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Electrical conductivity of tungsten near its critical point
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Electrical conductivity of fluid tungsten under subcritical and supercritical conditions has been measured.
Fast wire explosions are used to create the corresponding states. The heavy-particle density varies from
4% 107 to 6X 107 cm™ 3, the temperature from 3700 up to 13 000 K. The measured electrical conductivity
mainly depends on the averaged density and seems to be independent of the temperature within the experi-
mental errors. The measurements are compared with theoretical mM&H$3-651X%96)14011-3

PACS numbsgs): 52.80-s, 72.15.Cz, 05.70.Jk
I. INTRODUCTION Il. EXPERIMENTAL SETUP AND MEASUREMENTS

The electrical conductivity in expanded alkali metals un-  As shown in Fig. 1, a capacitor 675 nB is discharged
der subcritical and supercritical conditions around the criticathrough a tungsten wire @iameter 10Qum, length 5 mm
point is well established by experimental as well as by theoin a low-inductance €53 nH including the wirg coaxial
retical investigationg1—4]. Much less information is avail- circuit. The discharge is switched with a spark gap 2 which
able about other metals in the corresponding state. In sonie optically triggered by a second small ignition spark 9. The
recently published papers the attempt has been made to stugyound conductor 7 encapsulates the whole discharge coaxi-
the transport properties of different expanded fluid metals irally. This also suppresses electromagnetic disturbances of
dependence upon the so-called nonideality or coupling pathe measurements.
rameterl’ [5—8]. This parameter is defined as the ratio of the In order to obtain the conductivity of the wire, it is nec-
potential energy of the particles to their kinetic energy. In theessary to measure the current through it, the voltage across it,
mentioned papers the parameter is only given for ions, and its diameter, and to make some assumptions about the

2,2 2,1/3 nature of the process observed. Further a temperature is de-
z . Zon; . A ;
= —~2.69<10 3 —— cm K, (1) termined to have some indications of the thermodynamic
akT T state of the expanding metal.
Where a=(3/477ni)1/3 is the ion sphere radiusy; the ion The current measurement is carried out simultaneously in

) N two ways, measuring the voltage over a known coaxial shunt
density, andz the average ionization level. Plasmas are non-

ideal or strongly coupled foF =1. If the Fermi energy be- resistor 5 and integrating @l/dt signal ( denotes current

comes higher than the thermal energy of the fluid, the elec(-)f a Rogowski coil[12] that surrounds the wire holder 3b.

tron component will be degenerate: the degenerac Both signals are in sufficiently good agreement, but the in-
ponen 9 ’ 9 ¥egral signal is more precise for the faster first part of the
parametel® is given by

discharge whereas the shunt signal measured with higher

h2n23 N3¢ gain level gives more accuracy for the later time.
O~ g g ~437}10 = cnP K; 2 The voltage is measured between the wire holders 3a and
¢ 3b with a compensated high voltage prol§&€ektronix
®>1 means complete degeneracy of the electrons. P6015A and is simultaneously recorded by two channels

The plasma produced by Benageal. [6] (capillary dis-
charge$ shows intermediate couplind’& 1) and is clearly
nondegenerate® <1 due to the high temperatu(@5 eV M. ©
and the low density (% 107 cm~3)]. The plasmas investi- N
gated by Shepherd, Kania, and Jorié§ (capillary dis-
chargegand by DeSilva and KunZé&,8] (wire explosions in
capillaries or waterare more strongly coupled’&1) and
at least partially degenerat®&1).

In this paper, measurements of the electrical conductivity
in strongly coupledand degenerate plasma$'$#1,0>1)
similar to[9] are presented. The plasmas have been produced
by rapid heating of a wire-shaped probe of the studied metal
(tungsten using a fast electrical dischard@eire explosion.
Typical parameters of our experiments are temperatures be-
tween 3700 and 13000 K and ion densities between
4x10?! and 6x10%> cm™~3. The number of free electrons
per atomz near the solid-state density should be about 6 FIG. 1. Scheme of the discharge chamber. 1, tube capacitor; 2,
[10]. Near the critical point—at the lowest density a liquid spark gap; 3a and b, wire holder; 4, wire; 5, shunt resistor; 6, Cu
can have—this number should be aboytl2]. ground plate; 7, ground conductor; 8, HV supply; 9, ignition spark.
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FIG. 2. Streak image with backlighting .= 650 kJ/mol. 0.0 | 0
0.05 0.1 0.2 time (us)
with different gain levels. The inductive part of the measured ) o
Rogowski coil and taking into account the inductances of thé radéussori(jfmﬁerat”rg (surface, —, bulk(calculated, ---);
mol.

