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Measurement of the electrical resistivity of a dense strongly coupled plasma
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We present measurements of the electrical resistivity of a dense strongly coupled plasma. This plasma
is created in a comprehensively diagnosed capillary discharge that produces uniform well-characterized
dense plasmas. Data for polyurethane at densities p=0.01p,, where p,=1.265 g/cm’, and temperatures
in the 25-30 eV range are compared with several dense plasma theories, and show a significant disagree-
ment. These results are of importance for the modeling of pulsed power experiments and the under-
standing of transport processes in many astrophysical plasmas.

PACS number(s): 52.25.Fi

I. INTRODUCTION

As plasmas become more dense, the Coulomb interac-
tion between particles increases due to their closer aver-
age distance. In ideal plasma theory, this interaction is
assumed to be small. When the Coulomb potential ener-
gy becomes comparable to the thermal energies of the
plasma particles, the assumption is no longer valid and
the fundamental description of the plasma changes.

There are two dimensionless expansion parameters
used to describe the magnitude of the particle-particle in-
teraction. The plasma parameter, g =1/n,1, where n,
is the electron density and A, is the Debye length, is used
for low density plasmas. The equations generally used to
describe the properties of a plasma are obtained by reduc-
ing the exact many body equations to single particle
equations. These equations are valid only when g <<1,
since the magnitudes of the neglected part of the many
body equations are of order g When g becomes of order
one, the Debye length no longer has physical meaning
and this standard approach for describing plasma proper-
ties is no longer appropriate. In this case, we generally
use the parameter I', which is defined as the ratio of the
average potential energy between particles to their kinetic
energy. This is written for ions as

Z%?
T akT

where a =(3/4mn)!/3, Z is the average ionization level,
and n is the ion density. I is related to g by
I'=2Z3%73g?3/3. When T is of order one or greater, the
plasma is said to be strongly coupled. Under these condi-
tions, new theoretical descriptions are required to de-
scribe the properties of the plasma.

Examples of strongly coupled plasmas are the interiors
of white dwarfs and brown dwarfs, laser produced plas-
mas, high-power electrical fuses, plasma opening
switches, laser-cooled plasmas, capillary discharges, and
other pulsed power produced plasmas. In general, any-
time dense material is rapidly heated so that it reaches
plasma conditions before it can expand significantly, it
will temporarily reside in the strongly coupled regime.

Theoretical treatments of strongly coupled plasmas are
based on a variety of approaches. Many theories use a
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dielectric or classical approach [1-6] to describe the
equation of state (EOS) and various transport properties.
Others use various quantum mechanical approaches
[7-9]. Still others use computer simulations to describe
the properties of the plasma [10,11]. Many of these
theories are able to match data where data are available.
The problem is that there is such a paucity of data, espe-
cially for highly ionized systems, that for the most part
these theories have not been rigorously tested. Early ex-
periments studied alkali metals [12] and inert gases [13].
More recent experiments have focused on improving
techniques for producing and diagnosing these plasmas.
These include reflectivity measurements from laser pro-
duced plasmas [14,15], ion traps to measure ion structure
[16], discharges for measuring resistivity [17,18], and
opacity measurements using laser produced plasmas [19].
There is also a body of work from the former Soviet
Union that has been reviewed by Fortov and Iakubov
[20].

In this paper we describe results of electrical resistivity
measurements of a dense strongly coupled polyurethane
plasma produced in a capillary discharge. The technique
produces uniform, relatively long-lived plasmas, which
are amenable to comprehensive diagnosis and modeling.
A description of preliminary experiments of this type has
been given by Shepherd, Kania, and Jones [18]. Condi-
tions achieved for polyurethane are electron densities
near 5X10?! cm ™2 and temperatures of 25-30 eV corre-
sponding to I'=0.6-0.8. Transport properties in this
parameter regime have not previously been investigated.

