the lower K1

atomic weight. For tungsten we find the opposite behavior . 0,-Q,
because of the higher atomic weight. (—h)itk=2 Bh
Disregarding the influence of collisions, we can expect Lik="— Qo |D] i—1 '
aluminum to have the best electrical and thermal conductiv- —th— No D
ity of these metals at a given mass density and temperature B
for that reason. The behavior of the transport properties of
iron, nickel, copper, and zinc should be very similar. Tung- Qm=(Qmo Qmz - - - Qmv), ®)
23
1O e e ——rr 107E I o
o e k 4
Al . AT - ' y
[ , Al F 1022__ ==~ aluminum Ss
0.8F p=0.2 g/em N R -=:= iron L
3 . - / 1 F o nickel Pl
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FIG. 2. Composition of Al plasma as a function of temperature  FIG. 3. Free electron density vs mass density for various metals
for 0.2 g/cnd. at 20 000 K.
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Nom Do Doi ... Dg. moments{n}={0,1,2, i.e.,L=2, is sufficient to determine
the transport coefficients within 1.5% accurg8g], see Sec.
Nlm DlO Dll e DZI.L nc
Nm=| . |, D=| . .. . :
Nim Do D1 ... D, B. Evaluation of the correlation functions

h=2%kgT denotes the enthalpy per particle. The elements of Neglecting the term$Pn(8);Pm> which are related to the
the determinants are equilibrium correlation functions, Debye-Onsager relaxation effect, we h&¥g,=Nnny in Eq.
(9). The generalized particle numbels,,, are given by

1 . Fermi integrald,(x),
Qnm=Npm™+ ﬁ(Pn(g);Pm% .
) T(N+m+5/2) Fme v Brg)

['(5/2) Fuo Bud)

. (13

Npnm=Ne

1

Nnm:H(Pn Pm),

¢ 9) that are evaluated for given densities and temperatures.

D :<|'3 (8):P ) The force-force correlation functiori3,,,, in Eg. (9) can
nmeATmEnme be separated with respect to electron-electron, electron-ion,
o and electron-atom scatterifg7,18,34:

P,=+[Hs,Py], _
"h " Dpym=D8+D8 +DS2 . (14)
defined by Kubo scalar products and their Laplace trans-

forms: These terms can be evaluated within different approxima-

tions, related to the Landau, Lenard-Balescu, and Boltzmann
B collision integrals known from kinetic theory; see REI8].
(A,B)=f dr Tr{oA(~ifi)B}, We will give results for the correlation functions within the
0 Born andT matrix approximations.
o The contributionDy -, with c=g,i,a are related to trans-
(A(g);B)= lim f dt e'(A(1),B), (10)  bortcross section®5°, as shown for hydrogen plasma?].
—o The electron-electron term reads

e—0

A(t):eiHSt/ﬁ A(O)e_iHSt/ﬁ, ee_4 2me 3 ce
Dnm_§ \Y} ,n__ﬂneNefo dXX3an(X)Q-|- (x)exp(—x),
(19

1
Qo:Z—OEXp —BHSWL,B; MaNg |-
where x= g#2k?/m,. The polynomialsR,,, can be found,

The system Hamiltoniai s contains the kinetic energy of for example, in Ref[18]. _ .
electrons,E4(k) =%2k?/(2m,), and their interactions with The interaction of electrons with atoms and the different

other electrons, atoms, and ions of specigs {1+, SPecies of ions is presented by
2+, ...,5+} via the potentiaM(q) according to .
2 o0
D=5 Ny [ dkiTBE (K1
Hs=2 Ee(k>az<k>ae<k>+r§q Ved @) al(k+q) 3w Jo

X fa(K)[1=fe(k)]1QFYK), (16)
xal(p—a)adp)ak) + > > Vedd) e :
T pRq with d={a,+1,+2,+3,+4,+5}. The total electron-ion
: : contributionD¢|, represents the weighted sum of the single
Xag(k+a)ag(p—g)ag(p)ae(k). (11 contributionsDﬁﬁq:

Ny andN; are the numbers of iordand the total number of _ Ny 2
ions, respectively. Dl = ‘ Ek: N VD -
The generalized momenk, of the electron system, :

17

Ne, Ni, andN, are the electron, total ion, and atom patrticle
Pn=2 hk[,BEe(k)]”aZ(k)ae(k), (12 numbers;N, is the number of ions with chardet.
k In the T matrix approximation, electron-ion and electron-

. . electron transport cross sections are given by scatterin
are a set of relevant observables which characterize the non- P 9 Y 9

equilibrium state. The terms of lowest order are related to th thie jg‘:ﬁgmggiggg%i\ga\;g expansion with respect
total electron momentumPg) and the ideal part of the elec- 9 9

tronic heat current®,). They are connected with the micro- dr =

scopic expressions for the electrical current density and the Q?k(k): & 2 (I +1)sin2[6fd(k)— 5?4(—11“()]' (18)
electronic heat current density, respectively. A set of three k? =0
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2

A7 & (|+1)(|+2)(
=0

ce (—1)
T(k)_ﬁz 21+3 B )

X SirP[ 5P5(K) — 572,(K) .

The scattering phase shifts are determined by a numerical

solution of the Schidinger equation with respect to the De-
bye potential,

2

VO, (r)= — =€ 19
edl)= mexﬂ KT), (19
whereZy={—-1,+1,+2,...,+5} is the charge of species

d=e,i.
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The electron-atom correlation function is evaluated in the FIG- 4. Electrical conductivity of fully ionized hydrogen plasma
Born approximation with respect to a polarization potentialas function of electron density for 10 000 K within tAematrix

[32],

ezaD

VPP =— ,
ed ") 2(4meq)(r2+12)?

(20

where the dipole polarizabilityr, and the cutoff radiusr;f)1

= apag/2Z® [35] are given in Table | for the materials un-
der consideration. The inverse screening lengtis defined
for arbitrary degeneracy by Fermi integrals of ordefl/2
according to

pe? 2 .
2_ id
oo AgF_M('BMe)’ (21

K

reproducing the Debye screening length in the classical limi
and the Thomas-Fermi screening length in the degeneral

domain.

C. Model calculations

approximation(TM) using one, two, and three momex®,}. For
comparison, the conductivity for the Lorentz plasma model neglect-
ing electron-electron scattering, the Spitzer curves including and
neglecting electron-electron scattering, and the Born approximation
(BA) using only one momeniP,} for the Lorentz plasma model,
are shown.

0.591
0.5In(1.5" %)

(47e0)?(kgT)¥?

1/2
e

Osp— (22)

e’m

I'=e?/(4mekgTd) is the coupling parameter with the mean
distance between iord=[3/(4mng)]*.

Electron-electron scattering is neglected in the Lorentz
plasma model. The respective conductivity is too high by a
factor of about 1.7 in the low-density limit. The Spitzer
purve for the Lorentz plasma is also shown. The influence of
%ectron-electron scattering is reduced with increasing den-
sity, and vanishes for densities above1ém 3.

The evaluation of correlation function€l5) and (17)
within the T matrix approximation is important for lower
densities where strong collisions have to be treated. On the

In order to demonstrate the convergence of the preser@ther hand, thd matrix results merge into the Born approxi-
linear response method, to study the influence of electronation with respect to the Debye potenti&l. (19)] in the

electron scattering, and to verify the validity region of the high-density limit. There, strong screening effects lead to a
Born approximation, we have performed model calculationgVeak interaction potential, so that the Born approximation
for fully ionized hydrogen plasma as a reference systemPecomes valid. Thus the well-known Ziman formula for the
There we can neglect the influence of neutral atoms and dilectrical conductivity,

higher charged ions. The electron-electron and electron-

proton correlation functiongeg. (15) and (17)] were calcu- Qom2N; (= Wei(q)[2

lated on aT matrix level; see Eq(18). O'Eil=ﬁf dq o f(q/2) Si(q) ’ ,
Figure 4 shows the electrical conductivity as a function of 127°h e“ng /o e(q)

electron density for a temperature of 10000 K. A fast con- (23

vergence of the presented method with respect to a system-

atic extension of the set of relevant observallBs} [Eq. can be derived in the present approach in the high-density
(12)] can be seen. The use of three mom€g,P;,P,} is  limit within a one-moment solution of Eq$8), and evaluat-
sufficient in all cases; these results are identical to the twoing electron-ion correlation functiofl7) in the Born ap-
moment ones in this presentation. With increasing densityproximation; see Ref.37].