wire and the inductance of the measuring circuit. The errofFmax=
of voltage due to the changing of the inductances during the
discharge can be assumed to be less than 1%. All electricalqual to ). For this procedure the knowledge of the absolute
measurements are carried out with an accuracy of 1%.  value of the emissivity is not necessary. A deviation of the
The radius of the expanding wire is obtained from streakemissivity of 20% from this constancy would cause a rising
images (Fig. 2). These images are made at a wavelengtrerror of the calculated temperature from 3.3% to 9.1% in the
A=(650*=40) nm with the slit of the camera perpendicular temperature range from 4000 to 12 000 K.
to the wire axis. They show the radial distribution of bright- A second temperature estimation may be obtained from
ness versus time. Théocal) differences of the maximal first the electric energy dissipated in the wire material and an
derivatives of the distribution of brightness are calculated formssumption about a relevant specific heat. The pressure dur-
every time and taken to be the diameter of the expandining the discharge is caused by fast heating of the material
wire. For the early time, when the wire is still cold, back- and by the inhibition of the corresponding expansion due to
lighting is used. For the later time, the self-emitting area isthe inertia of the particles and the magnetic field of the dis-
taken. In that way the diameter is determined with an error otharge currentpinch effecj. The “dynamic” as well as the
+5%. Until the end of melting, the volume expansion data“‘magnetic” pressure can be estimated—from the accelera-
from [13] support our results. tion of the wire edge for the one and from its radius and the
In addition, the following usudl5—9] but not necessarily electric current for the other—both in a reasonable order of
correct assumptions are made. The whole material of thenagnitude of about some kbars depending on the rate of
wire is contained and homogeneously distributed within thecurrent rising. From the melting up to the onset of vaporiza-
determined diameter. The temperature is distributed homdion, the pressure approximately remains constant.
geneously as well. Later investigations and a more complex This allows a temperature estimation—now for a bulk
dynamic model that is in progress should give a more precistemperature—assuming a quasi-isobaric process and using
idea of this process. therefore a specific heat at constant pressyyevhich is
From the diameter, cross section, and density of the wirgiven by different authors within- 10% and assumed to be
material, and using the Ohmic voltage and the current meazonstant in the expanding liquidL4]. Being aware of the
sured, the conductivity has been calculated. The measuringery complex topology of the specific heats at both sides of
error is calculated from the different data mentioned abovehe coexistence linén ap-T diagram and especially around
and indicated in Fig. 5 on the measured curve. the critical point, we nevertheless consider it as a reasonable
A temperature of the wire is determined in two ways. Thezero approximation to calculate the bulk temperature just
surface temperature is calculated from the brightness signalith this specific heat due to the lack of information about
of a 15um spot on the surface of the wire at the other quantities.
A=(650*=40) nm. This signal shows an obvious plateau at Generally, the calculation should go along these lines:
the melting of the wire. The length of this plateau corre-With the onset of vaporization, the corresponding latent heat
sponds to the melting energy. The melting temperature ikas to be taken into accoufthe higher the pressure, the
well known and constant up to a pressure of many kbardower the heat, which tends to zero approaching the critical
Assuming emissivity of the liquid to be constant for all tem- point). Assuming thermodynamic equilibriuthe vaporiza-
peratures above the melting and equal that at the meltingon immediately follows the energy input; the relaxation
point—as is often done because of the lack of relevantime of vaporization is small compared with the time resolu-
data—the surface temperature is obtained by Planck’s lawion in experiment the temperature during the vaporization
(the radiation comes out from a sheath with an optical deptlshould be constant. Depending upon the available energy,
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FIG. 4. Framing images of a wire explosion at 230, 310, 350, and 430 ns with an exposure time oE}Q,®H50 kJ/mol.

the wire material may arrive in the gaseous state. Now thenagnitude lower for tungsten oxide due to the Richardson
process will be neither isobaric nor isochoric; the corre-equation. Using ‘“clean” Goodfellow wire or cleaned
sponding specific heat should then be smaller than in th&lARVA wire even at lower discharge voltages very inten-
liquid (anywhere betweenr¥2 and 3R/2—the ideal-gas val- sive surface discharges can be observed as they were re-
ues. ported in[19].

The radiated power at 10 000 K according to the Stefan-

Boltzmann law is below 0.1% of the dissipated power and 20 :
can therefore be neglected. The voltage of the capacitor @)
ranged from 2.3 to 5.5 kV. This corresponds to a maximal Tl
dissipated energi axin the wire material from 350 to 2000
kJ/mol. A value of 1200 kJ/mol should be sufficient for total
evaporatiorf15]. A further increase of the discharge voltage
would cause discharges beside the wire or along its surface
which would interfere with the electrical and optical mea-
surements.