II. DESCRIPTION OF THE EXPERIMENT

The plasma is produced in a capillary discharge, con-
sisting of an insulator with a small diameter hole (typical-
ly 20 pm) down the axis placed between two electrodes.
A rapidly rising high voltage is applied across this hole
and current is initiated.

Once the discharge has been initiated, the plasma pro-
duced from the wall material will pinch, causing the
current to be pulled away from the wall to further heat
the plasma as it pinches. Very quickly the temperature of
the plasma rises enough that radiation begins to ionize
material on the wall. Once this begins, the current cou-
ples to the wall and the density of the plasma will in-
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crease as material is ablated off. This process continues
until an equilibrium situation is produced consisting of
the plasma density and temperature remaining nearly
constant with the power input being balanced by new ma-
terial being ablated into the plasma, losses out the end of
the capillary, and other radiative losses. The time for
equilibrium to be achieved is just the time it takes for the
plasma pressure in the capillary to exceed the magnetic
pressure. This can be determined by equating the pres-
sure produced in the discharge to the magnetic pressure.
We can write the thermal pressure assuming no losses as

Pr=(Z+1)nkT
(Z+1)pN 4kT
4

(Z+1)N 2
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where C, is the average specific heat, p is the mass densi-
ty, A is the average atomic mass number, N, is
Avogadro’s number, [ is the current, 7 is the resistivity, 7
is the radius of the capillary, and T is the temperature of
the plasma. The magnetic pressure is given by

pol®

Ps= 8mir?

(3)

Assuming the current I is proportional to ¢ (which ap-

proximately describes the discharges in this experiment)

and equating these pressures we can solve for ¢ to get
3,110(—er 2A
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For times greater than ¢, the capillary discharge will be in
equilibrium.

The parameters of the plasma under these conditions
depend on the power levels applied to the discharge. For
this experiment, we use a Marx bank charged to an ener-
gy of 27 kJ that provides a peak current of 240 kA in a
near-sinusoidal wave form with a } cycle time of 220 ns.
The initial I dot of this current is 1.6X10'> A/s. The
capillary used in the experiments reported here is made
of polyurethane, which has a chemical composition by
weight of 62% carbon, 9% hydrogen, 5% nitrogen, 24%
oxygen, and a few trace elements. The initial capillary di-
ameter is 20 um. Using Eq. (4) for our conditions, we
find that the plasma reaches equilibrium condition in
~10 ns. This number is consistent with numerical calcu-
lations discussed later, which show that by 3-4 ns, the
plasma has become uniform in density and temperature
and fills the entire capillary. Because of the high power
deposited in the discharge, the pressure balance is not
maintained. Soon the pressure produced in the plasma
becomes much greater than the magnetic pressure and is
enough to produce a shock wave in the polyurethane.
The plasma acts as a piston, pushing material radially
outward and causing the radius of the discharge to in-
crease. The plasma parameters are determined by the
balance between the energy input and the energy required
to heat the new material being ablated, the work done by
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the plasma, and radiative energy lost to the wall. The en-
ergy lost out the end by plasma flow is not important be-
cause the length to diameter ratio / /d for the capillary is
so large (~10%) and the discharge occurs for such a short
time that very little material can leave. The discharge
consists of three regions: a region of the current carrying
channel where the material is in the plasma state; a re-
gion where the polyurethane has been compressed by the
shock wave; and a region where the polyurethane has not
been disturbed. This system is similar in principle to a
laser deflagration preceded by a shock wave [21].

The electrical resistivity of the plasma is obtained from
several measurements: the current through the plasma,
the voltage drop across the plasma, and the radius of the
plasma. The pressure and temperature of the plasma are
also measured, and the plasma density is then calculated
from energy balance, using the measured input power
and plausible models for the EOS. A schematic of the ex-
perimental setup is shown in Fig. 1. Between the anode
and cathode is a cylindrical block of polyurethane with a
20 pm diameter capillary down the 2 cm long axis.
Several diagnostics are shown in this diagram: a Ro-
gowski coil to measure the current, a capacitive voltage
probe, a microchannel-plate (mcp) framing camera that
records four images of the propagating shock in the po-
lyurethane, and a pinhole x-ray framing camera that
looks through a hole in the anode to image the discharge
and measure the intensity of radiation emitted.

