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Experimental study of the electrical conductivity of strongly coupled copper plasmas
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The electrical conductivity of copper has been measured in the range of densities 0.3-3 gm/cm®
and in the temperature range from 8 000 to 30 000 K. Copper wires were vaporized in glass capillaries,
and the conductivity measured in the 1-us interval after vaporization began, and before the tube
disintegrated. Measured conductivities are compared with several theoretical models.

PACS number(s): 52.25.Fi, 52.20.Fs, 52.80.Qj

I. INTRODUCTION

Plasmas may be characterized by the coupling constant
I’ = Z2%e2? /akT, as strongly coupled, or nonideal, when T
is of order unity or greater. [a = (3/47n)!/3, is the ion-
sphere radius.] T' represents the ratio of mean potential
energy to mean kinetic energy per particle, and is closely
related to the plasma parameter A = 1/nD3, where D is
the Debye length. Plasmas having I' > 1 are encountered
in nature in the cores of dwarf stars and of giant gaseous
planets, in the solar photosphere, and probably in the
core plasma of a lightning stroke.

In the laboratory, such plasmas occur in arcs, railguns,
and in laser-compressed plasmas created in inertial con-
finement fusion experiments. To date, much of what
is known about these interesting plasmas has been ob-
tained from theory, supplemented by Monte Carlo com-
puter modeling studies.

Experimentally, such plasmas are difficult to create in
the laboratory, since large I' implies high density and
low temperature. A minimum temperature is necessary
to ionize the gas, and even at the lowest temperatures
satisfying the condition of large I', the density must be
so high that the plasma is at a very high pressure, which
renders magnetic confinement impracticable. Diagnosis
by the ordinary techniques of spectroscopy is also dif-
ficult, since at the densities encountered these plasmas
are optically thick so that the only radiation to be seen
comes from their surface.

An exception to the conditions outlined above is the
case of cryogenic pure ion or electron plasmas confined in
magnetic fields. These have been studied by laser cooling
of ions [1] or synchrotron radiation cooling of electrons [2]
in a magnetic trap, and in groups of ions circulating in a
storage ring [3]. The total number of such confined parti-
cles in such experiments is relatively small, however, and
true three-dimensional plasma effects have so far eluded
study.

Exploding wire plasmas have been widely studied,
and strongly coupled plasmas are produced in these dis-
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charges. However, in the case of unconfined wire ex-
plosions, the density of the resulting plasma is ill de-
fined, making precise measurement of the properties of
the dense plasma difficult. In addition, instabilities tend
to produce axially nonuniform plasmas, making interpre-
tation of conductivity measurements uncertain [4].

Wire explosions confined by glass capillaries [5], water
[6,7], and plastics [8] have been reported, but these stud-
ies generally focused on the later phases of the discharge
after considerable expansion of the initial current channel
had occurred.

Strongly coupled plasmas created by high current dis-
charges in alkali metals and noble gases in capillaries have
been studied [9-11] for plasma densities in the range of
10%2° cm 3, and a measurement of the electrical conduc-
tivity of the plasma resulting from evaporating material
from the inner wall of a capillary in polyethylene has been
reported [12].

We have studied the electrical conductivity of strongly
coupled plasmas having coupling constants ranging up to
about 70, created by rapid vaporization of copper wires
in glass capillaries.

The capillary confines the plasma in a uniform and
measurable volume for a short time, during which it is
possible to make accurate measurements of the conduc-
tivity, density and input energy, and to make good esti-
mates of the plasma temperature and pressure.

II. EXPERIMENT

Copper wires with diameters of 125 or 250 um were
inserted into glass capillaries 22 mm in length, having
inner diameters ranging from 300 to 890 um. The cap-
illaries were clamped between electrodes as indicated in
Fig. 1, and a rapidly rising current from a capacitor bank
vaporized the wire and heated the resultant gas to the
plasma state. The capacitor bank consisted of two 1.93-
pF capacitors in parallel, charged to 6-16 kV, and was
switched by means of a pressurized spark gap switch.
The inductance of the bank was 133 nH, and the load
(wire) inductance was typically about 40 nH. Current
was measured by means of a Rogowski coil mounted on
the grounded side of the capillary support and voltage by
a resistive voltage divider connected to the high voltage
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FIG. 1. Schematic of capillary discharge assembly. The
small chamber at the right of the capillary is evacuated for a
shot.

electrode near the capillary (Fig. 1).

