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Electrical conductivity of nonideal carbon and zinc plasmas: Experimental and theoretical results
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Electrical conductivities of nonideal carbon and zinc plasmas have been measured in this paper. The plasma
is produced by vaporizing a wire placed in a glass capillary within some hundred nanoseconds. In the case of
carbon, vaporization occurs with good reproducibility when utilizing a preheating system. The particle density
is in the range ofn5(1 –10)31021 cm23. The plasma temperature, which is obtained by fitting a Planck
function to the measured spectrum, is between 7–15 kK. Plasma radius and behavior of the plasma expansion
were studied with a streak, a framing or an intensified charge coupled device camera. We compare the
measured electrical conductivities with theoretical results, which were obtained solving quantum kinetic equa-
tions for the nonideal partially ionized plasmas. In this approach, the transport cross sections are calculated on
the level of aT-matrix approximation using effective potentials. The plasma composition is determined from a
system of coupled mass action laws with nonideality corrections.
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I. INTRODUCTION

The study and the understanding of transport mechani
of nonideal plasmas has become more and more importa
recent decades. A fundamental quantity that can be meas
is the electrical conductivity. Theories for ideal plasmas
conducting liquids of Spitzer@1# and Ziman@2#, respectively,
are not capable of describing the behavior of such plasm
The models of Lee and More@3#, and Djuric@4# also do not
fit with the experimental values very well. Theoretical im
provements require a more rigorous approach to the trans
properties of nonideal plasmas based on quantum statis
theory. Such investigations have been done in the re
years in the frame of kinetic theory and linear respon
theory ~see, e.g.,@5–13#!.

To conceive a better understanding of the processe
nonideal plasmas, it is important to have as many differ
methods of measurements as possible as well as an app
ate theoretical description of the regime of nonideal partia
ionized plasmas. Measurements of the electrical conducti
were carried out by Benage for polyurethane and alumin
@14,15#, and experimental data for copper and aluminu
plasmas were published by DeSilva and coworkers@16–18#.
For tungsten several different measurements were perfor
and modeled by Kloss and coworkers@19–22#. These mea-
surements allow a comparison with theoretical results for
electrical conductivity, e.g., obtained with the linear respo
theory for metal plasmas@23,24#. In this paper we compare
the latest measurements of carbon and zinc plasmas with
results of the kinetic theory for partially ionized plasmas.

New technologies based upon laser and particle bea
x-ray lasers, and plasma sources, e.g., the very efficient c
ter lamps@25# and flash lamps, advance the research of n
ideal plasmas. Arrays of some hundred tungsten wires
1063-651X/2002/65~4!/046407~11!/$20.00 65 0464
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simultaneously vaporized in new ultra high powerx-ray
lamps~200 TW! for fusion applications@26#. The electrical
conductivity of these nonideal plasmas determines the e
ciency of such arrangements. Nonideal plasma occurs w
matter is subjected to strong shock, detonation, and ele
explosion waves, and during hypersonic motion of bodies
dense planetary atmospheres. In nature nonideal plasma
be found in the core of dwarf stars or giant gaseous plan
such as, jupiter@27#, or in the core of a lightning stroke.

Nonideal plasmas are characterized by the coupling
rameter G, which is defined as the ratio of the mea
potential energy to the mean kinetic energy:G
5(^Z&2e2)/(4pe0kBTri), with the ion sphere radiusr i

5A3 3/4pni and the average ionization level^Z&. Obviously
G}A3 ni /T and is therefore given by the ion densityni and
the temperatureT. With respect to the following measure
ments, we estimate a maximum ionization level of^Z&51.
In general the ionization level iŝZ&,1 in our measure-
ments. ForG&1, we have a weakly nonideal plasma. F
G.1 the plasma is nonideal or strongly coupled. In our pl
mas the coupling parameter is in the range of 0.3,G,2.6.

We produce the nonideal plasma at near-solid-state de
ties and temperatures lower than 16 000 K by fast vapor
tion of a metal wire, often called an exploding wire. The wi
is surrounded by a small duran-glass capillary. The capill
confines the plasma column for some hundred nanosec
before it disintegrates. by using this technique one has
following three advantages: First the plasma reaches a hi
density because the expansion process is stopped by the
illary. Second the homogeneity is better, and third the k
and sausage instabilities are reduced. The combinatio
different capillaries and wire diameters allows us to produ
homogeneous plasmas in a wide range of densities and
peratures.
©2002 The American Physical Society07-1
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HAUN, KUNZE, KOSSE, SCHLANGES, AND REDMER PHYSICAL REVIEW E65 046407
In all previous exploding wire experiments only metal
or metal-like wires were vaporized. The reason for this is
good electrical conductivity of metals. The resulting fast e
ergy input leads to a well reproducible and homogene
plasma. On the other hand the conductivity of carbon is th
orders of magnitude smaller than that of metals. Therefor
was not possible to produce good carbon plasmas in the
In contrast to metals, the conductivity of carbon increa
with increasing temperature~hot conductor!. Therefore, de-
veloping a preheating system enabled us to use this effec
producing carbon plasmas with the same homogeneity
reproducibility as it is seen for metal plasmas. We cho
carbon because it is the lightest~and therefore simple to de
scribe! element, which is solid at room temperature and a
easy to handle. Carbon is a very important element in na
and in technical applications. Zinc is interesting due to
low melting point and because the metal-nonmetal transi
called ‘‘Mott’s transition’’ @28# is predicted completely inside
the liquid phase@29#.

