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We report measurements of electrical conductivity of eight metals in the plasma state at densities ranging from
0.002 to 0.5 times solid density, and with internal energy from 2 to 30 kJ/gm. Data are presented as functions
of internal energy and specific volume. Conductivity is observed to fall as the plasma expands for fixed internal
energy, and for all but tantalum and titanium shows a minimum at approximately 0.01 times solid density,
followed by an increase as the density decreases further.
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I. INTRODUCTION

We report here measurements of electrical conductivity
made in the dense plasmas formed from elemental metal
wires heated rapidly in a water bath by the electric current
from discharge of a charged capacitor. Electrical conductivity
measurements previously reported by the author and coworkers [1–5] required the use of tabulated equations of state
from the SESAME library [6] in the analysis. In the present
work, the use of such tables is avoided. Three thermodynamic
variables, pressure, density, and internal energy, are measured
as a function of time for each shot, and the conductivity is
presented as a function of internal energy and specific volume.
II. MEASUREMENT TECHNIQUE

The experimental measurement technique is that described
in Ref. [7]. Briefly, a wire sample of diameter 0.125 mm and
16.5 mm long is stretched between electrodes in the center
of a water-filled chamber. A spark gap switch is closed to
discharge a charged 1.88-μF capacitor into the wire, which
rapidly vaporizes and enters the plasma state. The plasma
column expands rapidly, and its diameter is measured from
images recorded by a streak camera. Figure 1 shows an
example of such a streak image. The primary observations
are the voltage between the electrodes at the ends of the
column, the current through the column, recorded at 4 ns
intervals, and the streak camera images. Utilizing the analysis
technique described in Ref. [7], we generate for each shot a
table of density, internal energy, and pressure at those same
intervals. Pressure is deduced from a hydrodynamic model
of the water surrounding the plasma column, for which the
measured column diameter is the input. For each shot, one
may pick out data for plotting at specific values of internal
energy.
The five plots (a)–(e) in Fig. 2 show the result of this analysis
for a single shot, a discharge in a 0.125-mm-diam copper
wire with an external series resistance of 2  ,and a charge
voltage of 15 kV on the capacitor. When the circuit is switched
on, the current rises rapidly, but as the wire vaporizes, its
resistance increases greatly, causing the current to drop precipitously, with simultaneous rise to a peak of the voltage along the
column. The pressure spikes up steeply as expansion begins,
1539-3755/2011/83(3)/037402(4)

but drops more slowly as expansion continues. Conductivity
drops by a factor greater than 100, and depending on the
element, passes through a minimum when the plasma volume
Vr has increased by a factor of ∼100 (Vr = V /V0 , where V and
V0 are, respectively, specific volume of the plasma and that of
the metal at STP). Figure 2(d) shows temperature interpolated
from the SESAME database for copper, using the measured
pressure and density as input, but the temperature is not used
in the analysis.
III. RESULTS

Figure 3 shows the result of 46 shots on aluminum wires
125 mm in diameter and 16.5 mm in length, made under
a variety of initial conditions of charge voltage and series
impedance. We display the conductivity versus Vr for several
values of the internal energy density. A notable feature is the
minimum in conductivity near 0.01 times solid density for

FIG. 1. Streak image of expanding plasma. The two faint lines
labeled r1 and r2 provide a vertical scale. Sparks positioned at the slit,
firing at times t0 and t1, make spots on the image that provide a time
scale. The zero of the time scale is the time the discharge begins. The
shock wave induced in the water by the sudden expansion is clearly
visible, beginning at ∼2 μs. Starting at ∼4 μs, faint additional shock
traces may be seen behind the main shock (see text). The shock wave
induced in air by the spark at the slit at t0 is also visible.
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FIG. 3. Conductivity vs specific volume for aluminum plasma.
The six graphs show data selected when the internal energy was
within 10% of the indicated value. The point at 0.95 on the 16 kJ/g
ordinate is where Redmer (Ref. [8]) places the metal-nonmetal
transition. Selected data points from other work are indicated by the
following symbols in some of the plots: × (Ref. [10]),  (Ref. [11]),
 (Ref. [12]), ◦ (Ref. [13]), ∇ (Ref. [14]).