The voltage consists of an inductive component
LdI/dt+IdL/dt, and a resistive component IR. It is the
latter that we need in order to deduce the plasma con-
ductivity. The term due to changing inductance arises
from the change in diameter of the current-carrying col-
umn from that of the wire to that of the plasma filling
the inner diameter of the capillary, and to expansion of
the capillary inner diameter. In most cases, this term is
negligible. The term LdI/dt consists of the inductance of
the current column plus the inductance of the grounded
support rod that holds the capillary. dI/dt was deter-
mined from the Rogowski loop, and the inductance was
determined as that necessary to satisfy V = LdI/dt in
the first few hundred nanoseconds, when the wire resis-
tivity and current are both low enough so that the IR
term is negligible. Figure 2(a) shows typical time records
of the current and voltage.

As the wire vaporizes, its cross section diminishes and
consequently its resistance rises. At the same time, the
density of the vapor rises rapidly due to confinement
by the glass wall, and the gas passes smoothly into the
plasma phase with no evidence of the “restrike” phe-
nomenon that has been reported in the case of unconfined
wire explosions [13].

At the densities encountered in these measurements,
the optical depth 7 of the plasma column is high in the
visible range and 7 = 1 is reached at a depth of only a few
micrometers so the plasma radiates as a blackbody at a
temperature characteristic of the surface plasma. A mea-
surement of the radiation emitted through the wall of the
capillary will therefore yield a temperature characteristic
of the plasma near the cold glass boundary, and would
not necessarily be characteristic of the core temperature.
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FIG. 2. Time record of a typical discharge. (a) I: current;
V: voltage corrected for inductance effects, (b) I: deriva-
tive of current; o: conductivity in siemens/m, (c) p: density;
R: resistance of copper column, (d) Ei,: energy into wire;
Epy: energy into work compressing glass, (¢) P: plasma
pressure from the model; r: capillary inner radius: (f) Tm:
temperature from radiation intensity; T.: temperature from
the model. The high frequency ringing evident on the dI/dt
trace in (b) is due to the external circuit and has little effect
on the plasma.

A somewhat more characteristic temperature should be
measurable from the radiation emitted by the plume of
plasma ejected from one of the open ends of the capillary.
Accordingly, observations were made of the spectrum of
radiation emitted both through the capillary walls, and
from the plasma plume.

III. DATA ANALYSIS AND MODELING

The plasma resistance is easily found from the cur-
rent and resistive voltage drop, but in order to deter-
mine the conductivity it is necessary to know the plasma
column diameter. Initially, (after the wire has fully va-
porized), this is the diameter of the capillary, but, owing
to the high pressure of the plasma, the glass tube wall
is compressed, and the inner diameter grows with time.
This pressure pulse generates a shock wave in the tube
wall, which propagates outward at a speed of about 4.2
mm/ps. The inner wall diameter grows at a much lower
rate, owing to the very low compressibility of glass. Fig-
ure 2(e) shows the growth of the inner tube radius, from
a model discussed in the next section. At the time the
shock reaches the outer wall of the tube, about 700 nsec
later, the outer wall spalls off, with a velocity of twice
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the particle velocity behind the shock wave [14]. Figure
3 shows a typical streak photograph of the tube, in which
the expansion of the outer wall is evident. For this pic-
ture, the tube was back lighted by an argon flash lamp,
so it is seen in silhouette. The shock itself is invisible in
the photograph, but its arrival at the outer wall of the
tube is evident as the point where the outer wall begins
to expand.