This paper is organized as follows. The experimen
setup is described in Sec. II. In Sec. III we explain the p
duction of the plasmas, describe the preheating system
the measurements of the temperature. We present the ki
approach to the electrical conductivity in Sec. IV using sta
dard methods of kinetic theory. We determine the plas
composition from a coupled system of mass action laws.
transport cross sections are calculated in theT-matrix ap-
proximation. In Sec. V, we compare the measured cond
tivities with our theoretical results.

II. EXPERIMENTAL SETUP

A carbon wire with diameter of 273mm, or a zinc wire
with diameter of 125mm or 380 mm was inserted into a
duran glass capillary of 24 mm in length, having an inn
diameter ranging from 0.4 to 1.3 mm and an outer diame
ranging from 6.0 to 9.0 mm. The size of the wire was sm
enough to guarantee homogeneous vaporization without
pairment due to the skin effect. On the other hand, due to
high electric field surrounding the wire at the beginning, t
generation of a peripheral discharge could be induced if
diameter of the wire was too small. Sparks at the ends of
electrodes were avoided by soldering the wire to the e
trodes~especially for the brittle material carbon!. A ~1/4!-m
monochromator equipped with a photomultiplier observ
the plasma to provide a monitor signal. Sparks or con
problems of particular shots could be recognized when us
this technique. The wire surrounded by the glass capill
was placed in a discharge chamber 30 cm in diameter.
windows in the chamber enabled us to observe the plas
The arrangement of the two electrodes is shown in Fig
Two low inductive capacitors connected in parallel a
charged up toU520 kV and discharged through the wire b
closing a low inductive pressurized spark gap switch. T
maximum energy stored in the capacitor bankC
53.86 mF) was 770 J. The small resistance of 27mV and
the low inductance of only 154 nH of the circuit make su
that the current rises to a first peak of 12 kA within 200
with the zinc wire and to a peak of 34 kA within 1500 n
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with the carbon wire. A separately calibrated Rogowski c
surrounds one electrode to measure the time derivative o
current. The current itself is obtained by integration of t
Rogowski signal. To check the calibration of the Rogows
coil the total charge calculated by integrating the curr
over the time is compared with the original charge on
capacitor bankQ5UC minus the remaining charge after th
discharge. The resulting error is smaller than 1%. Two vo
age dividers, each consisting of a 3-kV resistor~three 1 kV
2 W carbon resistors in series! in series with a 50-V resistor
are used to measure the voltage at the load. The 50-V resis-
tor consists of eight 400-V resistors in parallel, mounted in
low inductance configuration. The calibration of the volta
dividers was done very carefully for a wide frequency ran
from 50 Hz to 20 MHz, and it turned out that in this rang
the inductive or capacitive components can be neglec
The measured voltage consists of a resistive and an induc
componentU5IR1d/dt(LI ). During the first 50 ns the re
sistance of the wire anddL/dt are both small enough so tha
the IR andIdL/dt terms are negligible relative to theLdI/dt
term, and the wire inductanceL may be determined as th
ratio of voltage to the current time derivative. This chec
well the calculated inductance of a cylindrical conduct
Later the resistive component dominates. Since the chang
inductance due to phase transitions is negligibly small, so
ing for the plasma conductivitys yields

s5
l

RA
5

I

U2LDİ

l

pr 2
, ~2.1!

whereA and r are cross sections and radius of the plas
column, respectively, andLD is its inductance.r was mea-
sured in different ways. First we employed an IMACO
camera, which can be used either in a streak or in a fram
mode. For streak pictures the wire image was focused o

