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Results are presented of measurements of the electric conductivity of a dense plasma with strong
interparticle Coulomb interaction. Experiments with air, neon, argon and xenon were carried out with an
explosive nonideal-plasma generator. A four-point probe recording technique was used. The Coulomb
component of the electrtic conductivity is compared with that predicted by theories of a non-ideal plasma.
PACS numbers: 52.25.Fi

1. INTRODUCTION

Electric conductivity is one of the most essential
plasma characteristics that determine its dissipative
heating and the interaction with the electromagnetic
field in the operation of magnetohydrodynamic and
magnetocumulative generators, thermonuclear, laser,
and other pulsed devices that require a considerable
energy concentration. [1] In view of the high charge
density, the average electrostatic-interaction energy
turns out to be of the order of the kinetic energy of
particle motion, so that deviations of the plasma from
ideal determine the equilibrium and kinetic properties
of such a medium. [21
At the present time, a consistent theoretical calculation of the transport characteristics of disordered electron systems can be carried out only in the case of weak
interaction at r=e2 /kTrD « 1 (rD =..fkTI8rrne eZ) on the
basis of the kinetic equations or by the method of timedependent correlation functions. [3,41 As the deviation
from ideal increases, however, it becomes quite difficult to justify the initial kinetic equations and the methods for their solutions. In particular, in view of the
strong collective interaction in a dense plasma it is
impossible to separate unambiguously the characteristic times of the elementary processes, "and the time
of evolution of the system under the influence of an external field is no longer, generally speaking a Markov
process. [41 Allowance for the bound states in a partly
ionized plasma [31 constitutes a special problem, owing
to the absence of the corresponding kinetic equations
and transport cross sections that would permit the use
of approximate semi-empirical methods. The results of
the theoretical calculations of the low-frequency (W2
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~W!= 411"ne e2/m e ) conductivity of the plasma therefore
begin to differ noticeably starting with r- 0.1. [51 Extrapolation of these theories to the region r ~ 1 of increased deviation from ideal, as a rule, leads to unphysical divergences that are connected with the use of
a finite number of Sonine polynomials when solving the
corresponding kinetic equations by the Chapman-Enskog
method.

The difficulties in the experimental study of the
electrophysical properties of a non-ideal plasma are
connected with the need for highly concentrating the energy, and with the absence of well-developed methods
for measurements in optically dense media. The region
of parameters up to r- O. 7 can be reached relatively
easily in stationary (see[51) and in pulsed[6-91 experiments, the results of which, however, frequently contradict each other because of considerable experimental errors and interpretation inaccuracies. [101 The
transition to increased deviations from ideal entails
great difficulties in the generation and the diagnostics
of the plasma. The number of pertinent experiments
is quite limitedC11-151 and most are of qualitative character, in view of the lack of directly recorded and reliable information on the physical parameters of the
plasma. [11-131
We present here the results of the measurement of
the electric conductivity of a dense low-temperature
plasma in a wide range of non-ideality parameters r
- O. 3-4. 5. The absence of complicated molecular and
ion-molecular formations, the fact that the cross sections of the elementary processes have been investigated in detail, and the high molecular weight have
dictated the choice of inert gases as the investigation
Copyright © 1977 American I nstitute of Physics
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FIG. 1. . Schematic diagram of
conductivity measurement. 1channel of explosive shock tube,
2-explosive charge, 3-mirror,
4-dc source, 5, 6-current
and potential electrodes, 7differential amplifiers, 8-oscilloscopes, 9-optical system,
10-high-speed motion picture
camera.