The voltage measured by the capacitive probe is the en-
tire voltage drop across the plasma and has two com-
ponents, a resistive component and inductive component.
To correct for the inductive component, shots are fired
into a shorted load with the same geometry except the
plasma region is replaced by a metal rod of radius 0.5 cm.
We can then measure the total inductance of the load and
correct this for the difference in radius between the plas-
ma and the short. The current is measured utilizing a
Rogowski coil which has been calibrated with a Pearson
self-integrating Rogowski.

The position of the radially expanding shock is mea-
sured by imaging the capillary on four different mcp’s.
Each mcp is gated separately at appropriate times giving
four independent snapshots of the diameter of the
shocked region of polyurethane and thus the shock speed.

Visible Gated
Microchannel
Plate Camera

Spectrally Resolved
X-Ray Framing Camera

X-Ray Film

Filters

Source

Capacitive Discharge Miniature
Voltage Plasma Rogowski
Probe Loop i

X-Ray Stripline
Pinhole Microchannel
Array Plate

FIG. 1. A schematic of the experimental setup to measure
the electrical resistivity in the plasma.
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The measured speed of the shock gives the pressure
behind the shock in the polyurethane, since the EOS of
shocked polyurethane is known in this regime [22]. The
shock pressure and the plasma pressure are closely relat-
ed, differing primarily by the shock pressure decay associ-
ated with the divergent geometry. This decay is calculat-
ed with a hydrocode in a reliable manner. Thus, our
measurement of shock speed produces a relatively accu-
rate inference of the plasma pressure.

The x-ray pinhole framing camera has proved to be ex-
tremely useful for an accurate description of the
discharge and determination of the plasma parameters.
This device consists of a stripline mcp whose operation is
described fully by Young, Stewart, Woodworth, and Bai-
ley [23]. The mcp contains seven gold striplines as photo-
cathodes which can be separately pulsed. The plasma is
imaged onto each of these seven striplines using a pinhole
array consisting of four columns of seven pinholes each.
In front of each column is an x-ray filter to restrict the
spectral range which is imaged by that column. Conse-
quently, this device can measure the x-ray emission from
the plasma in four different spectral regions at seven
different times in two dimensions. We use this informa-
tion to determine the diameter of the current carrying
channel and the temperature of the plasma.

The temperature of the plasma is determined using the
two-filter technique, which has the advantage of not re-
quiring an absolute measure of the intensity. In this tech-
nique the plasma is assumed to be a blackbody radiator.
The temperature is determined by comparing the relative
intensity in one spectral region to that in another. This
works quite well in that the ratio can be sensitive to tem-
perature if the spectral regions are properly chosen. In
this experiment we have chosen four filter materials:
aluminum, which transmits in the energy range of 30-70
eV; silicon, which transmits from 70-100 eV; boron,
which transmits from 120-190 eV; and carbon, which
transmits from 200-290 eV. The critical assumption in
this measurement is that the plasma is a blackbody radia-
tor. Because of the densities and temperatures involved,
we expect the plasma to be optically thick in these energy
regions. As with all plasmas though, one must take into
consideration the boundary effects on the radiation emit-
ted. We shall see when looking at the data that this is im-
portant in our experiments as well.