FIG. 1. Top: Photo of the wire inside the capillary connected
the electrodes; below: Schematic drawing of the arrangement.
7-2
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ELECTRICAL CONDUCTIVITY OF NONIDEAL CARBON . . . PHYSICAL REVIEW E65 046407
the entrance slit oriented perpendicularly to the wire.
used streak speeds of 10 to 50 ns/mm on the picture. To
the time of the streak picture relative to the electrical sign
the pulse of a ruby laser was used. The laser was fired
short time before the start of the discharge and illumina
the entrance slit thus setting a time mark on the picture.
electrical signal of a fast photodiode observing the la
pulse was recorded on the oscilloscope and gave the
origin of the electrical signals. Two typical streak photos a
shown in Fig. 2. For the purpose of taking two-dimensio
pictures of the plasma column the entrance slit was remo
and the camera was operated in the framing mode. In
mode we obtain 6–20 pictures of one single discharge.
exposure time of each picture is 40 ns and the time betw
two pictures is 200 ns. The framing pictures also give
information about instabilities, inhomogeneities, the beh
ior of the plasma column at the ends of the capillary, a
possible sparks at the electrodes due to contact proble
Second an intensified charge coupled device~ICCD! camera
was used instead of the IMACON camera. The ICCD cam
produces one picture~duration 20 to 40 ns! per shot of the
whole wire with high quality. The plasma column was o
served inside one single capillary as well as in the gap
tween the two parts of a capillary that has been cut in t
pieces. The capillary acts like a lens for light originating
the middle of the capillary. Different magnification of th
plasma column at the detector is the result. With the help
the framing camera and the ICCD camera, it is possible
obtain the different magnification factor and to record t
behavior of the plasma inside and outside the capillary.

FIG. 2. Typical streak pictures of carbon and zinc plasmas.
time mark~vertical line! of the ruby laser can be seen on the le
margin of the pictures. The plasma light emission starts at 450
for carbon and at 250 ns for zinc. The plasma is reaching the in
part of the capillary~0.78 mm at carbon, 0.73 mm at zinc! very
quickly. Then the capillary fixes the plasma radius some hund
nanoseconds for carbon and about hundred nanoseconds for
before it breaks. The light emission is reduced at this moment
zinc. Conductivities are measured after the plasma has reache
inner part of the capillary and before the capillary breaks.
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The spectral density profile is observed within the ran
400 nm,l,700 nm with the help of a~1/8!-m spec-
trograph and an optical multichannel analyzer. The gate t
was 30–100 ns and the spectral resolution was 0.5 nm
channel.

III. DATA ANALYSIS

A. Production of the carbon plasma

Compared to metals the electrical conductivity of carb
is three orders of magnitude smaller at room temperat
Therefore, the energy input is too slow to produce a hom
geneous plasma, without kink or sausage instabilities.
conductivity increases with temperature. As written in F
sythe@30# the conductivity rises from 2.93104 (Vm)21 at
T50 °C to 1.13105 (Vm)21 at T52500 °C. These values
can only be taken as a tendency, because the exact beh
of the conductivity strongly depends on the lattice struct
of the carbon used for the experiments. The fact of hig
conductivity at high temperature is used for developing
preheating system. A dc current of 1 A heats the wire in
s to about 3000 K. The period is long enough to heat the w
homogeneously but short enough not to loose material fr
the wire by oxidation. Various experiments were carried o
to find optimum conditions. After preheating, the main d
charge is triggered automatically and the wire starts to
porize. To prevent the destruction of the dc power supp
connected in parallel to the main capacitor bank, two h
inductance coils and some diodes were installed in the cir
of the dc power supply.

Figure 3 shows framing pictures of typical discharge
The instabilities occur more extensively if the capillary
absent, because the capillary wall suppresses instabilitie
soon as the plasma reaches the inner wall of the capill
Therefore, instabilities can be observed better in explosi
in air. If a random hot channel develops, the conductiv
increases more inside the hot channel than in other zone
the wire due to the ‘‘hot conductor characteristic’’ of carbo
As a result the channel heats up further and the inhomo
neity grows~self-amplification!. For this reason it was no
possible to produce homogeneous carbon plasmas in the
by using the exploding wire technique. In this paper w
present framing pictures with very homogeneous carb
plasmas. We also vaporized other pure metals~Al, Fe, Ag,
Cu, W! in our facility. In comparison to metals the carbo
plasma is indeed more homogeneous. As a side effect, sp
at the electrodes, as a result of bad electrical contact, w
reduced by the use of the dc precurrent. As a third differe
the plasma emits light about 500 ns earlier with the prehe
ing system turned on.

B. Characteristics of the discharge

Figure 4 shows some characteristics of the discharge
carbon and zinc. The different behavior of the discharge
be seen in the current and voltage signals@Figs. 4~a! and
4~b!#. In Figs. 4~c! and 4~d! the resistance and the energ
input is shown. The energy is calculated simply by
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HAUN, KUNZE, KOSSE, SCHLANGES, AND REDMER PHYSICAL REVIEW E65 046407
FIG. 3. Framing pictures of the exploding carbon wire in air without capillary. The behavior of the exploding plasma can be studie
without using the capillary. The first three rows show different inhomogeneities as they appear without the preheating system. We
outer shelters coming off, single current channels, and kink instabilities. The last two rows show perfect homogeneous plasmas. T
good as plasmas produced from metal wires. With the preheating system switched on, first the plasma has a higher energy befor
discharge is triggered and second the current rises faster because of the higher conductivity of the hot wire. As a consequence
starts to emit light about 0.5ms earlier.
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E5E U~ t !I ~ t !dt. ~3.1!

