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Electrical conductivity measurements of strongly coupled W plasmas
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Institut für Experimentalphysik V, Ruhr-Universita¨t, 44780 Bochum, Germany

~Received 23 April 2001; published 15 October 2001!

Nonideal plasmas of tungsten were produced by vaporizing thin wires of 0.1 mm and 0.3 mm in diameter in
small glass capillaries~in air! by means of a short-pulse current from an electrical discharge. For a short period
of time, the inner wall of the rigid glass capillary confines the plasma until the induced pressure shock wave
disintegrates the capillary. Spectroscopic measurements were carried out on the ejected plasma close to the end
of the capillary. The plasma temperature was obtained by fitting a Planck function to the measured continuum
spectrum. The resistance was derived from the voltage across the plasma and the current through the plasma.
The plasma radius was determined with an intensified charge-coupled device camera and a streak camera and
allowed the derivation of the conductivity. Particle densities were of the order of 1022 particle/cm3 and
electron temperatures were in the range from 10 kK to 22 kK. These measurements are compared with
theoretical models and previous work.

DOI: 10.1103/PhysRevE.64.056403 PACS number~s!: 52.25.Fi, 52.25.Jm, 52.25.Os, 72.15.2v
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I. INTRODUCTION

The electrical conductivitys is a fundamental quantity o
plasmas and not well known for high-density and lo
temperature plasmas, i.e., for so-called strongly coupled
nonideal plasmas. It determines the dissipative heating of
plasma and its interaction with an external field. The elec
cal conductivity is very sensitive to the electron states. D
ing the transition from a metal through the liquid phase t
weakly conducting gas phase it varies from a state of alm
free electrons to electrons strongly bound to atoms and he
a phase of low conductivity. Then by ionization the electric
conductivity increases again by several orders of magnitu
Tungsten has a wide range of applications in industry an
other fields; tungsten wires are used, e.g., in x-ray tub
electron microscopes, and electron microprobes, taking
vantage of the high temperature for melting~3680 K! and
evaporation. The conductivity of the corresponding plasm
is of great interest, therefore, and we applied the rece
developed technique@1,2# of rapidly vaporizing and heating
a thin wire in a glass capillary by the current from a suita
discharge to generate these plasmas for such studies.
glass capillary provides confinement of the plasma for so
time, and thus a reasonably well defined density. In@3# the
method was modified and water was employed as confin
medium. After discharging a capacitor through the thin wi
sufficient energy has been supplied to the wire to chang
into a plasma. Resistance and plasma temperature are
sured as function of time using optical and electrical meth
as we will see later. Previous studies in our laboratory
cused on the conductivity of plasmas of copper@1#, alumi-
num@2#, zinc @4#, and carbon@5#. Now we turn to tungsten a
an example of a metal with a high melting temperature. T
results will be compared with other experiments and w
theoretical calculations. High-density low-temperature pl
mas are usually strongly coupled and are characterized
the Coulomb coupling parameterG for the ions and the de
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generacy parameteru for the electrons, in addition to the
plasma temperature, mass density, and electron density@6#.
G is a measure of the Coulomb interaction and is defined
the ratio of average Coulomb interaction energy to aver
kinetic energy:

G5
Z2e2

4pe0akBT
52.6931025

Z2 A3 ni

T
, ~1!

wherea5(3/4pni)
1/3 is the ion-sphere radius,Z is the aver-

age ionization state,ni is the ion density in m23, andT is the
plasma temperature in K. The degeneracy parameter use
a measure of the level of degeneracy of the electrons is

u5
kBT

EF
5

2mekBT

\2~3p2ne!
2/3

52.3631014
T

A3 ne
2

, ~2!

whereEF denotes the Fermi energy,ne the electron density
in m23, andme the mass of the electron. The dependence
the electrical conductivitys on the coupling parameter an
temperature will be discussed and analyzed in the last
tion. For the plasmas studied in this investigation typica
G>1, i.e., the plasmas are strongly coupled with the el
trons being slightly degenerate,u<1.

