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Measurement of the Resistivity in a Partially Degenerate, Strongly Coupled Plasma
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Plasmas with densities of 6&&1022 e/cm' and temperatures of 10 eV have been created by means of
capillary discharge. These parameters indicate that the plasmas are partially degenerate and strongly

coupled. By measuring the size of the plasma, the current, and the voltage, one can infer the resistivity

of the plasma and compare it with calculated values from various transport theories. The results of this

experiment show that theories that do not accurately model the complete electron-ion interaction within

this regime can be inaccurate by as much as a factor of 200.

PACS numbers: 52.25.Fi

1/n; = (4tr/3)r, (2)

e is the elementary charge, kz is the Boltzmann con-
stant, T is the ion temperature, and n; is the ion density.
When I (the strong-coupling parameter) is of order 1,
the plasma is said to be strongly coupled. Also, the Fer-
mi degeneracy parameter (used to measure the level of
degeneracy) is

2m, kaT
( 2 )3z p1e (3)

where m, is the electron mass and n, is the electron den-

sity. When 8 is much less than 1, the plasma is degen-
erate. In the absence of anomalous resistivity, for weak

coupling (I «1) and nondegeneracy (8»1) the electron
conduction can be described by the Spitzer resistivity. '

As the temperature of the plasma decreases and the den-

sity increases, both degenerate and strong-coupling
effects become significant and the Spitzer theory is no

longer valid.
Numerous theoretical models have been presented to

describe the physics of strongly coupled plasmas. Al-

though the theoretical research has been intense, there
have been few measurements performed in this re-

gime. We present in this Letter a measurement of the
low-frequency electrical resistivity in a plasma which is

Most experiments in plasma physics are done in a re-

gime where the interaction potential energy of the ions is

small compared to their kinetic energy (weak coupling).
Furthermore, the electrons in the plasma are nondegen-
erate (Boltzmann distribution). A useful parameter for
measuring the effects of the coupling in singly ionized
plasma is

I =e'/r;kaT,

where

partially degenerate and strongly coupled. Comparisons
with theory indicate that accurate modeling of the elec-
tron-ion interaction potential is critical to properly calcu-
lating the low-frequency resistivity.

The plasmas are created by discharge of a 600-kV
pulse across a 1.7-cm-long, 20-pm-diam hole (capillary)
in polyurethane (see Fig. 1) resulting in a peak current
of 500 kA in 300 ns. When the pulsed power system is
discharged, the inner walls of the capillary are heated to
conduction temperatures, accreting material from the
walls and filling the initial void with plasma. As the
current rises, the plasma expands at a velocity of 6 x 10
cm/s by ionization of the surrounding cold material. The
particle loss is small, and results only from particle loss
out of the anode end of the capillary. Thus, once the
plasma volume is large compared to the initial capillary
volume, the plasma density is essentially at solid density.
The result is an = 10-eV, solid-density (= 6 x 10
e/cm ) plasma for the first 100 ns of the discharge.

The resistivity is determined by measurement of the
lumped parameters of the plasma circuit. To achieve
this, the diagnostics used on the experiment were focused
on four parameters: temperature, channel size, voltage,
and current. The temperature was measured by compar-
ison of the relative continuum intensities of the extreme
ultraviolet to soft x-ray radiation emission. In analyzing
these data, the plasma was assumed to be a blackbody
radiator with a spatially uniform temperature. On the
average, the temperature of the plasma was = 10+ 3 eV
during 10 to 100 ns into the discharge.

The channel radius as a function of time was mea-
sured both along the z axis and perpendicular to the z
axis. The channel radius was measured perpendicular to
the plasma's axis with use of a visible streak camera and
schlieren photography. A streak camera was used to
measure the size of the visible light front as a function of
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FIG. 1. Experimental apparatus.

time both axially and radially, while the schieren photog-
raphy was used to measure the spatial growth in the crit-
ical density as a function of time.

The radial size as a function of time was also mea-
sured axially to ensure that the channel expansion was
uniform along the channel length. The time-dependent
radial size measurements (axial and radial) are fitted
well by a constant expansion of 6x 10 cm/s.

In comparison of the time-dependent volume of the
plasma (determined by the radial size diagnostics) to the
initial void, the initial capillary volume was ignored and

particle conservation was used to determine the density.
Calculations of end losses support this approach.

The voltage was measured by a voltage probe capaci-
tively coupled to the chamber anode with water as the
dielectric medium. The current was measured at the
face of the capillary with a Rogowski coil. The dI/dt
data were integrated numerically to generate the current
for each shot.

The time-dependent resistivity can be inferred by our
combining the measurements of the voltage, current, and
radius. By subtracting out the inductive contribution to
the voltage, one can deduce a resistance for the plasma.
Further, with the assumption that the distribution is uni-

form, the resistivity is found to be
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because the electron collision frequency (= 3.3x10'
s ') was much larger than the electron cyclotron fre-
quency ( = 7.6x 10' s '). The current density was as-
sumed to be uniform on the basis of on skin-depth calcu-
lations. A plot of resistivity versus time is displayed in

Fig. 2 for nine experiments.
The error in the resistivity measurement is character-

ized by the spread in the data in Fig. 2 (random error)
and the error propagated in the calculation by uncertain-
ties in data tables (systematic error). The total sys-
tematic error was estimated to be on the order of ~ 50%.
The random error can be estimated from the nine shots
displayed in Fig. 2. Including these errors, the resistivity
is = (2.5 —+i'7s) x 10 0 cm.