Any losses by radiation can be neglected because the
ated power at 10 000 K is orders of magnitude smaller t
the energy input according to the Stefan-Boltzmann l
With carbon 200 ns after the beginning the current and
04640
di-
n
.
e

voltage drop; this may be due to the phase transitions. A
that the resistance is falling while the plasma state is reac
The plasma is expanding withv53 km/s and reaches th
inner part of the capillary at about 500 ns. The scenario
quite different with zinc: after a first peak in the first 80 n
we observe a dramatic increase of the resistance by a
two orders of magnitude. The resulting decrease of the
ire
he
s.
FIG. 4. Measured time traces of the current and voltage for carbon~a! and zinc~b!. The resulting resistance and energy put into the w
for carbon~c! and zinc~d!. The energy was calculated in 5 ns steps by integratingUI over time. The diameters of the wire seen with t
streak camera and the resulting particle density are shown for carbon~e! and zinc~f!. Pictures~a!–~d! result from the average of many shot
The results of~e!–~f! were obtained from the shots of Fig 2.
7-4
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ELECTRICAL CONDUCTIVITY OF NONIDEAL CARBON . . . PHYSICAL REVIEW E65 046407
rent is prevented by the inductance of the whole circuit. T
high energy still stored on the capacitor bank at this time
responsible for the measured increasing voltage. The velo
of the plasma propagation to the capillary wall is higher b
factor of 2 due to the larger voltage at this moment. T
voltage peak~46 kV! even exceeds the initial charging vol
age of the capacitors~20 kV!. At this time the plasma ha
already reached the inner wall of the capillary. Later at
very end of the discharge, the resistances of carbon and
tend to the same magnitude.

The conductivity is measured after the plasma has reac
the inner wall of the capillary. The wall guarantees best
mogeneity and reproducible plasma parameters. The pla
expansion is stopped for a short time by the capillary w
and the radius is constant as can be seen in Figs. 4~e! and
4~f!. The pressure taken from the SESAME@31# table at this
moment for the measured density and temperature is a
15 kbars. With carbon the capillary can stop the expans
process for about 800 ns. The conductivity can be meas
as a function of temperature for constant density. For z
@Fig. 4~f!# this time interval is short~80 ns!. The change in
temperature is smaller than the statistical error of the te
perature measurement. Therefore, the conductivity is m
sured for one temperature at one density. The density of
zinc plasmas is varied by using different capillaries with d
ferent inner diameters.

Small disturbances of the density propagate with the lo
sound speedcs and therefore expansion will be homog
neous in the casecst,a (a is the radius of the channel,t is
the characteristic time for the process!. In our caset is the
time the plasma needs to reach the inner wall of the capil
after the wire has completely vaporized~85 ns for carbon and
50 ns for zinc!. In both cases this inequality is fulfilled an
hence the plasma should be homogeneous.

C. Temperature measurements

The temperature is measured spectroscopically by fittin
Planck function to the measured spectrum. If homogen
and local thermodynamic equilibrium~LTE! are assumed an
the optical deptht(l,t) is higher than 4, the spectral radia
tion reaches the Planck curve with a small deviation of
@32#. This optical depth is reached even at the surface of
plasma. The validity of LTE requires checking relevant tim
constants and estimating the electron collisional rates@33#.
Both plasmas are sufficiently dense and long lived. Also
homogeneity criterion is fulfilled during the whole measu
ing process and even shortly after the capillary breaks. O
at the very end of the discharge absorption, lines in the sp
trum appear coming from a cold outer layer of the plasm
During the relevant period of the discharge, neither the sp
tered electrode material~we do not measure close to the ele
trode! nor the surrounding air disturbs the plasma spectr
or substantially pollutes the plasma. As a result, evacua
of the discharge chamber yields no advantage. In Fig. 5
eral ICCD pictures are shown. The emission intensity
zinc is much lower inside the capillary at the beginning
the discharge than for carbon@Figs. 5~d! and 5~a!#. Note that
the exposure time of picture in Fig. 5~d! is extended by a
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factor of 5 and it was taken at a later time of the dischar
One reason is the big diameter of the zinc wire used h
~0.38 mm instead of 0.125 mm!. But also with thin wires the
intensities from zinc plasmas are low. We cut the capillar
into two parts to have higher intensity on the one hand an
see whether the plasma was cooled by the capillary on
other hand. Our measurements show that a cooling of
outer plasma layer by the capillary is not substantial. T
measured temperatures in the gap between and inside
capillary were the same within the statistical error as long
the plasma radius is the same.