II1. DESCRIPTION OF THE PLASMA MODEL

The modeling of the capillary discharge has proved in-
valuable in the interpretation of the experiment and has
led to more sophisticated and accurate diagnostics than
previously used. We have used two types of models. The
more sophisticated of these is a one-dimensional (1D)
magnetohydrodynamic (MHD) computer code called
RAVEN. This code is based on methods described else-
where [24]. RAVEN is a complete resistive MHD code
with thermal conductivity, radiation transport, and ac-
cess to the SESAME library of resistivity and equation of
state tables. Calculations using RAVEN were the first to
indicate that the dynamics of the capillary discharge were
different from that previously reported [18]. This
discovery led to the development of a new diagnostic, the
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FIG. 2. Predictions of the RAVEN code: (a) Radial profile of
plasma temperature at a time 100 ns into the discharge; (b) radi-
al profile of the mass density at a time 100 ns into the discharge;
(c) radial profile of the current density 100 ns into the discharge;
and (d) radial profile of the electrical resistivity 100 ns into the
discharge.

pinhole x-ray framing camera, for measuring the proper-
ties of the capillary discharge [25]. The results from this
diagnostic verified the RAVEN predictions and have led to
new results for the experiment.

Some examples of the calculations done by RAVEN are
shown in Fig. 2. These calculations use the current from
the experiment and initiate the breakdown by starting the
first zone at 0.5 eV. These figures show radial profiles for
the current distribution, resistivity, temperature, and
density at a time of 100 ns into the discharge. The densi-
ty curve is useful in that it graphically illustrates the
three regions of the discharge, i.e., the low density plasma
region, the high density shocked region, and the region of
undisturbed polyurethane. All four traces illustrate the
uniformity of the plasma. A high level of uniformity in
the current is required for us to determine the resistivity

from the measured resistance of the plasma.

Our other model is a OD model that is described briefly
here and more details can be obtained elsewhere [26].
This model uses the conservation of mass, momentum,
and energy, assumes the plasma conditions are described
by Saha equilibrium, uses the ideal gas law equation of
state, and the Hugoniot relations for polyurethane to de-
scribe the plasma conditions and dynamics of the
discharge. This model assumes the sound speed in the
system is infinite so that changes in pressure are com-
municated throughout the discharge instantaneously. It
also assumes that the conditions in each of the regions is
uniform. The advantage of this model is that one can
make many types of changes to the equation of state and
resistivity and to the ablation process to get a better un-
derstanding of the discharge. It has provided results
close to that from RAVEN.

IV. RESULTS AND ANALYSIS

Figure 3 shows the measured current profile and
corrected voltage for the plasma. One can see that as
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time increases and the discharge channel increases in
size, the resistance drops and the net voltage also drops,
even though the current is still rising.

Figure 4 shows the shock radius as a function of time
and compares this to both the RAVEN calculation and the
prediction from the OD model. Both models are able to
reproduce these data accurately. This radius was
thought to be the radius of the discharge in previous ex-
periments [18). Measurement of the actual plasma radius
required using the x-ray pinhole framing camera. The re-
sults of those measurements are shown in Fig. 5, where
the radius of the emitting region is plotted vs time. Ini-
tially, the calculations match the data well but not at
later times. A possible reason for this is that the radii we
measure may not correspond to the very edge of the plas-
ma. We can see this by looking at Fig. 6, which shows
images from the x-ray pinhole framing camera. Here we
see three columns of images of the plasma channel, the
fourth column is too dim to see. Note that the boron and
carbon filtered images are not quite the same size. Since
the carbon channel is sensitive to a higher energy band of
radiation, the film exposure will be very sensitive to the
temperature of the emitting area. Thus if the tempera-
ture drops below about 20 eV, the film will not be ex-
posed through the carbon filter. With the boron channel,
this effect will occur at a lower temperature because the
boron transmits radiation at a lower energy. What we see
then is that the radius as measured by the boron channel
is larger than the carbon channel because of the slight
temperature gradient. The RAVEN calculation shown in
Fig. 2(a) predicts that the temperature is fairly uniform
across the plasma, but drops rapidly at the wall.