even fewer moments are needed to reach convergence. ForInstead of the Debye potential, a weak electron-ion pseu-

instance, a one-moment approximati@aking only Py) is
applicable above 8 107 cm™ 3.

The Spitzer curve is reproduced in the low-density limit,

evaluating the correlation functio,,, on aT matrix level
(see Refs[18,3€), and we obtain

dopotentialw,;(q), which is screened by the dielectric func-
tion £(q) has to be used for metal plasmas, including the
static ion-ion structure facto®;(q). f(q/2) is the Fermi-
Dirac distribution function. We conclude that the present ap-
proach to the transport coefficients is applicable for arbitrary
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FIG. 5. Electrical conductivity of Xe plasma vs coupling param-

FIG. 7. Electrical conductivity of aluminum plasma. Theoretical
eterT". Theoretical curves for three typical temperatures are com#esults for 10 000 Ksolid line), 20 000 K(dashed ling and 30 000
pared with experimental poinf7].

degeneracy, interpolating between the Spitzer and Ziman ] ]
theory for the low- and high-density limits; for details, see good, especially for xenon. For argon, the theoretical curves

Refs.[17,18.

IV. RESULTS FOR THE ELECTRICAL CONDUCTIVITY

A. Rare gases

B. Metal plasmas

K (dot-dashed ling are compared with experimental points of
DeSilva and KatsourodK) [19] and Krisch and Kunzé&K) [20].

are consistently higher than the experimental points.

DeSilva and Katsouros measured the electrical conductiv-

ity of aluminum, iron, nickel, copper, and tungsten via rapid

In order to check our approach, we first calculate the elecwire vaporization in a water batfi9,21. Kunze and co-
trical conductivity for conditions reached in the famousWorkers performed similar experiments for alumin{iz0],

shock wave experiments of lvanat al. [27]. They deter-

zinc [22], and carbor23]. The same technique was used to

mined the Coulomb part of the measured conductivities byneasure conductivities in liquid zinc and tungsten close to

correcting the influence of the neutral particlgsnization
degree, electron-atom transport cross sectiofberefore,

the critical point[38], i.e., at lower temperatures as consid-
ered here. While in the shock wave experimgrs| maxi-

we have taken their plasma parameters as input, derived tHBum coupling parameters df<1.5 have been reached, the

composition within the PIP model, and neglected electronfapid wire evaporation technique is capable of producing
atom scattering. We compare these results as a function étrongly coupled plasmas up to~200.
coupling parametef in Figs. 5 and 6, respectively.

state datddensity, temperatuyewhich also affect the Cou-

Experimental data of DeSilva and Katsouros are com-

A comparison between theoretical and experimental conPared in Figs. 7—11 with the present theoretical results for
ductivities is always sensitive with respect to the equation othree typical plasma temperatures of 10000, 20000, and

30000 K. For all metals, the electrical conductivity ap-

lomb logarithm via the ionization equilibrium; also see proaches the Spitzer values at low densities, passes through a
Rogers, DeWitt, and Boerckéf3]. Keeping in mind both ~minimum for T<10" K arounde~0.1 g/cn?, and shows a
possible systematic and experimental errors in temperatugubsequent sharp increase which is a direct result of the in-
and density measurements, the agreement between the data is

20

o (10%(Qm))

. -

-

e Pt .
-

.
--=7 19000 K 17800K

e expt. data

) g --- 18000 K
. R — 20000 K
220K o *g300K ~=+= 22000K
20200 K
1 L P "
0.5 1.0 2.0
r

FIG. 6. Same as Fig. 5, but for Ar plasma.