objects. The latter circumstance makes the dynamic
heating of these gases effective, so that a plasma with
high degree of ionization can be obtained, thereby decreasing the uncertainty concerning its thermodynamic
composition, and most importantly, making possible
a reliable separation, from the measurement results,
of the Coulomb component of the conductivity due to the
scattering of electrons by the charged particles. The
experiments were performed with different gases (xenon,
argon, neon, air) and in parameter ranges that overlapped partially both with one another and (in the weakly
non-ideal region) with other measllrements. This made
it possible to trace the variation of the conductivity for
a wide and continuous variation of the Coulomb interaction in the system.
2. PLASMA GENERATION AND DIAGNOSTICS
In view of the need of high energy concentration, we
. used for the generation of a strongly non-ideal plasma
a dynamic method[16] based on compression and irreverSible heating of the gas in the front of a high-power
ionizing shock wave. To produce shock waves of optimal intensity in pre-compressed gases we used an explosive non-ideal plasma generator U6 ] with a high-power
condensed explosive as the active element (Fig. 1).
The shock wave was produced by the expansion of the
products of the explosive detonation in the investigated
gas; these products had high initial parameters (after
completion of the detonation in the condensed phase),
namely P- 300 kbar, T- 5X 103 OK, and p- 2.3 g/cm3 •
The flow of the shock-compressed plasma was made
one-dimensional and quasistationary by a suitable
choice of the dimensions of the generator elements (the
diameter of channel 1 was 6 cm, and the thickness of
the glass wall was 0.5 cm) and of the parameters of the
active charge 2. The hydrodynamic properties of the
generator operation, and also the homogeneity and
thermodynamic properties of the non-ideal plasma
cluster were investigated beforehand by optical H6] and
x-ray diffraction U7 ] methods. The presence of a highpower explosive charge has caused the generator to be
destroyed in each experiment, and called for appropriate measures to protect the measuring apparatus. The
phYSical parameters of the shock-compressed plasma
were varied by changing the initial gas pressure Po and
the distance from the measurement section to the explosive charge.

The Shock-wave front velocity D was determined in a
113
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special series of experiments by optical and electriccontact basic methods with accuracy -1. 5%. In addition, the construction of the measuring electrodes has
made it possible in each experiment to measure, besides the electric conductivity, also the shock-wave
velocity.
The high electric conductivity and the short (- 5X 10- 6
sec) lifetime of the shock-compressed plasmoid result in
a plasma skin-layer thickness of several millimeters;
making it impossible to use electromagnetic methods to
measure the conductivity, in view of the considerable
crowding out of the external magnetic· field by the plasma. We measured the electric conductivity with a fourpoint probe method (see Fig. 1), which had a high spatial
resolution and was relatively simple to realize under
conditions of a one-shot dynamiC experiment. The
transport electric current I from a specially developed
source 4 was applied to the plasma by copper electrodes
5 placed along the shock-tube channel. To improve the
dynamic characteristics of the system, the stabilized
current source was placed in the immediate vicinity
(at an approximate distance of 1 m) of the explosive
generator. The voltage drop due to this current was
registered by potential electrodes 6 placed parallel to
the plasma stream; these electrOdes were connected to
the inputs of differential amplifiers 7 with input resistances (-1 Mil) much larger than the plasmoid resistance. Such system leads to small electric currents in
a measurement circuit and consequently to negligible
voltage drops in the vicinity of the measuring electrodes
6, which in this case registered the true potential difference in the plasma. To exclude the distortion due
to the electric layers at the electrodes, the potential
probes were located 1 cm away from the nearest current electrode, 1) a distance greatly exceeding the electric-potential inhomogeneities due to the phenomena
next to the electrodes when a large (- 103 A) transport
current is fed to the plasma. To eliminate the electric
nOise, the current and potential measurement systems
were at a floating potential relative to ground.
The geometriC factor that takes into account the
spreading of the stream lines was measured in a special
series of calibrating experiments under stationary,
conditions using NiS0 4 and NaCI electrolytes and in a
dynamic regime using shock-compressed air U8 ] and
the detonation products of condensed explosives. U9] The
plasma-mirror dimensions needed to determine the
electric conductance were determined on the basis of
x-ray diffraction and optical experiments, [l7l and were
addltionally monitored against gas dynamic calculations. rao]
The working voltage applied to the current electrodes
varied from 10 to 300 V, a range in which the isothermal character of the plasma was not disturbed (eEl/kT
«1, where 1 is the electron mean free path in the field
E). Figure 2 shows plots of the voltage drop U in the
plasma, measured in dynamic experiments, against the
transport current I. The practically linear character
of the current-voltage characteristics shows that 'in
this diagnostic scheme the measured electric conductance is not influenced by electric phenomena
Ivanov et al.
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TABLE I. Results of measurement of the electric conductivity
of a non-ideal plasma.
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FIG. 2. Current-voltage charactersitics of plasma gap. Dashedargon, solid curves-xenon. Initial pressure Po (in bars): .-1,
4