The bright feature expanding outward from the center
has a velocity close to that of the shock. It is thought to
be due to light which originates in the cylindrical plasma
at the center of the tube, and subsequently scatters from
fractured glass in the region close behind the shock. It
is this light that prevents us from making direct optical
measurements of the plasma column diameter, and which
forces us to turn to a dynamic model of the pressure pulse
in glass to deduce the inner wall diameter.

The glass is compressed in the radial direction, but as
the inner radius increases, the inner wall must come un-
der tension in the azimuthal direction, which would cause
radial fractures to appear as soon as the tension exceeds
the tensile strength of the glass. In some experiments, a
small section of the tube wall was prevented from explod-
ing by a massive, close-fitting disk surrounding the tube.
In such a case, the glass remaining inside the disk after
a shot was observed to be intensely fractured, with the
fracture lines running radially. Light from the plasma is
thought to scatter from this fracture zone, the radius of
which increases as the shock moves outward. It is evi-
dent in Fig. 3 that light begins appearing from the outer
wall diameter of the tube slightly before the arrival there
of the expanding light feature. This is the time that the
shock reaches the outer wall, and causes it to shatter,
now scattering light directly from the outer wall.

All measurements are made in the short time interval
from the start of pressure increase as the wire vaporizes,
until the shock has reached the outer tube wall and re-
flected back to the inner wall. The pressure pulse rises
to its peak typically in a period of about 200 nsec, and
it takes about 1.4 us for the reflected shock to return to
the inner wall.
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FIG. 3. Streak photograph of a discharge, with the slit
oriented perpendicular to the the tube axis and positioned
at the middle of the tube. The tube was backlighted and is
seen in silhouette. Dimensions in mm of the tube and wire
are shown on the left. See text for explanation of triangular
bright feature shown on the left.

FIG. 4. Glass compression model code results. Plotted are
the time histories of the 40 shells used to model the glass tube.
A line has been drawn to indicate the shock wave locus. Below
is the pressure profile used in this calculation.

IV. SHOCK MODEL

We have constructed a one-dimensional numerical
model of the glass dynamics in which the glass tube is
represented by 40 concentric mass shells, which interact
through the bulk compressibility. The behavior of glass
to high pressure shocks has been studied by Wackerle
[15], and the behavior of quartz by Fuller and Price [16].
These works show that the Hugoniot for glass is nearly
linear for pressures up to 200 kbar. Wackerle shows that
for pressures of from zero to 70 kbar, the Hugoniot for
one type of glass has a slight negative curvature, which
leads to an instability in the shock propagation, causing
there to be an initial step of low amplitude, followed by
a sharp shock transition. The existence of such a double
feature in the pressure profile would not be resolved in
our measurements, which are made on the later time be-
havior of the ejected material, which is influenced only
by the sharp shock. The pressure inside the tube is taken
from the plasma model discussed in the next section. The
glass compression model follows the position and veloc-
ity of each of the mass shells in time, and clearly shows
the propagation of a shock wave initiated by the initial
pressure rise (Fig. 4). The computer code was run with
the assumption of zero tensile strength for the glass, so
that when the shock reaches the outer wall, the mate-
rial is ejected with a speed equal to twice that of the
material just behind the shock when it reaches the wall.
This velocity may be compared with the observed veloc-
ity deduced from streak photographs such as that shown
in Fig. 3.

With help of this model, we can determine the inner
wall diameter, which is taken to be the plasma column
diameter, as a function of time.

V. PLASMA MODEL

The principal purpose of the plasma model is to pro-
duce an estimate of the plasma pressure, which is then



49 EXPERIMENTAL STUDY OF THE ELECTRICAL ... 4451

used in the glass compression model discussed above to
determine the inner wall diameter.