10°E T —r—Try — T 3
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3 " s oaaaagl L sl L o1 gl
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3
p (g/em”)

FIG. 8. Same as Fig. 7, but for iron with experimental points of
DeSilva and Katsourof21].
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FIG. 11. Same as Fig. 7, but for tungsten with experimental

FIG. 9. Same as Fig. 7, but for nickel with experimental points . .
d P P points of DeSilva and Katsourdg1].

of DeSilva and Katsourog21].

electron-atom transport cross section has almost no influence
creasing ionization degree; see Fig. 1. on the results.

The minimum behavior at low temperatures can be ex- Comparison with experimental data for zif@3] is per-
plained by the occurrence of neutral atoms. Starting at lowormed in Fig. 12. The measured conductivities are consis-
densities, the relative fraction of free electrons is reducedtently higher than the theoretical ones. Kunze and co-
and their mobility decreases due to additional scattering proworkers determined the temperature spectroscopically
cesses at atoms. At high densities, the lowering of the ioninstead of using equation of state data like DeSilva and Kat-
ization energies inverts this trend, and leads to a drastic insouros. This may be the source of systematic deviations; a
crease of the ionization state which is known as pressurgore refined comparison of experimental data and standard
ionization. This typical behavior can be interpreted as asquations of state is needed. However, we can again state
nonmetal-to-metal transition. Taking the Mott criterii89]  agreement with trends of the conductivity as function of den-
for the minimum metallic conductivity af=0 K and o,,;,  Sity and temperature, as found experimentally.
~10* (2 m) ™1, for finite temperatures, in order to locate this  In paper |, a comparison with other theoretical results was
electronic transition, a critical density of aboug,  Sshown for the electrical conductivity of aluminum at 10 000
~0.5 g/end is also found for all metals considered here. ~ and 20000 K(Figs. 8 and 9 If we compare the results for

Although the concepts applied for calculations of thethe other metals with the same theoretical approaches, we
plasma compositioficoupled mass action lawsnd the in-  obtain a similar behavior: The theory of Lee and Mpid]
teractions between charged partici&ebye potential are  is based on the relaxation time approximation for the solu-
relatively simple, we can state a good overall agreement wittion of a Boltzmann transport equation valid for arbitrary
the experimental data. Note that the results for copper havéegeneracy, but neglects electron-electron scattering. This
changed compared to | because we have removed an errortineory yields an upper estimate for the plasma conductivity,
scaling the mass density. Using the Born approximation inand lies above our results. Rinker’s the¢iyl] is based on

stead of theT matrix approximation for evaluating the the Ziman formula, which is applicable in the high-density
region; see Fig. 4. The ion-ion structure factor and the effec-

1()E T T T —T—TT T ™3 —
N . 8400 K
i o expt., 10000 K (DK) Cu 1 20 ° gégg(HK) RS00K .
J o expt., 20000 K (DK) @Q,°° o R .
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—_ n [ ORI _.._._.—-o—g b AIO_- - y
— F e o - — N
E [ comzmill o gl _e B ] E I - ]
s L Pt e S §t - 4
<10E 9, O
— E o = St - 4
- o 2 70 ]
° 8% o |
3.— [o] -
10 3 2t _
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2 A Lo aaanl " sl e eael L
107 - N 1 L — 1
10° 102 10" 10° 0.1 02 0.5 1.0 2.0
3 3,
p (g/em™) p (g/cm™)

FIG. 10. Same as Fig. 7, but for copper with experimental points FIG. 12. Electrical conductivity of zinc plasma. Theoretical re-
of DeSilva and Katsourogl9]. Note that the curves have changed sults for three temperatures are compared with experimental points
compared to paper |I. of Haun and Kunzé&HK) [22].
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FIG. 15. Thermopower of copper plasma for various tempera-

FIG. 13. Thermal conductivity of copper plasma for various tures.