On the ICCD pictures we can see again the good hom
geneity inside the capillary for carbon until the capilla
breaks@Figs. 5~a! and 5~b!#. However, we see a plasma com
ing from the electrode material especially in the zinc ca
Therefore we measured the spectrum only in the center p
of the plasma column. The effect of the capillaries is clea
demonstrated in these pictures: without the capillary
whole plasma column would expand as observed in the
between the capillaries. With the help of the capillaries
confinement time of the plasma is increased and as a co
quence the density is much higher in contrast to explod
wire experiments done in air. This effect is more extens
for carbon than for zinc. The same behavior can also be s
in the framing pictures~Fig. 6!. Here we used the thin zinc
wires ~0.125 mm!.

In Fig. 7 the results of the temperature measurements
shown. Because the radius of the plasma is constant f
long time after reaching the inner part of the capillary, t
temperature is given as a function of time. In the zinc ca
the radius is constant only for a very short moment. The
fore we used different capillaries to vary the density. T
temperature is given as a function of the density. The erro

FIG. 5. ICCD pictures of carbon and zinc plasmas. Each pict
is taken from a different shot. The pictures show the complete c
illaries and a part of the electrodes left and right. Length of
arrangement is about 3 cm. Inside the capillaries we see the ca
and zinc plasmas. We also see the plasma containing the sput
electrode material at the very end. In this measurement the cap
ies were cut into two parts to measure the spectrum in the g
Exposure time for carbon is 10 ns and for zinc is 50 ns. The figu
were taken at~a! 550 ns,~b! 615 ns,~c! 1210 ns,~d! 770 ns,~e!
1095 ns,~f! 1950 ns.
7-5
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FIG. 6. Framing pictures of carbon and zin
plasmas. The advantage of the framing camera
that each row covers one single shot. The w
dows show an area of about 1.5 cm2. Exposure
time of each shot is 40 ns. Time between tw
pictures is about 200 ns. In figures~a! and~c! the
capillaries are cut into two parts and the gap b
tween the capillary parts can be seen.
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both cases is the statistical error of many shots.
To have an estimation of the difference between the e

tron temperatureTe and the gas temperatureTg we use the
relation from Finkelnburg and Maecker@34# for steady dis-
charges:

Te2Tg

Te
5

ms

4 me

~leeE!2

S 3

2
kBTeD 2 !1. ~3.2!

In this equation (lee E) is the energy that an electron~mass
me) acquires from the electric field during one mean fr
path le . For ms we take the mass of one zinc or carb
atom. The mean free electron path is calculated with the h

FIG. 7. Measured temperatures of carbon and zinc plasmas
carbon the temperature is given as a function of time. The ra
and density are constantr50.28 g cm23. For zinc the temperature
is given as a function of the density. The error given here is
statistical error of many shots.
04640
c-

lp

of the measured conductivitys5e neme . The electron mo-
bility me can be calculated with the help of the Boltzma
collision equation and we obtain

le5
8

3

s

e2ne

A2mekBTe

p
'3310210 m. ~3.3!

As a result we may conclude that the electron tempera
and the gas temperature are nearly equal in our plasm
DT/Te'0.1%.

IV. KINETIC APPROACH TO CONDUCTIVITY

In this section we present a kinetic approach to obt
theoretical electrical conductivities of carbon and zinc pl
mas. The plasmas produced in the experiments are con
ered to be partially ionized. For their theoretical descriptio
we employ the so-called chemical picture, i.e., the plas
species are electrons, ions and atoms with number dens
ne , nZ , andn0. The ions in the charge stateZ and the atoms
are assumed to be in the ground state. Furthermore, we
sider a spatially homogeneous plasma at temperatureT in a
constant electric fieldE.

In the frame of kinetic theory the electrical current dens
can be calculated from

j5eE d3pe

~2p\!3

pe

me
f e~pe!5sE, ~4.1!

wheres is the dc electrical conductivity. In order to dete
mine the electron distribution functionf e we start from the
quantum Boltzmann kinetic equation for a multicompone
system@35–37#. In the nondegenerate case, it follows

or
s

e
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ELECTRICAL CONDUCTIVITY OF NONIDEAL CARBON . . . PHYSICAL REVIEW E65 046407
eE•“pe
f e~pe!

5
1

\V (
b
E d3pb

~2p\!3

d3pe8

~2p\!3

d3pb8

~2p\!3

3u^pepbuTebupb8pe8&u
22pd~Eeb2Eeb8 !

3$ f e~pe8! f b~pb8!2 f e~pe! f b~pb!%. ~4.2!

On the~rhs! right-hand side there are the different collisio
terms whereb labels the plasma species. We account for
electron-electron scattering and elastic scattering proce
of the electrons with the ions and the atoms on the leve
T-matrix approximations. Here,Eeb denote the energies an
^uTebu& are theT matrices.