-3, 0-10, +-15, 0-20.
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next to the electrodes, an influence that is the main
shortcoming of probe measurements in a dense plasma.
In the experimental setup the potential probes were
- 3 cm longer than the current probes, making it possible to register in each experiment the shock-wave
velocity D, thereby monitoring the reproducibility of the
parameters and the operating quality of the explosive
plasma generator. Approximate calculations and highspeed motion picture photography of the gas dynamic
picture of flow around the probe system have shown
that the electrodes do not become deformed during the
measurement time and introduce no noticeable hydrodynamic perturbations in the plasma stream.
A typical oscillogram of the transport current (a) and
of the voltage on the potential electrodes (b) is shown
in Fig. 3. The oscillogram shows clearly the "mirror"
of the shock-compressed plasma 3, the growth of which
as the shock wave moves over the electrodes leads to
a certain increase of the transport current (a).
3. MEASUREMENT RESULTS

Our aim was to investigate the electric conductivity
of a dense low-temperature plasma in a wide range of
non-ideality parameters from r- O. 3, where the differences between the theories are relatively small and
the amount of experimental data is appreCiable, [5J up
to the experimenally univestigated region of extremely
high r- 4.5, in which most theoretical approximations
differ from one another. We note that the largest attainable values of r are close to the maximum possible
ones for a nondegenerate plasma. [2J The investigated
range of parameters was covered by experiments with
different gases-air, neon, argon, and xenon. The
maximal parameters were obtained in experiments with
xenon, because of its relatively small ionization potential and high efficiency of xenon heating in the shock
wave. The maximum values of r attained for each gas
are determined by the energy capabilities of the active
explosive charge and by the largest initial pressure Po
- 20-30 atm that the glass walls of the shock-tube
channel can withstand. The minimum values Po= 0.25
atm were chosen to facilitate stabilization of the instabilities of the contract surface[211 separating the detonation products from the plasma.
The experimental results are listed in Table I, where
each pOint is the average of 5-10 independent reduc114
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tions of the experimental current-voltage characteristics. The thermophysical properties of the shock-compressed plasma were calculated from the measured
values of D within the framework of the Debye approximation in the grand canonical ensemble, [20J which
agrees qualitatively with the experiments on cesiuml:22J
and argon. [l7J In the investigated range of parameters
P- O. 3-20 kbar, T -10-30 .103 K, ne -10 18 _2 ·1Q21
cm- 3 the plasma is not degenerate (ne\; -10- 3 ) and the
interaction of the charged particles is decisive, whereas other forms of non-ideality, such as the ion-atom
(Yia= Ole 2 n 1 / 3/kT-10- 4), electron-atom (Yea=n 2N/
mekTvrrQ:a-0.1), and atom-atom (yaa=an/kT-O.Ol),
are less significant. 2) In this case greatest interest attaches to the Coulomb component of the electric conductivity ac, which is due to scattering of the conduction electrons by the charges. The organization of the
experiment ensured a suffiCiently high degree ionization of the plasma. Thus, the measured electric conductivity was determined in practice by ac, thereby
greatly simplifying the interpretation of the results, by
decreasing the influence of the uncertainty in the thermodynamic composition of the plasma and of the inaccuracies in the transport scattering cross sections.
The correction for the electron-atom collisions was introduced in an approximation additive in the collision
frequency, and the applicability of this approximation
was monitored against calculations by Frost's semiempirical method. [10J In view of the smallness of this