This leads us to expect that the two channels would in-
dicate similar plasma radii; that they differ indicates that
the temperature gradient near the wall is not as sharp as
predicted. One possible reason that RAVEN may not pre-
dict the temperature profile correctly is that the radiation
transport in the code is based upon the diffusion approxi-
mation, which is correct only for optically thick plasmas
where there are no sharp temperature gradients. Since
we do not believe that these plasmas are optically thick in
the radial direction, we expect this part of the dynamics
to be the most suspect. Another explanation is that the
EOS used by the code is not correct. This idea was tested
using the OD code with a range of EOS models. The re-
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FIG. 3. Measured resistive voltage across the plasma and
current through the plasma as a function of time.
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FIG. 4. Radius of the shock front as measured from the visi-
ble side-on framing camera. The dotted line is the RAVEN calcu-
lations and the solid curve is from the OD model.

sult was that plausible changes in the EOS do not affect
the radius of the plasma significantly. We also found that
no reasonable changes in the resistivity could reproduce
the data. We therefore believe that the temperature
profile is not as sharp as the code predicts.

This slight nonuniformity in the temperature profile
does not significantly affect our determination of an elec-
trical resistivity, as demonstrated by the following argu-
ment. Since the channel radius is small compared to the
skin depth for the current, the current density will be
proportional to 1/7. Also, since the energy deposited
into the plasma is proportional to the integral of 7J2, the
plasma will be hotter where the current is flowing. In
this region of density and temperature, the various
theories predict that 7 is approximately proportional to
1/T, and therefore the current density will be higher in
the regions where the plasma is hot and radiating. This
implies that even if the temperature is not constant across
the center region, the electrical resistivity determination
will not be affected much as long as most of the tempera-
ture drop occurs near the wall. Our measurements are
consistent with this situation, and we believe that using
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FIG. 5. Radius of the edge of the plasma as measured from
the x-ray framing camera using the boron filter. The dotted line
is from the RAVEN calculations and the solid line is from the 0D
model.
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FIG. 6. Image of the end of the discharge using the pinhole
x-ray framing camera. Each row is a single time and the time
separation between each row is approximately 16 ns. Time goes
from top to bottom. The columns each represent a different
filter and from left to right these are 1.5 um silicon, 0.65 um
aluminum, 2 ym paralyne-N, and 0.75 um boron.

the edge of the plasma as measured with the boron filter
for the plasma radius does not introduce serious errors in
the resistivity we determine.

We were not able to measure the edge of the cooler
plasma directly as that required using a lower energy
filter. The aluminum filtered column was sensitive to a
lower energy band but there were different problems en-
countered with this channel. This problem stems from
effects due to plasma blowoff from the plasma surface at
the anode. As this plasma cloud gets thicker and cooler,
it will eventually become optically thick in the wave-
length region of interest. We can see this by looking at
the late time frames for the aluminum filtered channel in
Fig. 6. For the photon energy transmitted by the alumi-
num channel, this effect occurs by about 50 ns into the
discharge. After this time the images of the aluminum
channel see not the plasma but only the blowoff.

The measured plasma temperature, using the ratio of
the transmitted intensities from the boron and carbon
channels, is shown in Fig. 7. The temperature very
quickly rises to near 30 eV and then drops to 25 eV after
120 ns. RAVEN predicts a slightly lower temperature.
We believe the discrepancy stems from the fact that
RAVEN assumes the plasma is optically thick and there-
fore may overestimate the amount of radiation produced.
This will produce more ablation than would actually
occur, thus lowering the calculated temperature. The 0D
code can predict the observed temperature if the ablation
rate is modified by assuming that only a fraction of the
radiated energy from the center region of the plasma
reaches the wall and ablates material. This effect of re-
duced ablation, which has been called the vapor shielding
effect, has been seen elsewhere [27] and verified experi-
mentally. The fraction needed to reproduce the tempera-
ture is 20% of the radiated energy, which is nearly the
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FIG. 7. Temperature determined from the ratio of the x-ray
signals in the boron and paralyne-N channels. The solid curve
is the temperature in the center of the discharge from the
RAVEN calculations.

same as that found in Ref. [27].