In the case of small deviations from thermodynamic eq
librium, standard methods of transport theory can be use
calculate the electrical conductivity@13,38,39#. We utilize
the Sonine polynomial expansion of the distribution functi
and get for thenth order approximation of the electrical con
ductivity

s (n)5
3Ap

8

nee
2

A2mekBT

DI 0
(n)

DI (n)
~4.3!

with the determinants

DI 0
(n)5U I 11

••• I 1n

A A

I n1
••• I nn

U and DI (n)5U I 00
••• I 0n

A A

I n0
••• I nn

U .

According to the rhs of Eq.~4.2! we haveI nm5(bI eb
nm . The

expressions for theI eb
nm follow in known manner by inserting

the Sonine polynomial expansion in the collision terms. F
example, the electron-ion and the electron-atom contri
tions take the form

I eb
nm5nbE dzQeb

T ~z!S3/2
n ~z!S3/2

m ~z!e2z2
, ~4.4!

whereS3/2
n are the Sonine polynomials andz25p2/2mekBT.

The transport cross sections are given by (m51)

Qeb
T 52pE

0

p

dq sinq~12cosmq!seb , ~4.5!

with seb being the differential cross sections inT-matrix
approximation. The expressionI ee

nm that follows from the
electron-electron collision term can be written as

I ee
nm5neA2 (

s51

n1m21 E
0

`

dzAs
nmz2s15Qee

T e22z2
. ~4.6!

Here, the transport cross sections are given by Eq.~4.5! with
m52 ~for n1m,6). The coefficientsAs

nm can be found,
e.g., in Ref.@40#.

Two problems have to be solved to calculate the electr
conductivity from Eq.~4.3!: ~i! The quantum mechanica
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cross sections have to be calculated, and~ii ! the composition
of the nonideal partially ionized plasma has to be det
mined.

For plasmas, as considered in this paper, the calculatio
the cross sections is a rather difficult problem. In fact,
scattering of electrons on ions and atoms with many bo
electrons embedded in a dense nonideal plasma has t
treated, i.e., both the complicated ionic and atomic struct
as well as plasma medium effects have to be taken into
count. For an approximate treatment various interact
models were considered in the recent years to calculate s
tering quantities for the determination of the electrical co
ductivity of such nonideal plasmas~see, e.g.,@6,13#!. Here,
we will use a simplified approach, i.e., we describe the sc
tering processes using analytic effective two-body potent
where plasma screening is included in the static limit. Th
the electron-electron and the electron-ion interactions are
scribed by statically screened Coulomb potentials

Veb~r !52
1

4p«0

e eb

r
e2kr . ~4.7!

Here,eb denotes the charge of speciesb. In the nondegener-
ate case, the inverse screening length isk
5(nee

2/kBT«0)1/2. For the electron-atom interaction, we u
the model of a screened polarization potential given by@41#

Veb
pol~r !52

aD

2

e2

4p«0
S 11kr

r 21r 0
2D 2

e22kr , ~4.8!

whereaD is the ground-state polarizability with the value
aD51.76310224 cm3 for carbon and aD57.1
310224 cm3 for zinc @42#. For the cutoff parameterr 0,
which determines the behavior at small distances, we use
relation r 0

45aD3aB/2ZA
1/3 @43# with aB being the Bohr ra-

dius andZA being the atomic number. In order to calcula
the cross sections for the different scattering processes,
representation in terms of the scattering phase shifts
used@43–45#. The phase shifts were calculated by numeri
solution of the corresponding Schro¨dinger equations with the
interaction potentials given by Eqs.~4.7! and~4.8!. To dem-
onstrate the behavior of the cross sections, respective re
for a carbon plasma are shown in Figs. 8 and 9. In Fig. 8
transport cross section ofe2C1 scattering is displayed as
function of the wave number for different values of the i
verse screening length. We observe a lowering with incre
ing plasma screening. Furthermore, resonance states ap
leading to typical structures in the low energy range. A co
parison of cross sections for the different scattering proce
is presented in Fig. 9. Electron-atom scattering gives
lowest contribution whereas higher cross sections foll
from the scattering of electrons on electrons and ions
higher charge states. The behavior of the resonance stat
the electron-ion scattering can be seen clearly.

To model the plasma composition we consider ionizat
and recombination processes according toXZ21
XZ1e.
Assuming the stage where chemical equilibrium is reach
the composition of the plasma is determined by the w
known condition
7-7
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mZ215mZ1me . ~4.9!

Here, me is the chemical potential of the electrons andmZ
that of the ions in the charge stateZ (m0 corresponds to the
atoms!. We divide the chemical potential according tomb

5mb
id1mb

corr , wheremb
id andmb

corr are the ideal and corre
lation parts (b5e,Z,Z21). Then the following system o
coupled mass action laws can be derived from Eq.~4.9!
@23,46,47#

nZ215
gZ21

gZ
nZ expF 1

kBT
~EZ

ion1me
id1me

corr1mZ
corr

2mZ21
corr !G . ~4.10!