II. DESCRIPTION OF EXPERIMENTAL SETUP
AND EXPERIMENT

A schematic diagram of the apparatus is shown in Fig
The capillary tube 6 mm in diameter~arrow 1! has a bore of
0.8 mm and a length of 24 mm. With the tungsten w
inside it is placed between brass electrodes~arrow 4!, and the
ends are lightly clamped to contact the ends of the wire. T
tungsten wire ~arrow 2! has a purity of approximately
99.98%, a length 24 mm, and wires of diameters 0.3 mm
0.1 mm were used. A capacitor bank of 3.86mF charged to
10–24 kV as a source of energy is connected with the e
trodes~arrow 4! and is discharged through the tungsten wi
The brass electrodes are isolated by a thick plastic co
~arrow 3!. For the observation of the time history of th
©2001 The American Physical Society03-1
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diameter of the plasma column the visible light emitted fro
the plasma~arrow 5! is focused onto a slit oriented perpe
dicular to the wire, and this slit is imaged again onto t
cathode of a streak camera sweeping the image at 50 ns
in the plane of the film. Three types of film were used w
the streak camera: Polaroid 667 for calibration, and Kod
Tmax 400 and Ilford HP5 for measuring the plasma radius
a function of time. The pulse from a ruby laser was used
time reference, and it is seen as a vertical line at the left s
of the streak photographs. For checking the homogeneit
the whole plasma column the streak camera could be
placed by an intensified charge-coupled device~ICCD! cam-
era and photos of the full plasma column could be tak
Light emitted into the direction opposite to the camera w
split into two beams by a glass plate in the optical path; o
beam was focused onto a 1/8 m monochromator equip
with an optical multichannel analyzer for recording the f
spectrum from about 380 nm to 700 nm. The relative se
tivity of the system was determined using a tungsten ribb
lamp. The other beam was focused onto a 1/4 m monoc
mator with a photomultiplier to record the time evolution
the emission at 655 nm. The discharge current wavefo
monitored by a Rogowski coil~arrow C!, was typical of that
of overdampedLCR circuits. The rate of rise of the curren
being limited by the total circuit inductance~154 nH!, the
load wire inductance was typically about 30 nH for wires 0
mm in diameter and 29.4 nH for wires 0.1 mm in diamet
The voltageV across the wire/plasma is measured by t
voltage dividers, each connected to one of the electro
The voltage consists of an inductive componentLdI/dt
1IdL/dt and the resistive componentIR of interest. At the
beginning of the discharge when resistance and current
very low, the inductive term even dominates. At later tim
when the plasma fills the capillary,IdL/dt is negligible. The
resistanceR of the confined plasma is thus simply obtain
from

R5
V2LdI/dt

I
, ~3!

leading to the conductivitys via

s5
l

pr p
2~ t !R~ t !

, ~4!

FIG. 1. Schematic of the apparatus.A andB are connections to
the voltage dividers,C is the Rogowski coil, 1 is the capillary, 2 i
the wire, 3 is an insulator, 4 are the electrodes, and 5 indicates
directions of observation.
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l being the length of the plasma~capillary! andr p its radius.
As recognized already in Ref.@7# the effects of the magnetic
field on the resistance are negligible because the elec
collision frequency is much higher than the electron cyc
tron frequency. The plasma is thus isotropic and the cond
tivity a scalar quantity. The exploding tungsten wire in t
glass capillary can be described approximately as follo
Initially the very high current pulse,I max ;36 kA, which
depends on the cross section of the tungsten wire, heats
wire up to its melting point and then to temperatures hig
than the boiling point of the metal. This part of the explosi
lasts typically several hundred nanoseconds depending
the LCR circuit parameters. At this time the electron me
free path is very short in the high-density metal gas and
resistance of the vaporized wire increases sharply and
current decreases by several orders of magnitude. Virtu
no light is emitted during this early period as the hig
pressure gas expands; the pressure then decreases and
ionization can occur as the electron mean free path increa
The current rise time was usually about;710 ns at 16 kV
charging voltage for wires 0.3 mm in diameter, the circ
frequency beingf ;170 kHz. For homogeneous heating
the wires it is crucial that the current density is nearly co
stant over the cross section of the wires. This is indeed
case as estimates of the skin depth show. For a condu
with conductivitys and permeabilitym, the skin depthd is
given by

d5
1

Ap f sm
. ~5!