A set of measured data from a shot with an energy input
Emax Of 650 kJ/mol is plotted in Fig. 3 over a logarithmic
time scale. After 300 ns the onset of the strong expansion
due to evaporation and the increase of resistance can be seen.

The framing images in Fig. 4 taken from the same shot 103
with an exposure timé&t=10 ns show the homogeneity of
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the process. They also prove that there is no length expan- ! )

sion which would cause a slipping to the side. The cylindri- 0.5 1.0 20 50
cal shape remains well preserved. This stable behavior was n, (1022 cm3)
also observed at larger Ni tubes [ih6] up to a discharge '
time of 80 us.

The experiments are carried out with “technical” tung-
sten wire from NARVA[17] as it is used in the light-bulb
production with a diameter of 10@m. It was manufactured

by powder metallurgy. Its cold resistan¢@.87 Q/m) is  5g] (b) Averaged measured conductivity of tungster) versus
higher compared with that of Goodfellow wik€.87Q/m).  heavy particle density; other experimental results from Hixson and
The wire has a black color due to an oxide layer of about 0.3yinkler [13] (2650-5690 K (—-®@-), Zwikker [21] (1200—3400 K
um. This may be the reason for the good inhibition of sur-(—a -), Seydel, Fucke, and Wadl@2] (3680—7500 K (—M-),
face discharges. The work function of tungsten oxide is 6.24heoretical calculations according to Ziman<(6) [23] (=¥ -), and

eV while it is 4.53 eV for pure tungstei8]. This causes a Likalter (z=3), T=12500 K [24] (-~ -); n- critical density
thermal emission of electrons that is two to three orders ofccording to{11].

FIG. 5. (a) Bulk temperature {--) and measured temperature
(—) of the wire versus heavy particle density for wire explosions
with highest(upper curvesE,,=2000 kJ/mol and lowest(lower
curves,E .= 350 kJ/mo) energy input; two phase regidn - -)
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Ill. RESULTS AND DISCUSSION T=12 500 K. Near the melting the conductivity agrees quite
well with the Ziman theory[23] as it has been observed
ﬁ%rlier for coppei9], too.

Around the critical density there exists a more or less
extended domaificf. Fig. 5a)]—depending on the attained
temperaturdor pressurge—with a two-phase mixturdiquid-
vapo as long as it is passed below the critical temperature.
Despite these different states, a smooth transition of the elec-
trical conductivity was found during the expansion until
finally—in the gaseous state—typical plasma values were

Figure 5 shows in the upper pl¢d) the calculated bulk
temperature and the measured surface temperature versus
heavy particle density; for a wire explosion with lowest
(lower curve,E =350 kJ/mo)] and highest energy input
(upper curveE .= 2000 kJ/mal. The boundary of the two-
phase regiorfliquid-gag has been approximately calculated
using a critical-point exponent relatig= 0.36[20]). Here a
critical temperature of 12500 K and a critical density of
2.29x 10?2 cm~2 was assumed as it was proposed id].
The measured “surface” temperature is always lower tha

lower increase due to the latent heat needed for vaporizatioral,ensi,[y which decreases during expansion—also due to a

and it_s in_crease with increasing expansion in the gaseo ecrease of the number of free electrons per atom. The de-
state is higher than that of the bulk temperature due to thBendence on the temperature in the range between 6000 and
lower specific heat. The different onset of melting can be; 5 499 k however. seems to be very small. The correspond-
explained with the dynam_ps of the process. . ing phase-structure changéxpanded fluid, fluid with

The averaged conductivity versus the averaged particle bubbles, gas with droplets, dense plasmtaviously gives no

density n; is shown in th_edlower PLOEP% of Fig. 5'_ The reasons for drastic changes in the conductivity.
measurements were carried out with different maximum en-" 5\« 15 the lack of knowledge about the number of free

erg_ies apd thergfore als:o_\{vith different rates of energy disSigjectrons during the expansion, the nonideality paraniéter
pation, i.e., at different initial voltages on the capacitor. Thecan only be estimated for some points, such as the melting
resulting conductivity curves show good agreement; their deboint (z=6, '~1000), the critical point;(,~3 I'~60), and
viations from an averag_edL curve are Wlthln_ the_: error barsthe maximal observed expansior<1, T'~2).

Further, the critical density; according td 11] is displayed.

In addition, the experimental values from Hixson and Win-
kler [13], Zwikker [21], and Seydel, Fucke, and Wad22]
are given as well as calculated conductivities using relations We would like to thank our colleagues A. Likalter and H.

from Ziman ([23], z=6) and from Likalter ([24]; z=3,  Schneidenbach for helpful discussions.
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