In order to compare the measured resistivity to the
values calculated from the relevant theories, it is neces-

where r I is the plasma radius, rp is the return current ra-
dius, lz is the plasma length, V~ is the voltage drop
across the plasma, and I is the current through the plas-
ma. Magnetic field efrects were assumed to be negligible
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FIG. 2. Resistivity vs time for nine shots.
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TABLE I. Resistivity calculated with various theories.

Theory

Spitzer
Modified Spitzer
Ichimaru- Tanaka

Rinker
Measured value

Resistivity
(n cm)

9.8 x 10
5.9 x 10
2.5 x 10
&.8x10-'
2.5 x 10

Measured/theory

256
42
10

1.4

sary to calculate the Coulomb coupling and Fermi de-
generacy parameters from experimental values. For our
conditions, 0.6~ I ~ 1.8 and 1.2~ 0~ 1.9, which im-

plies that the plasma is partially degenerate and in the
intermediate- to strong-coupling regime.

Comparisons were made to resistivities calculated with
the Spitzer, Ichimaru- Tanaka, ' and Rinker " theories.
The calculation of the Spitzer resistivity is'

ps=1.03x10 ZlnA/T 2 0 cm, (s)

where T is the temperature in eV, Z is the average de-
gree of ionization, and lnA is the Coulomb logarithm
(usually defined as the logarithm of the ratio of the De-
bye shielding length to the distance of closest approach).
For conditions in the experiment, this definition of lnA

yields a value less than 0.1. ' An effective Coulomb log-
arithm of 0.6 has been calculated from a kinetic-theory
derivation of the interparticle collision frequencies using
plasma correlation functions accurate for a fully ionized
plasma. " The average ionization Z is provided by the
theoretical calculation in Ref. 9 (the underlying princi-
ples used in this calculation are stated later in this paper
in the discussion of Rinker's resistivity calculation).
With a temperature of 10 eV, a Z of 0.3, and a density
of 6x10 cm, the Spitzer resistivity was calculated
for two cases (I) InA =0.1 (the Coulomb logarithm) and
(2) lnA=0. 6 (the effective Coulomb logarithim), and
displayed in Table I.

A more general model for the resistivity of a plasma
has been proposed by Ichimaru and Tanaka. The model
assumes a fully ionized plasma and is based on a
quantum-statistical derivation of the transport equation
for the electrons in the plasma using fluctuation-
dissipation theory. ' ' The derivation further uses an
effective Born approximation to calculate the scattering
cross section.

Using the classical definition of lnA, the Spitzer resis-
tivity underestimates the measured value by a factor of
200. Calculations based on Spitzer theory with an
effective lnA are still a factor of 42 less than the mea-
sured value. This is to be expected because of the as-
sumptions that Spitzer theory is based on breakdown in

plasmas with a level of degeneracy and strong coupling
such as that estimated in the capillary experiment. The
Ichimaru-Tanaka calculation corrects the resistivity for

the level of degeneracy and strong coupling in the plas-
ma. However, the assumption of a fully ionized plasma
simplifies the more complex electron-ion interaction
which exists in the partially ionized capillary plasmas.
This fact is suspected to be the cause of the poor agree-
ment between the Ichimaru-Tanaka calculation and the
measured value (the theory predicts values approximate-
ly a factor of 10 less than the measured value).

The calculation that produces the best agreement with

the measurement is a calculation by Rinker. This calcu-
lation was done for a C2H3 mixture by combination of
the resistivity for carbon and hydrogen. The resistivity
for carbon and hydrogen are calculated independently
and then combined with a method successfully employed
in the study of binary liquid metals. '

Resistivities calculated by this method involved the
following steps. (1) For each temperature and material
density of interest, a potential was constructed from
Dirac-Fock-Slater and Thomas-Fermi-Dirac theories.
The carbon potentials were constrained to approximate
the electronic shell structure of diamond at room temper-
ature. ' (2) A complete partial-wave analysis of elec-
tron states was carried out to yield (a) scattering cross
sections, and (b) densities of states, from which the
chemical potential and ionization state Z were obtained
by standard methods. (3) These were combined in the
Ziman formula with a one-component plasma structure
factor to give the resistivity at that temperature and den-

sity. The resistivities computed from the above theories
are displayed in Table I.

In summary, the plasmas created in the capillary ex-
periment had a strong-coupling parameter (I ) between
approximately 0.6 and 1.8 and a Fermi degeneracy pa-
rameter (8) between 1.9 and 1.2. Thus, the plasmas
were partially degenerate and intermediate to strongly
coupled. Three theories for the resistivity were used for
comparison in this parameter regime (Spitzer, Ichi-
maru-Tanaka, and Rinker). An effective Spitzer theory
is approximately a factor of 42 less than the measured
resistivity, suggesting that plasmas in this I -0 regime, as
expected, have a non-Spitzer electron conduction. The
measurement is approximately a factor of 10 greater
than the Ichimaru-Tanaka calculation. This fact along
with the good agreement between the measured resistivi-

ty and the Rinker calculation suggest the importance of
the modeling of the electron-ion interaction potential in

electron transport in dense plasmas.
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