For all wires employed the skin depth was larger than
diameter of the wires (d50.28 mm). At our relatively slow
rates of energy input we also should check if radiation los
could inhibit vaporization of the wire. The radiation losses
a blackbody of surfaceA are given by

S dE

dt D
rad

5s0A~T42T0
4!, ~6!

where s055.6731028W/m2 K4 is the Stefan-Boltzmann
constant, andT0 andT are the ambient temperature and t
temperature of the blackbody, respectively. At the boili
point of tungsten (T55800 °K) the losses of a wire 0.3 mm
in diameter and 24 mm in length are thus 1.45 kW, and o
wire 0.1 mm in diameter at the same length 0.48 kW. This
small compared with the input power (.43105 kW) and
hence only a very small fraction is not available for heatin
melting, and vaporization. Measurements of the resista
are meaningful only after the wires are completely vap
ized. Assuming a thermodynamically reversible vaporizat
process@8#, the total energy needed for that may be calc
lated. For the wire 0.3 mm in diameter~mass 32.75 mg! this
energy is 170 J and has been input at a time 975 ns a
beginning of the discharge; for the wire 0.1 mm in diame
the necessary input has already been completed after 48
@see later in Fig. 3~c!#.
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III. THEORY

In the low-density limit the conductivitys of ideal plas-
mas is usually described by the standard Spitzer theory@9#

sSp5gE2.6331024
T3/2

ZlnL

1

V cm
, ~7!

where ln L is the Coulomb logarithm and the factorgE
depends on the average degree of ionizationZ; for Z51, for
example,gE50.582. For nonideal plasmas the usual defi
tion of the Coulomb logarithm is slightly modified@10#. In
the opposite limit the Ziman theory gives the conductiv
for liquid metals @11#. It is based on a functional relatio
similar to the Drude theory,

se5
nee

2

mnF
Le , ~8!

which merely includes scattering of the free electrons at
thermal oscillations of the metal grid.Le is the mean free
path length of the electrons andvF is the Fermi velocity,
which depends on the electron density. The calculation ofLe
usually requires knowing the ion structure factor. For te
peratures above the melting temperatureTm , it is approxi-
mated by

Le550a
Tm

T

1

g
, ~9!

where a is the interatomic distance and the constantg is
chosen for each metal to correctly give the increase in re
tivity at melting. The melting temperature itself may be c
culated according to@10#

Tm50.32F j

11jG4

j2b22/3 eV, ~10!

whereb50.6Z1/9, j59.0Z0.3r/A, Z is the nuclear charge,r
the mass density, andA the atomic weight. For the regime o
nonideal plasmas between the above limits, various meth
have been applied to modify appropriately the stand
Spitzer theory on the one end and to extend the Ziman the
on the other end. They are referred to in Ref.@12#; these
authors calculated the conductivity within the linear respo
theory, which also reproduces in the appropriate limits b
the Spitzer and Ziman theories.

IV. RESULTS AND DISCUSSION

The voltage and current and hence the resistance are
sured during the whole discharge, but the interpretation
the resistance in terms of a conductivity is meaningful o
at times when the plasma is homogeneous along the a
The homogeneity therefore was checked by photogra
Figure 2~a! shows such a photograph taken at 1165 ns a
the beginning of the discharge in a case where the capil
was split for observation in the midplane. Figure 2~b! gives
an example of a streak photograph of the expanding w
plasma, which allows the determination of the radius of
05640
-

e

-

s-
-

ds
d
ry

e
h

ea-
f

y
is.
s.
r

ry

e/
e

plasma and of the time when the plasma hits the inner w
This enables the derivation of the plasma density from
original mass of the wire assuming that the losses thro
the ends of the capillary are small. The use of two wires
different diameters resulted in different densities, and driv
the discharge through the wires at different voltages a
hence with different currents led to different temperatures
the plasmas due to different Ohmic heating.