FIG. 2. Time record of a single shot, in a copper wire 0.125 mm
in diameter, with a series resistance of 2  and a charge voltage on the
capacitor of 15 kV. (a) Current through the plasma, and the voltage
between the ends, with scaling factors for each curve; (b) column
radius determined by measurements on the streak image, and the
pressure deduced from the hydrodynamic model; (c) specific volume,
referred to that of the initial wire; (d) internal energy; (e) conductivity
according to the analysis. Temperature from the SESAME database
is also shown in (d).

internal energies from 12 to 24 kJ/gm. This dip in conductivity
versus density disappears at the higher values of internal
energy. Expansion of the plasma column that accompanies
the energy input from the external circuit puts limits on our
ability to measure conductivity at low energy and high volume,
and for high energy and low volume. Least-squares fits to the
data are also displayed. Error bars represent estimates of the
effect of calibration error in current and voltage recordings, as
well as digitization error, error in measurement of the column
radius from the streak images, and uncertainty in locating the
timing points on the streak images. Failure of some of the data
points to fall within the error bars of the least-squares-fitted
curves is attributed to shot-to-shot variations in the breakdown
and expansion.
Figure 4 shows results of measurements on copper wires. A
similar pattern of development of conductivity is seen, except
that the minimum in conductivity versus volume occurs at
lower energies. Conductivity of iron plasmas is displayed
in Fig. 5, for which a similar pattern in conductivity versus
volume is seen. Figures 6 and 7 show the data for nickel and
molybdenum that follow a similar pattern as for Cu and Al.
Although there is a suggestion in the 8 kJ/gm data in Fig. 7
that there might be a minimum at still lower densities, we
were unable to produce conditions of low density and such low

FIG. 4. Copper conductivity. The point at 1.25 on the 12 kJ/g
ordinate is where Redmer (Ref. [8]) places the metal-nonmetal
transition.
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FIG. 5. Iron conductivity.
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FIG. 6. Nickel conductivity. × is from Ref. [15].

FIG. 9. Tantalum conductivity.

internal energy. In the following two plots, titanium (Fig. 8)
and tantalum (Fig. 9), we found little evidence of a minimum
in conductivity as the density decreased at fixed internal
energy. The tungsten data (Fig. 10) again show a minimum
in conductivity versus volume, but it is somewhat broader and
shallower that that of the first three metals presented.
IV. DISCUSSION

A direct measurement of the plasma radiation temperature
would be desirable, but, owing to the very small optical
depth of the expanding plasma, observation of the absolute
radiation intensity yields only a surface temperature in the
boundary region at the plasma-water interface. One would
expect that the temperature there would be lower that that deep
within the plasma. We made such measurements, but found
unrealistically low temperatures, never rising above ∼6 kK. In
contrast, estimates of plasma temperature from the SESAME
FIG. 7. Molybdenum conductivity.

FIG. 8. Titanium conductivity. × is from Ref. [13].

FIG. 10. Tungsten conductivity. The point at 0.73 on the 6 kJ/g
ordinate is where Likalter (Ref. [9]) places the metal-nonmetal
transition. Some data points from other authors’ work are indicated
by the following symbols: ◦ (Ref. [16]),  (Ref. [17]), × (Ref. [18]),
∇ (Ref. [19]).
037402-3
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database indicate typical peak temperatures closer to 20 kK
through much of the plasma lifetime.
We see a steep change in conductivity for log(Vr ) near
unity in almost all metals investigated. This is attributed by
Redmer [8] to a metal-nonmetal transition. He gives critical
densities for this transition to be at approximately Vr = 0.95
for Al and 1.25 for Cu. Likalter [9] gives the metal-nonmetal
transition point to be 3.6 g/cm3 for tungsten, corresponding to
log(Vr ) = 0.71. These points are indicated on the Vr axis on
the left middle plot of the figures.
In the case of all but aluminum, the streak images show
some structure in the shocked water outside the plasma column
after 3 or 4 μs (Fig. 1). This appears to be an indication of
small-scale localized instability of the plasma-water interface
setting in, sending weak shocks into the surrounding water. No
such indication of boundary instability is seen in the discharges
in aluminum wires.
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