temperatures.
tive electron-ion potential are determined self-consistentiyfn® thermal conductivities of copper, nickel, and iron are
for various materials. This theory gives a lower estimate for/€"Y Similar in the low density limit due to similar atomic
the conductivity in the expanded fluid domain, as considere"OPerties; see Table I. The thermal conductivity of tungsten
here. For increasing temperatures, the agreement between tifgOWer, and the one of aluminum higher, than the one of
different theories is improving especially with theoretical COPPEY. which is a resuit of the differences in the electron
data based on a fully ionized plasi&?29. density; see Fig. 3.

V. THERMAL CONDUCTIVITY OF METAL PLASMAS VI. THERMOPOWER OF METAL PLASMAS

In Fig. 13 we show the thermal conductivity of copper The thermopowek is a cross effect which describes the
plasma as an example. The behavior is very similar to that gfg|ation between the electrical and thermal current. It is de-
the electrical conductivity. The Spitzer value is recovered infjneq as the electrical field strength created by a temperature
the low-density limit. For low temperatureéb<10000 K,  gradient in the system for zero electrical current. The ther-
the thermal conductivity passes through a minimum with in-66wer of metals is usually negative, characterized by the
creasing density, and rises according to the Wledemanr}:-harge of the electrons.

Fra_nz relation at higher densities. The Lorentz number In Fig. 15 we show the thermopower of copper plasma for
defined by various temperatures as an example. The behavior is very
systematic. For lower temperatures the thermopower reaches
higher values due to partial ionization, but is still negative.
The thermopower of the metals under consideration is shown
] ) _in Fig. 16 for 20 000 K. For low densities, a Spitzer value of
varies between 1.6 and 3.29 from the low- to high-density_ 0 mv/K is reached. For high densities, it tends to zero
regions of a hydrogen plasma; see R&8]. The metal plas- according to the Mott formula.

mas follow this trend in the density region considered here. The curve for aluminum rises very sharply for the highest
The thermal conductivity of the various metals is shown ingensities considered, tending to positive values0. This

Fig. 14 for a typical temperature of 20000 K. As expected,nteresting behavior is connected with the metal-to-nonmetal

2
(24)

K
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e

100 T,
[ ] )
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FIG. 14. Thermal conductivity of various metals at 20 000 K. FIG. 16. Thermopower of various metals at 20 000 K.
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201 y LA | ™ particles. There a Born approximation with respect to a weak
. expt. (B) electron-ion pseudopotential should be applied; see Fig. 4.

10l HTrgL'{POPlPZ) $ 0 i In order to g_ive a rough estimate for the effect pf. §uch a

[ »—xBA, {P},onlye-i,R =179 2, 20 ] weak electron-ion pseudopotential on the conductivities, we