We trace the time history of a typical discharge with
help of a zero-dimensional numerical model of the plasma
that takes as its input the energy input to the wire from
the external circuit. We have available as recorded data
the current through the wire I(t) (recorded as the deriva-
tive dI/dt), and the voltage V (t) across the wire, in 5-
nsec steps. Starting from the wire at room temperature,
the energy input is determined from the product I2R,
where R is the resistance of the wire, taken from pub-
lished data of the resistivity of copper as a function of
temperature [17,18]. At early times, the measured volt-
age across the wire is dominated by the inductive drop,
and, although this can, in principle, be corrected for, the
errors involved are so large that the use of computed re-
sistivity is by far the most accurate way to determine
the energy input. The rise in temperature of the wire is
related to the energy input using tabulated data for the
specific heat of copper [19], and melting of the wire is
similarly accounted for using published data for the la-
tent heat of fusion [20]. By the time the melting point is
reached, the voltage across the wire has risen to a high
enough level relative to the inductive voltage that the
measured voltage may thenceforth be used to compute
the energy input.

After the melting point is reached, a theoretical equa-
tion of state for copper is used to relate the energy input
to the temperature and pressure. This equation was de-
veloped at the Lawrence Livermore Laboratory by piec-
ing together six theoretical models covering various re-
gions of parameter space [21]. The plasma parameters
are modeled in time in the following manner: starting
from an initial temperature, density and internal energy,
at each time step the experimentally determined energy
increment is added isochorically to determine a new pres-
sure and temperature. The new pressure is then used in
the glass shock model discussed above to advance the
tube wall expansion, resulting in a new density. The
equation of state tables are then used again to make an
adiabatic expansion to the new density and temperature.
At each succeeding step, the electrical input energy is re-
duced by the work done by the plasma on the tube wall.
Thus in the model, each time step consists of an isochoric
addition of energy followed by an adiabatic expansion.
The pressure profile that results from such a calculation
is shown in Fig. 2(e).

We check the results of this calculation by comparing
the outer wall velocity observed on the streak images
with that computed from the plasma and glass models.
We also compare the measured temperature of the plume
ejected from the end with the plasma model temperature.

VI. OBSERVATIONS

Light emitted through the tube walls becomes de-
tectable at about the time the temperature reaches 5000
K. The observed onset of light corresponded well in time
to the code calculations based on observed energy input
and on the tabulated equation of state. The temperature

deduced from the absolute intensity of this radiation, cor-
rected for the increase in effective area due to scattering
from fractured glass behind the shock, remained quite
low in all observation conditions, due to the cooling ef-
fect of the tube wall and the very small optical depth of
the dense plasma, never reaching above about 6000 K.

Temperatures were also deduced from the absolute in-
tensity of radiation of the plume of plasma emerging from
the end of the capillary. Measurements were made on the
plume looking at 90° to the tube axis just outside the
end of the capillary, as well as looking directly into the
end of the tube. We also made measurements looking at
the plume escaping into vacuum, rather than into atmo-
spheric pressure air, at 90° and at 60° to the tube axis.
These latter measurements were made to ensure that the
intensity was not being influenced by radiation from the
surrounding atmosphere. In all of these measurements,
it was often observed that the onset of light occurred sev-
eral hundred nanoseconds before the time light became
measurable through the capillary walls. Framing camera
pictures confirmed that sparking appeared in the region
where the copper wire contacted the electrode at the on-
set of current flow. Shots made with the wires firmly
clamped at the electrodes eliminated this early appear-
ing light.

The spectrum of the plume was measured with a low
dispersion spectrometer coupled to an optical multichan-
nel analyzer in the range 250-600 nm. In the range 400-
600 nm, the spectrum fits a blackbody continuum at the
temperature deduced from an absolute measurement of
the continuum at 450 nm. Below 400 nm, the observed
spectrum is a continuum, punctuated by an occasional
absorption line. It was not possible, however, to get a
reliable calibration of the instrument in this region.