EZ
ion is the ionization energy andgz denotes the statistica

weight. Respective data for carbon and zinc are given in R
@42#. The ideal part of the electron chemical potentialme

id is
calculated from F1/2(me

id/kBT)5neLe
3/2 with Le

5A2p\2/kBTme being the thermal wavelength andF1/2 de-
notes a Fermi integral. Nonideality effects are accounted

FIG. 8. Transport cross sections fore2C1 scattering in
T-matrix approximation vs the wave number for different screen
parameterskaB . k5(nee

2/kBT«0)1/2 is the inverse screening
length andaB is the Bohr radius.

FIG. 9. Transport cross sections for different scattering p
cesses for a given screening parameterkaB50.11.
04640
f.

r

in Eq. ~4.10! by the correlation parts of the chemical pote
tials mb

corr leading to a lowering of the ionization energ
According tomb5] f /]nb we calculated the contributions o
the free charged particle interaction to the electron and
chemical potentials from the Coulomb part of the free ene
density f of the plasma. Here, we used Pade´ interpolation
formulas for the electron gas, the ion gas, and the elect
ion interaction contributions determined on the basis of ex
quantum statistical results for the low and high density lim
as well as Monte Carlo data. The explicit expressions
given in @48,49#. We included the effect of the electron-ato
interaction in themb

corr on the level of a second virial coef
ficient in Born approximation using a polarization potent
given by Eq.~4.8!. Then the corresponding virial coefficien
readsBeb5*d3r Veb

pol(r ). A further analysis showed that th
influence of the atom-atom interaction on the plasma co
position could be neglected for the considered plasma
rameters. For this estimate we approximated the interato
potential by a hard-sphere potential with temperature dep
dent radii@50#.

Results for the composition of a zinc plasma as a funct
of temperature are shown in Fig. 10. The total ion dens
was chosen to ben51.8431021 cm23, which is in the range
of the measured data for the electrical conductivity~see Sec.
V!. At temperatures below 20 kK a partially ionized plasm
is described with atoms, single charged ions, and electron
be the relevant species. As expected, higher charge s
become important at higher temperatures. A remarkable f
tion of atoms is described up to temperaturesT570 kK. A
similar behavior is found for the composition of a carb
plasma. Some calculated data are given in Table I.

Finally, using the results obtained for the plasma com
sition and the transport cross sections, the electrical cond
tivity was calculated from Eq.~4.3! for partially ionized car-
bon and zinc plasmas.

V. THE ELECTRICAL CONDUCTIVITY: EXPERIMENT
AND THEORY

The experimental and theoretical results for the electr
conductivity are plotted in Fig. 11 for carbon and in Fig. 1

g

-

FIG. 10. Composition of zinc plasma as a function of tempe
ture at a given densityn51.8431021 cm23. The density is chosen
to be in the range of the experiment.
7-8
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TABLE I. Plasma composition for a carbon plasma (ZA56) with a particle density ofn51.2
31021 cm3 for various plasma temperatures. The fraction of species (C, C1, C21) is aa5na /n and the
ionization degree isae5ne /ZAn.

T (K) aC aC1 aC21 ae s (S/m)

9000 0.998 0.002 2.4531024 2.333102

12000 0.987 0.013 2.1431023 1.753103

16000 0.925 0.075 1.2531022 8.513103

20000 0.811 0.189 3.1431022 1.943104

24000 0.672 0.328 5.4631022 3.313104

30000 0.481 0.517 0.002 8.6831022 5.253104

39000 0.286 0.698 0.016 1.2231021 7.733104

50000 0.159 0.766 0.075 1.5331021 1.023105
o
ng
en
m
in
o
a

rta
n
th
tio
c
at
ie
ou
tio
o
o

and
ility
he
era-
inct.
on-

t

bol

al

an
ur
ag-

ula-

s

ion
rk
ra
e
5
lt
e

of
ed as
hots.

f 0.7
he
for zinc, respectively. Let us begin with the discussion
carbon. From the theoretical results we find the followi
general behavior of the electrical conductivity for a giv
temperature: At low densities the conductivity of a plas
consisting of free electrons and ions is described. With
creasing number density the formation of neutral atoms
curs. Simultaneously the rate of free electrons is reduced
scattering processes of electrons on atoms become impo
Consequently, the electrical conductivity decreases u
pressure ionization starts at even higher densities. At
point the conductivity increases rapidly due to the genera
of free electrons. A typical minimum behavior of the condu
tivity occurs, which depends on the number fraction of
oms. In the range of very low temperature and high densit
this behavior is not described completely in the frame of
theoretical model. In particular, the system of mass ac
laws ~4.10! does not give unique results for the degree
ionization at high densities, which indicates the limitations

FIG. 11. Electrical conductivity of carbon plasma as a funct
of density for different temperatures. The measurements are ma
as symbols. The experimental data correspond to coupling pa
eters in the range of 0.3,G,2.6. The calculated conductivities ar
plotted as straight lines. For comparison the SESAME data for 1
and 12.5 kK are plotted as dashed lines and the Spitzer resu
dotted lines. To calculate the Spitzer conductivity we assum
plasma with electrons and single charged carbon ions.
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the partially ionized plasma model used here. In Figs. 11
12 results were shown up to densities where the stab
condition of the plasma chemical potential is fulfilled and t
plasma is in the nondegenerate region. For higher temp
tures less atoms are created and the minimum is not dist
At very high temperatures there are no atoms and the c
ductivity increases monotonically.