t Z

J

FIG. 3. Oscillograms of the current (a) and voltage (b). Sweep
2.5 x 10-6 sec/ div. 1) Arrival of plasma at the potential electrodes, 2) shock-wave front, 3) region of shock-compressed
plasma.
Ivanov et al.
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ion correlations were taken into account in an approximation analogous to Ziman's theory, £27] using a Debye
potential and a corresponding correlation function
(grand canonical ensemble) (curve 4). The scattering
of the charges was calculated in the Born approximation
with a screened Debye potential; the electron-electron
interaction was accounted for by Spitzer's method. [24]

r
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1O-'IO

FIG. 4. Dependence of the Coulomb component of the electric
conductivity of the plasma on the non-ideality parameter. Our
data are represented by circles: t:l-argon, J-xenon,
O-neon _air. ~U6l, 0 _[71, a._ lal , x_lI5l.

correction, we neglected in the estimates of the conductivity of the electron-atom subsystem the scattering
by the excited atoms (in the Born approximation[23l this
contribution is less than 3%), the quantum interference
effects (na~e Q-10- 2), the effect due to the non-paired
character of the scattering, and the influence of the
spatial correlations of the scattering centers with proper dimension R, nR 3 - 10- 2. The experimental data on
the averaged transport scattering cross sections were
taken from[5]. The value of CJe for shock-compressed
air was separated by using the data of tlS ] and is subject
to considerable errors, in view of the low degree of
ionization (-10- 3).
The data for the electric conductivity are plotted in
Fig. 4 in dimensionless coordinates, the abscissa
representing the non-ideality parameter 3 ) r and the
ordinates the dimensionless conductivity (j= 1. 48 CJ e /
e 2 Y21T(kT)3m.. The figure shows also a comparison
of our results (circles) with those obtained by others
and with a number of theoretical models. Curve 1
corresponds to the Spitzer theory, [24] which is widely
used in plasma calculations and is based on a numerical
integration of the Fokker-Planck kinetic equation. By
applying a diagram technique (with account taken of
annular and ladder fragments) to the equations of motion for the time-dependent Green's functions, a kinetic
equation was obtained in t2S ], in which account was taken
of the interparticle interaction via a screened Coulomb
potential; this equation is valid in first order in r
(curve 2). The collective effects in the Coulomb interaction were taken into account in[26] on the basiS of
the Fokker-Planck equation for a single-particle function, where the collision integral contains all the mo-:ments of the distribution function (curve 3). It is characteristic that the use£25,26] of a finite number of Sonine
polynomials in the Chapman-Enskog procedure for solving the corresponding kinetic equations leads in the
actual calculations to deviations (noted by the arrows
in Fig. 4) of the expressions for the electric conductivity
at increased non-ideality parameters. In a dense plasma an important role can be played by ion-correlation
effects that are peculiar to liquid metals and semiconductors and lead to simultaneous scattering of the
conduction electrons by several charged centers. The
115
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From a comparison of the theory with experiment it
follows that Spitzer's theory seems to describe satis':
factorily the behavior of the electric conductivity up to
r- 0.1-0. 6. In the region 0.6,::: r:: 4.5 the measured
values of the electric conductivity are finite and lie be'low curve 1 (see in additiont13 ,l5]), whereas the more
rigorous theories (curves 2, 3)[25,26] predict an increase
of the electric conductivity with increasing Coulomb interaction. This behavior of the electric conductivity in
a strongly non-ideal plasma can have different causes.
The decrease of the electric conductivity can be duets]
to an increase in the cross sections of the Coulomb colliSions in comparison with the results of the theoretical
estimates, which predict in the region r ~1 anomalously small screening radii-in our conditions r D -10- s cm.
It appears that the interaction becomes renormalized in
a dense plasma and the correlation radius of the charges
is of the order of the interparticle distance (ro-n-l /3
-10- 7 cm), just as in the case of metals and semiconductors. £28] The corresponding model[28.29] used successfully to describe the scattering of conduction electrons by impurity ion centers of doped semiconductors
is labeled 5 in Fig. 4. On the other hand, the spatial
correlation of the charges, together with a certain decrease of CJe in accordance with the model of curve 4 £27]
can lead to a qualitative decrease of the number of
carriers in view of their partial localization in the dense
plasma. [30] The effective electroconductivity of the
plasma may also be underestimated because of a decrease of the external electric field acting on the
charge, in view of the screening of the electrons in a
dense plasma. t3] An estimate of the influence of the
quantum effects in Coulomb interaction (~e/rD-1) in
accordance with t31l also yields a negative correction to
the- electroconductivity of the plasma, the value of
which, however, does not exceed 10% under our conditions. The non-Coulomb character of the electron
scattering in the ion field at short impact parameters
leads to a decrease of the theoretical values of CJe.
However, allowance for this circumstance by the quantum-defect method tSZ ] yields in the investigated range
a correction smaller than 5%. In view of the serious
difficulties of rigorously calculating theoretically the
transport phenomena in a dense plasma, the experimental data can be described at present apparently
only within the framework of model approximations.
The authors are grateful to L. V. AI'tshuler for useful discussions and remarks.