In the work reported here, the capillary was mounted
so as to allow evacuation of its interior and of the region
around one end (Fig. 1). Plasma escaping from that end
into vacuum could be observed, without influence by the
surrounding atmosphere. In order to make an electrical
connection to the wire inside the capillary, a brass disk
500 pm in thickness, having a hole in its center 300 ym in
diameter, was glued with epoxy to the end of the capil-
lary, with care to keep the interior of the capillary free of
epoxy . The copper wire was inserted from the opposite
end until it contacted the disk, and the wire was then
immobilized with a drop of epoxy which closed the open
end so the tube could be evacuated. The disk sealed with
an o ring against a small chamber which was evacuated,
along with the inside of the capillary, before the shot,
so that the plasma plume escaped into vacuum. It was
viewed at an angle of 45° from the tube axis. The hole
in the brass plate was focused on the entrance plane of a
Jarrell-Ash %—m monochromator, and the slit masked so
that it viewed only a rectangular region 30 pm by 130 pm
positioned to view the plume just as it emerged from the
hole. This arrangement did allow the sparking discussed
above to occur where the wire contacted the disk, so the
early appearing light was ignored. However, the ejected
plasma later should dominate the radiation.

The plasma temperature was deduced from measure-
ment of the absolute intensity of the radiation from the



4452 ALAN W. DeSILVA AND H.-J. KUNZE 49

plume in a band of 0.5-nm width, centered at 445 nm. A
typical record is shown in Fig. 2(f). The region around
445 nm was determined to be free of observable absorp-
tion lines. Referring to Fig. 2(f), one can see that the
radiation from the region viewed by the spectrometer
rises immediately as current flows, showing that a spark
occurs at the connection between wire and the brass elec-
trode. The intensity of radiation from this spark cannot
be taken as indicating the temperature of the wire. How-
ever, after the wire has fully vaporized, we assume that
the radiation is characteristic of the interior plasma es-
caping through the aperture in the brass disk.

Typical plasma temperatures in the plume were about
8 000-30 000 K. This implies that the sound speed in the
plasma should be of the order 1 mm/us, and so one ex-
pects that a rarefaction wave will propagate into the open
end of the tube as plasma is ejected there. Our measure-
ments are all made within the first 1 us after the plasma
pressure rises, so the change in length of the plasma col-
umn is small enough that it may be neglected.

We find that the temperature deduced from the inten-
sity of the plume corresponds well, generally within 30%,
with that deduced from the numerical modeling. How-
ever, since the plume temperature is clearly not useful in
the times earlier than that of full vaporization, we have
chosen to present the data as functions of the computed
temperature.

VII. RESULTS AND DISCUSSION

The radial expansion model discussed above is em-
ployed to determine the time behavior of the inner radius
of the capillary, from which the cross-sectional area of the
plasma is found. A check on the glass compression model
is to compare its prediction for the outer wall velocity
with that observed in the streak photographs. The outer
wall velocity found from the model has been found to
be sensitive to the peak pressure, and relatively insensi-
tive to the integrated impulse given by the inner pressure.
Comparing the observations with the model, we find that
for almost all the cases studied, the model predicts outer
wall velocities that are equal to those measured within
experimental error, estimated at +£20%. The exception
is in the case of 125 pm diameter wires with high rate
of energy input, for which the measured wall velocities
are about twice those predicted by the model. In these
cases, the streak photographs show irregularities indicat-
ing nonsymmetrical fracturing.

Figure 2 shows the time record of a single typical shot.
Measured quantities in this record are the current and
voltage, and the light intensity from which the tempera-
ture may be measured. The rest of the curves represent
the output of the code. The current rises as a sinusoid in
time, which would peak at about 1.5 us in the absence
of changes in the wire resistance. The wire begins to
vaporize at about 800 nsec, and has completely vapor-
ized by about 1 us. At this time the pressure inside the
tube [Fig. 2(e)] rises rapidly, and the voltage [Fig. 2(a)]
also begins to rise as the resistance increases by about
two orders of magnitude. The increasing pressure of the

copper vapor causes the tube to begin to expand [Fig.
2(e)], causing the density to decrease [Fig. 2(c)]. The
energy input to the copper column [Fig. 2(d)] also in-
creases rapidly, while the work done in compressing the
glass [Fig. 2(d)] increases more slowly. The conductivity
[Fig. 2(b)] is high at the time vaporization begins, and
drops rapidly, owing both to the rising temperature [Fig.
2(f)] and to the decreasing density.