In Fig. 11, measurements are shown for carbon aT
59 kK, T512 kK, andT516 kK. The statistical error for
the conductivity and the number density is inside the sym
width. As can be seen, the experimental data forT516 kK
and forT512 kK at the lower density match the theoretic
results well.

For comparison the SESAME data table@31# are pre-
sented. There the conductivity calculations are based on
extended Ziman formula. The SESAME data differ from o
measurements and calculations by over three orders of m
nitude. This can be understood because the Ziman calc
tion is not valid for this density regime.

For zinc plasmas~Fig. 12! we see the same behavior a

ed
m-

.9
as
a

FIG. 12. Electrical conductivity of zinc plasma as a function
density for different temperatures. The measurements are mark
squares. The error bars represent the statistical error of many s
The gray squares show some older measurements@51#. The experi-
mental data correspond to coupling parameters in the range o
,G,2.5. For comparison also the SESAME data are plotted. T
calculations of@24# are shown with dashed dotted lines.
7-9
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for carbon plasmas. The curves forT58 kK, T510 kK,
andT512 kK show the limitation of the used plasma mod
to describe the conductivity in the range of pressure ion
tion at very high densities. For moderate densities and t
peratures, i.e., for nondegenerate plasmas, there is a
tively good agreement between theory and experim
Especially, for densities of about 1021 cm23 and tempera-
turesT>10 kK the experimental data match the theoreti
results well. Here, the kinetic theory applied to a partia
ionized plasma gives a reasonable description of the ele
cal conductivity. Results for the conductivity of zinc in th
high density range were given recently by Kuhlbrodt a
Redmer using linear respose theory@24#. The results are plot-
ted in Fig. 12 by the dashed-dotted curves neglect
electron-atom scattering. A good agreement with the exp
mental data follows for low temperatures. Obviously, t
theory used in@24# is valid also for the description of th
electrical conductivity for the degenerate region of low te
peratures and high densities.

As in the case of carbon the SESAME data do not fit
measurements for zinc. Although the deviations are sma
compared to carbon, the SESAME data are not appropr
to describe the electrical conductivity in the considered
gime.

The error bars in our measurements represent the sta
cal error of many shots. The uncertainty of the temperat
measurement is about 2 kK. We see this as shown w
carrying out many discharges with the same parameters.
cooling effect of the capillary wall is negligible. The tem
peratures measured in the gap between two capillary pi
and inside one single capillary under the same conditions
the same. However, it is possible that the temperatur
higher inside the plasma. On the other hand the tempera
measurements of Krisch@18# on aluminum plasmas did no
show any temperature gradient in the plasma within the e
bars.

VI. CONCLUSIONS

In this paper we present results of electrical conductiv
measurements in comparison to calculations for carbon
a
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zinc plasmas in the nonideal plasma range. In the experim
tal part we describe the production of the plasma by fast w
evaporation and discuss the problems with respect to in
mogeneities. To produce a homogeneous carbon plasm
special preheating system was employed and the advan
of this system was illustrated by framing and ICCD picture
With the help of the preheating system it was possible
produce a homogeneous carbon plasma with better qu
than metal plasmas in the past. With the use of glass ca
laries instabilities were reduced. The temperature was m
sured spectroscopically by fitting Planck functions to
corded spectra.

In the theoretical part the electrical conductivity for no
ideal carbon and zinc plasmas was calculated using quan
kinetic equations applied to a simple plasma model cons
ing of electrons, ions and atoms. The transport cross sect
were calculated on the level of theT-matrix approximation
using analytic effective two-body interaction potentials. T
respective plasma composition was determined from a
tem of coupled mass action laws where the nonideality w
accounted for by the lowering of ionization energies w
expressions based on quantum statistical theory.

From the comparison between the experimental data
the theoretical results given in Figs. 11 and 12 we fou
relatively good agreement in the range of temperatu
higher than 10 kK and densities below 1022 cm23. Disagree-
ments are in the region of lower temperatures. The oppo
temperature dependence of some experimental data~espe-
cially in the region of high densities! compared to the theo
retical predictions is not fully understood. Consequently, f
ther experimental and theoretical work has to be done
this region where the transition from the weakly to the fu
ionized state due to pressure ionization is expected.
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