IlThis distance was varied in a special series of experiments.
2)Here '\ =../1f2/21Tm.kT, a is the polarizability of the atom 'and
a is the van der Waals constant.
3)The uncertainty in r, due to errors in the registration of D
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and to inaccuracies of the thermodynamic composition of the
plasma, is marked by horizontal bars in Fig. 4.
Ip. Caldirola and H. Knoepfel, eds., Physics of High Energy
Density, Academic, 1962.
2G. E. Norman and A. N. Starostin, Teplofiz. Vys. Temp. 8,
412 (1970).
3yu . L. Klimontovich and V. Ebeling, Zh. Eksp. Teor. Fiz.
63, 905 (1972) LSov. Phys. JETP 36, 476 (1973)).
4R. Balescu, Statistical Mechanics of Charged Particles,
Wiley, 1963.
5p. P. Kulik, in: Ocherki fiziki i khimii nizkotemperaturnor
plazmy (Outlines of Physics and Chemistry of Low-Temperature Plasma), ed. L. S. Polak, Nauka, 1971, p. 5.
6S. L. AndreevandT. V. Gavrilova, Teplofiz. Vys. Temp. 13,
176 (1975).
1R. E. Rovinskii, Teplofiz. Vys. Temp. 10, 1 (1972).
8S. V. Alipov and B. K. Tkachenko, Teploviz. Vys. Temp. 12,
1299 (1974).
9p. P. Ogurtsova, I. V. Podmoshenskil, and V. L. Smirnova,
ibid., 650.
lOA. L. Khomkin, ibid., 870.
IIJ. W. Robinson, J. Appl. Phys. 38, 210 (1967).
12R . V. Mitin, V. P. Kantsedal, and G. P. Glazunov, Teplofiz. Vys. Temp. 13, 706 (1975).
13S. G. Barolskii, N. V. Yermokhin et al. , Intern. Conf. on
Phenomena in Ionized Gases, Eindhoven, 1975, p. 18l.
14V. E. Fortov, Yu. V. Ivanov, V. B. Mintzev, and A. N.
Dremin, II Intern. Conf. on Interaction of Electrons: with
Strong Electromagnetic Field, invited papers, Budapest,
1975.
15V. A. Sechenov, E.·E. Son, and O. E. Shchekotov, Pis'ma
Zh. Tekh. Fiz. I, 891 (1975) [SOy. Tech. Phys. Lett. I,
388 (1975)].
16V. E. Fortov, Yu. V. Ivanov et aI., Dokl. Akad. Nauk 221,