To compare the measured electrical resistivity to
theory, we must know the ionization level and the density
of the plasma. We use calculations from the OD and 1D
models to obtain these quantities, since direct measure-
ment is difficult. These calculations give the temperature,
pressure, density, and ionization level of the plasma. The
calculations of pressure and temperature can be com-
pared directly with data, while the ionization level and
density are determined using the measured energy deposi-
tion and a plausible EOS model. In the case of the
RAVEN calculations, we initially used a modified ideal gas
EOS in Saha equilibrium, which does not treat particle
correlations that may be important for strong coupling.
We therefore incorporated correlation effects into the 0D
MHD model using EOS models that probably overesti-
mate the correlation energy and predicted a higher densi-
ty than the RAVEN calculations by about a factor of 2.
However, the temperature predicted by the RAVEN calcu-
lations is slightly lower than measured, which would tend
to push the density slightly lower if the calculated value
were made to agree. The net result is that the uncertain-
ty in the density of the plasma is at most a factor of 2 in
either direction. The uncertainty in the ionization level
of the plasma is very low, ~10%. This is because at
these temperatures, the hydrogen will be nearly fully
stripped and the carbon will mostly be in the heliumlike
state and this will be rather insensitive to the density in
this range. These uncertainties have only a small effect
on comparison to theories, as all the theories predict a
very weak density dependence of electrical resistivity in
the measured temperature range. For example, the
Spitzer theory depends on density only through a loga-
rithmic term. The net result is that there is an uncertain-
ty of 10-20 % in the resistivity obtained from theory due
to the uncertainties in ionization level and density.

The electrical resistivity as a function of temperature is
plotted in Fig. 8, where the error bars in the temperature
are from the measurements and the fit to the temperature
vs time data and the error bars in resistivity are due to
just the error in making the measurements. These are
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FIG. 8. Electrical resistivity as a function of temperature in
comparison with several theories. The bullets denote experi-
mental measurements; the medium dashes denote Ref. [3]; the
short dashes denote Spitzer; the straight line denotes Ref. [8];
the long dashes denote Ref. [2]; the long dash, short dash
denotes Ref. [4].

compared against several theories, most of which agree
with each other in this parameter regime. None of the
theories agree with the data, which are a factor of 2
higher than these predictions. A possible explanation can
be found in the recent work by Ichimaru [28], who has
shown that in this parameter regime of nondegenerate
plasma with I'=1, the electron-ion structure factor plays
a critical role in transport processes. He also points out
that electrons in Rydberglike states can scatter conduc-
tion electrons and therefore cause an increase in resistivi-
ty. Another possible reason for the discrepancy may be
that the theories have not included all the ion species in
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polyurethane. However, the calculations that do include
carbon and hydrogen such as those of Rinker and
Dwarma-Wardana do not show significant differences. It
may be that these theories are not able to treat systems
with more than one ion species.

V. CONCLUSION

We have completed an experiment measuring the elec-
trical resistivity of a dense strongly coupled plasma. We
produced these plasmas in a capillary discharge that we
extensively modeled and diagnosed. This plasma had a
computed electron density of 5X10?! cm® and a mea-
sured temperature of 25-30 eV, corresponding to a cou-
pling parameter of I'=0.6-0.8 with average Z of 2.3 as-
suming Saha equilibrium. The results of this experiment
indicate that most theories do not accurately predict the
resistivity in this parameter regime. More work must be
done in this area to cover other parameter regions and
produce more definitive answers. We conclude that it
would be useful to do experiments on single elements to
reduce the complexity of theoretical calculations. Work
on materials such as aluminum and copper is planned.
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FIG. 1. A schematic of the experimental setup to measure
the electrical resistivity in the plasma.



Si Al G B

TIME 70-100eV 30-70eV 200-290eV  120-190eV

(—16ns intervals)

FIG. 6. Image of the end of the discharge using the pinhole
x-ray framing camera. Each row is a single time and the time
separation between each row is approximately 16 ns. Time goes
from top to bottom. The columns each represent a different
filter and from left to right these are 1.5 um silicon, 0.65 pum
aluminum, 2 pym paralyne-N, and 0.75 pm boron.