Figure 3~a! shows current through and voltage across
wire for three different charging voltages of the capacitor.
discussed in Sec. II, vaporization is completed after ab
1000 ns and the plasma hits the wall at around 1100 ns.
the 0.1 mm diameter wire these times are 500 ns and 600
respectively. Figures 3~b! and 3~c! give the resistance of the
wire/plasma according to Eq.~3! and the power input into
the wire as well as the accumulated energy deposited in
wire. Figure 4 displays the mass density calculated from
observed radius of the plasma and the temperature for
case of 16 kV charging voltage on the capacitor. It was
rived by fitting a Planck function to the spectrum emitted
the wavelength range from about 420 nm to 550 nm. It is

FIG. 2. ~a! Photograph of glass capillary and tungsten plas
taken with an ICCD camera~gate time 40 ns! at 1165 ns after the
beginning of the discharge. The diameter of the tungsten wire
0.3 mm; the initial voltage at the capacitor was 16 kV.~b! Streak
photograph of an exploding tungsten wire 0.3 mm in diameter,
kV initial capacitor voltage.
3-3
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S. SALEEM, J. HAUN, AND H.-J. KUNZE PHYSICAL REVIEW E64 056403
possible to infer the charge composition from our obser
tions. In general, it will be multispecies. For tungsten it w
calculated by Kuhlbrodt and Redmer@12# using a system of
coupled mass action laws with corrections for pressure
ization. For our range of densities and temperatures they
tain an average chargeZ'0.7, revealing that the plasmas a
partially ionized.

The conductivities derived from the measurements w

FIG. 3. ~a! Current through and voltage across the wire as fu
tions of time for the discharge through a tungsten wire 0.3 mm
diameter, for three different charging voltages of the capacitor.~b!
Resistance of wire/plasma.~c! Power into the wire and accumulate
energy deposited in the wire.
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the thick and the thin wires are finally shown as functions
the mass density in Fig. 5. The error is estimated to be ab
15%. The temperature is different for different mass den
ties, and therefore an average temperature is indicated
three density ranges. For comparison experimental va
obtained by DeSilva and Katsouros@13# are given; they em-
ployed wires confined by water. At higher mass densities
low temperatures, where according to Klosset al. @14# the
conductivity is weakly dependent on the temperature,
agreement between the two measurements is very good
lower densities some deviations occur due to the differ
energy input used resulting in different temperatures. At
higher densities tungsten is still liquid and conductivities o
tained by Seydelet al. @15# and by Klosset al. @14# for the
temperature range from 4 kK to 13 kK are also plotted. B
cause of the negligible temperature dependence in this ra
it is meaningful to compare these conductivities with the

-
n

FIG. 4. Density and temperature as functions of time for the
mm diameter wire. The typical error is 15% for the temperature a
it is indicated for one time.

FIG. 5. Experimental conductivity. For comparison experime
tal results of DeSilvaet al. @13#, Seydelet al. @15#, as well as of
Klosset al. @14# are given in addition to theoretical calculations b
Likalter @16# for the high-density range.
3-4
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ELECTRICAL CONDUCTIVITY MEASUREMENTS OF . . . PHYSICAL REVIEW E 64 056403
retical calculations by Likalter for one temperature~12.5 kK!
@16#, which just corresponds to the critical temperatu
~curve 1 of Fig. 5!. The agreement is indeed satisfactory.

FIG. 6. Comparison of the experimental conductivities w
various theoretical calculations.
05640
Our conductivities in the lower-density range are co
pared with several theoretical calculations for three tempe
tures in Fig. 6. They are calculations by Lee and Moore@10#,
by Ichimaru@6#, by Ziman @11#, by Kuhlbrodt and Redmer
@12#, and by Ro¨pke cite@17#, and results obtained accordin
to the Spitzer theory@9#. At mass densities of 1 g/cm3 and
below the best agreement is with the Ziman theory.

It is interesting to plot the conductivity as a function
the coupling parameter. This is illustrated for low mass d
sities in Fig. 7. We find thats is quite well approximated by

s5180G5/3 S/cm ~11!

with no additional dependence on temperature. This ho
for the range 1<G<7. The comparison with the results ob
tained for Cu plasmas@1# indicates that the scaling withG5/3

also holds quite well in the above range although the ab
lute values are different.

V. CONCLUSIONS

We have measured electrical conductivity and plas
temperature for rapidly vaporized tungsten wires confined
glass capillaries and compared the results with theoret
calculations. Temperatures were in the range from 10 to
kK; mass densities were between 0.4 and 15 g/cm3. For
coupling parameters between 1 and 7 a rather simple depen
dence solely on the coupling parameter is found.
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FIG. 7. Conductivity as a function of the coupling parameter
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