The temperature deduced from the absolute intensity
of the radiation from the plume escaping from the tube
end [Fig. 2(f)] rises soon after the initiation of the cur-
rent, and long before wire vaporization could begin. This
is attributed to light originating in a spark forming at the
connection between wire and electrode at the tube end.
The contact resistance due to the spark has been shown
to be negligible. Later in time, in this example, the ra-
diation temperature is about 30% higher than that com-
puted from the energy input, which is an atypically large
discrepancy. The radiation temperature falls at about
1.5 us, which coincides with the time that the tube has
fully fractured and is now rapidly disintegrating. The
computed model continues to assume confinement of the
plasma, and is unrealistic after this time. In the follow-
ing, we use data only from the time vaporization begins
to 1-us later.

With the cross-sectional area determined from the
glass expansion model, the density and conductivity of
the plasma are now easy to compute. In this, we assume
that the original wire is fully vaporized and fills the capil-
lary uniformly. We also assume that the radial fracturing
of the glass discussed above creates a negligible additional
volume for the plasma. In Figs. 5-7, we show the con-
ductivity as a function of density for three temperatures
(10000, 20000, 30000 K). The temperatures are taken
from the code calculations, as we believe these to be more
accurate and reliable than those deduced from radiation
intensity. Each point is from a different shot, taken at
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FIG. 5. Measured conductivity at a temperature of 10000
K. Error bars indicate correlated uncertainty in the tube ra-
dius, and in some cases are smaller than the plot symbols.
Also shown are theoretical results of Rinker (Ref. [23]), Ebel-
ing et al. (Ref. [25]), Djurié¢ et al. (Ref. [26]), and Lee and
More (Ref. [24]) The theory of Djurié is for Z = 1.
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FIG. 9. Measured conductivity versus temperature for den-
sities of 2.0, 1.0, 0.5 g/cm®. Solid lines are linear least squares
fits to the data.

the time the code shows the plasma passing through the
selected temperature. Data are from 38 shots covering a
variety of conditions, using capillaries varying from 300
pm in diameter to 890um, and with wires of 125 and 250
pm diameter, and initial voltage on the capacitor bank
varying from 6 to 16 kV. Error bars shown in the figures
indicate uncertainty in the tube radius, which reflects as
correlated errors in both the conductivity and density,
hence the slanted error bars. The error in temperature
is estimated at £30%, but this estimate is uncertain, as
the temperature follows from many steps of integration
over the equation of state tables, whose accuracy is not
well known. Also shown are the predictions of theories
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of the data entering into (a).
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of Ichimaru and Tanaka [22], Rinker [23], Lee and More
[24], Ebeling et al. [25], and Djuric et al. [26]. Lik’alter
has considered specifically a copper plasma, but presents
a prediction only for the critical temperature 7 600 K [27].
Figure 8 shows his theory, along with our data for 8 000
K.

From the same set of data, the temperature depen-
dence of the conductivity for constant density may be
extracted. Temperatures were noted for the times on
each shot when the density passed through selected den-
sity. The results, for densities of 2.0, 1.0, and 0.5 g/cm?®
are shown in Fig. 9.

It is interesting to note that, when plotted versus cou-
pling parameter I', the conductivity data collapse nearly
to a line, at least for I' > 10, suggesting that for large
T, the conductivity is a function only of T'. Figure 10(a)
shows the data from 38 shots plotted as conductivity vs
I'. In Fig. 10(b), we plot the density versus temperature
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coordinates of the same data, indicating the range of pa-
rameter space covered. The value of Z used in determina-
tion of I for this figure was taken from a Thomas-Fermi
approximation [28].
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FIG. 1. Schematic of capillary discharge assembly. The
small chamber at the right of the capillary is evacuated for a
shot.
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FIG. 3. Streak photograph of a discharge, with the slit
oriented perpendicular to the the tube axis and positioned
at the middle of the tube. The tube was backlighted and is
seen in silhouette. Dimensions in mm of the tube and wire
are shown on the left. See text for explanation of triangular
bright feature shown on the left.