1307 (1975) [SOY. Phys. Dokl. 20, 295 (1975)].
I1V. E. Bespalov, V. K. Gryaznov, A. N. Dremin, and V. E.
Fortov, Zh. Eksp. Teor. Fiz. 69, 2059 (1975) [SOy. Phys.
JETP 42, 1046 (1976)J.
181. M. Yos, Technical memorandum rad TM-63-7, Wright
Patterson Air Force Base, Ohio, March 22 1963.
19
'
A. A. Brish, N. S. Tsukerman, and V. A. Tarasov, Zh.
Eksp. Teor. Fiz. 37, 1543 (1959) [SOy. Phys. JETP 10,
1082 (1960)l.
20V. K. Gryaznov, I. L. Iosilevskir, and V. E. Fortov, Zh.
Prikl. Mekh. Tekh. Fiz. 3, 70 (1973).
21S. D. Savrov and A. N. Dremin, Dokl. Akad. Nauk SSSR 194,
811 (1970) [SOY. Phys. Dokl. 15, 956 (1971)].
22B. N. Lomakin and V. E. Fortov, Zh. Eksp. Teor. Fiz. 63,
92 (1972) [SOY. Phys. JETP 36, 48 (1973)].
23V. M. Dubner and N. V. Komarovskaya, Inzh. Fiz. Zh.14,
857 (1968).
24L. Spitzer, Physics of Fully Ionized Gases, Wiley, 1962.
25H. A. Gould and H. E. De Witt, Phys. Rev. 155, 68 (1967);
R. H. Williams and H. E. De Witt, Phys. Fluids 12, 2326
(1969).
26T. Kihara and o. Aono, J. Phys. Soc. Jap. 18, 837 (1963);
I. Itakava, ibid., 1499.
27B . K. Gryaznov, Yu. V. Ivanov, A. N. Starostin, and V. E.
Fortov, Teplofiz. Vys. Temp. 14, 3 (1976).
28F. J. Blatt, Physics of Electronic Conduction in Solids,
McGraw, 1968.
29E. M. Conwell and V. F. Weisskopf, Phys. Rev. 77, 388
(1950).
30A. S. Koklyugin and G. E. Norma, Teplofiz. Vys. Temp. 11,
31H. Hahn, E. A. Mason, and E. J. Smith, Phys. Fluids 14,
278 (1971).
32L. 1. Podlubnyi, Teplofiz. Vys. Temp. 13, 1081 (1975).
Translated by J. G. Adashko

Shock-wave production of a non-ideal plasma
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Experiments on generation of a non-ideal argon or xenon plasma by intense shock waves are described,
and results of investigation of the equation of state of the plasma are presented. The experiments are
performed with explosive generators of rectangular shock waves in which condensed explosives are
employed as the active elements. A thermodynamically complete equation of state of the imperfect plasma
is determined by recording the kinematic parameters of the shock wave and the temperature. The equation
is compared with theoretical models.
PACS numbers: s2.sQ.-b, s2.2s.Kn

1. INTRODUCTION

ous and qualitatively new physical phenomena and effects. [1]

The thermodynamic properties of a dense low-temperature plasma with strong interparticle interaction is
presently the object of intensive theoretical and experimental research. [11 This is due to the need for a physical analysis and hydrodynamic calculation of the phenomena caused by intense pulsed energy release in
dense media, which are the basiS for the development
of various prospective designs and devices. [2] At the
same time, a non-ideal plasma occupies an extensive
region of the phase diagram of matter, in which strong
electrostatic interaction is decisive and can lead to vari-

In view of the considerable mathematical difficulties,
the possibilities of a pure theoretical study of strongly
interacting disordered electron-ion systems are quite
limited, and to describe them thermodynamically it is
necessary for the time being to resort to model considerations. Heuristic models of this type[1) are in fact
extrapolations of ideas about the role of quantum and
collective effects in Coulomb interactions, originally
developed for the weakly non-ideal region, and the results are therefore highly uncertain. Much more
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