utilize the Ashcroft empty-core potentipd2] with a cutoff
radiusR.=1.79ag for the evaluation of Eq(23). This pa-
rameter is derived for the-wave contribution (=0) to the
self-consistent Troullier-Martins pseudopotential for solid
aluminum used in band structure calculatigd8]. The di-
electric functione(q) was treated in the random phase ap-
proximation, with local-field corrections given by Ichimaru
and Utsumi(44]. For simplicity, the ion-ion structure factor
. et N was neglected, i.eS;(q)=1. The evaluation of Eq23) on
0.1 02 0.5 1.0 20 this simplest level gives substantially higher conductivities
P (g/cms) compared with thel' matrix calculation, and the agreement
with the experiments is incrementally improved for liquid-
FIG. 17. Electrical conductivity of aluminum plasma as function |jke densities.
of mass density. Filled circles represent e>_<pe_rimental data of The pest agreement with the experimental data was
Benageet al. (B) [24]; some temperatures are indicated. The con-y hieved within density functional theory by Perrot and
ductlylty is cailcula}ted at thg same densities and tempera.turTés in Dharma-Wardana[12], where the equation of state, a
malrix approximatiorTM) with respect to the Debye potential, and o i qenendent electron-ion pseudopotential, and the ion-
in Born approximation(BA) with respect to the Ashcroft empty- . ) .
core potential(see the texjt Theoretical results of Perrot and Ion.Str.UCture factor afe determined Self‘cons.IStently' T.he
Dharma-WardanPD) are also giver{dotted ling [12]. der_lvatlon of a density-dependent eIecFron—mn potenpgl
which changes from a weak pseudopotential at high densities
transition, which has been obtained for the electrical conduct® 2 De_bye-hke potential for lower densities is needed. This
tivity; see Figs. 7—11. is the aim of future work.
Such a metal-to-nonmetal transition is observed when ex-
panding fluid metals like mercury or the alkali metals ther- VIIl. CONCLUSIONS
mally from the melting point toward the critical point of the
liguid-vapor phase transition. The simultaneous occurrence In this paper we have determined the electrical and ther-
of a thermodynamic phase transition and an electronic tranmal conductivity as well as the thermopower for aluminum,
sition gives rise to peculiarities in the physical properties, se@on, nickel, copper, zinc, and tungsten plasmas within a par-
Ref.[40]. For instance, experiments for expanded fluid mer4ially ionized plasma model, originally developed for hydro-
cury have shown that the thermopower can reach positivgen plasm§l7]. We have considered a realistic plasma com-
values near a critical temperature Bf=1751 K, and that position. Interactions of free electrons with other electrons
the zero of the thermopower just coincides with the criticaland the relevant ion species were treated dmaatrix level,
density of the liquid-vapor phase transition &b, and electron-atom scattering in the Born approximation.
=5.80 g/cni [41]. Therefore, a tendency of the ther- The agreement with available experimental data for the
mopower toward positive values could be a hint for the ex-lectrical conductivity 19,20,23 is reasonable. The general
istence of a phase transition or, at least, for an electronibehavior of expanded metal plasmas as a function of density

o (10%(Qm))

transition. and temperature can be understood within the present PIP
model. In particular the metal-to-nonmetal transition in the

VII. ELECTRICAL CONDUCTIVITY FOR HIGH expanded, partially ionized vapor can be explained by the
TEMPERATURES AND DENSITIES occurrence of neutral atoms. This was already shown for

expanded metal fluids such as cesium at lower temperatures

Benageet al. [24] measured the electrical conductivity of [37]. The minimum behavior of the electrical conductivity,
aluminum in an exploding wire pinch. In these experi- as found experimentally for low temperatures, can be repro-
ments, the initial density is about 3 g/&mand the initial  duced.
temperature about 10000 K. The density decreases due to Various improvements of the present approach are pos-
thermal expansion to about<gL0" 2 g/cn?, while the tem-  sible. For instance, the influence of non-Coulombic contribu-
perature increases up to 280000 K. Therefore, these expetions to the electron-ion potentials has to be studied using
ments are suitable to study the behavior of our method in theelf-consistent pseudopotentials rather than the Debye poten-
high-density and high-temperature limit. THematrix ap- tial. A density-dependent electron-ion potential which
proximation applied so far for the calculation of transportchanges from a weak pseudopotential at high densities to a
cross sections for charged particle scattering is in goodebye-like potential for lower densities has to be used. Fur-
agreement with the experimental data for temperatures aboweermore, higher charged states bey&rds+ may have an
100000 K and below densities of 0.6 gftrfsee Fig. 17. influence on the plasma properties at the highest densities
The strong increase of the conductivity for lower tempera-and temperatures considered here. There the equation of state
tures and near-liquid-like densities cannot be reproduced. Ihas to be improved. For high densities, structure factor ef-
this density region the Debye potential becomes an invalidects and dynamic screening including local-field corrections
approximation for the interaction potential between chargealso become of importance. In conclusion, the aim of future
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work is the calculation of transport coefficients not only in swald for helpful discussions and comments. We are in-
the expanded plasma domain, but also for plasmas near angpted to A. W. DeSilvgCollege Park J. Haun and H.-J.

above liquidlike densities.
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