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The electrical conductivity of adiabatically compressed, highly nonideal cesium and potassium
plasmas has been measured at P~ 2-10 MPa and 7'~2200-4300 K. The experiments were carried
out in a heated ballistic apparatus in which a range of high plasma densities lying between those of
static and shock-wave experiments can be achieved by adiabatic compression of the saturated
vapor. The extent to which the measured conductivity exceeds the calculated conductivity con-
forms to the argument that ion clusters strongly affect the ionizational equilibrium.

I. INTRODUCTION

The physical properties of dense, cool alkali metal plas-
mas with strong interparticle interactions are presently be-
ing studied by two approaches which have access to greatly
different parameter ranges' (Fig. 1). First, the methods of
shock-wave compression' and pulsed discharges*’ can
produce states with high temperatures, 7>4-10° K, far from
the saturation curve. In this region there is typically a strong
Coulomb interaction in a dense plasma with well-developed
ionization. Second, the methods of static (oven) experi-
ments®’ can heat plasmas to temperatures no higher than
2300 K in the vicinity of the boiling curve, where the interac-
tion of neutral atoms with charged particles and with each
other is important because of the low degree of ionization. It
turns out that both the level of the electrical conductivity
and its temperature dependence are quite different in these
two ranges.

The results of the “high-temperature measurements” of
Refs. 1, 2, and 4 (T>4-10° K) are described by the conven-
tional models of electron transport in a dense plasma with
screening, ion correlations, and electronic excitation.?

The results of the “low-temperature measurements” (of
which there have been few so far) near the saturation curve®’
imply an anomalously high conductivity of a dense, weakly
ionized plasma—several orders of magnitude higher than
the usual plasma estimates. In Refs. 8-10 the anomalous
conductivity was attributed to the formation of heavy ion
clusters containing tens of atoms in a dense plasma and to a
pronounced shift of the ionization equilibrium toward an
increase in the density of conduction electrons. Biberman et
al.'! have suggested making use of this effect to develop a
high-power MHD generator using a nonideal plasma of al-
kali metals. It would thus obviously be desirable to carry out
measurements in temperature and density ranges lying
between those of the static and dynamic approaches.

This range of plasma states presently poses severe diffi-
culties both theoretically and experimentally. Here thereare
strong and structurally complicated interparticle interac-
tions involving electrons, ions, and neutral atoms, which dis-
tort the electron energy spectrum, lead to the production of
ion clusters, shift the ionization equilibrium, and lead to a
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metal-insulator transition.! A systematic calculation of the
physical properties of a dense, highly nonideal plasma in this
region runs into serious complications, which make it neces-
sary to appeal to models based on experimental data.?

So far, no experiments have been carried out on the
intermediate range of parameters between “cluster plasmas”
and “gaseous plasmas.” The temperature range 72 2-10° K
is inaccessible to steady-state experiments involving heating
with ovens.®” The particular features of the dynamic meth-
ods® of compressing and heating plasmas in shock waves, on
the other hand, restrict these methods to a limited density
range and cause a pronounced heating of the plasmas
(TZ4-10° K).

In the experiments reported here we use the adiabatic
compression of saturated vapor in a ballistic apparatus to
produce nonideal plasmas with temperatures and densities
in the intermediate ranges.'>~!* The measurements are car-
ried out in a region of the phase diagram (Fig. 1) in which the
thermodynamic manifestations of the nonideal nature of the
plasma are slight, while the strong interparticle interaction
affects the electrical conductivity and other electronic kinet-
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FIG. 1. Regions on the 7-P diagram of cesium in which the electrical

conductivity has been measured. 1—Ref. 2; 2—Ref. 4; 3—Ref. 5; 4—
present experiments; 5—Ref. 6; 6—Ref. 7; 7—phase equilibrium curve.
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FIG. 2. The adiabatic compression tube. 1—Tube; 2—oven; 3—piston;
4—copper cap; 5—ring of a material similar to Teflon; 6—back of piston;
7—displacement pickup; 8—membranes; 9—pusher-gas inlet; 10—argon
inlet; 11—cesium; 12—to vacuum system; 13—collar with beryllium
washer 14; 15—device which measures the electrical conductivity.

ic properties of the plasma.

2. EXPERIMENTAL APPARATUS AND DIAGNOSTICS

The experiments are carried out in an adiabatic com-
pression apparatus which is heated to 7= 1150-1170 K to
produce a high initial vapor density of the cesium (up to 0.3
MPa) or the potassium (up to 0.2 MPa) [Ref. 12).

The experimental apparatus is shown in Fig. 2a; Fig. 2b
shows separately the upper part of the heated compression
tube. Inside the high-temperature steel tube, with an inside
diameter of 30 mm, is a closely ground hollow piston of
stainless steel (or of titanium for lower temperatures) with a
cylindrical copper cap. A copper disk mounted above the
piston provides an additional seal and also serves as a shock
absorber when the piston strikes the end of the tube. A two-
section steel collar with a beryllium washer and a ceramic
cylinder makes a butt joint with the upper part of the tube.
The ceramic is one of various modifications with an alumi-
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num oxide base; the inner and end surfaces are polished.
Independent adjustments ensure a hermetic seal of the collar
and the ceramic with the tube. The tube is filled with cesium
or potassium vapor after the appropriate argon pressure
above the surface of the liquid metal is produced by means of
vacuum pumps. The piston in the tube is positioned above
the inlet aperture to prevent liquid metal from reaching the
surface of the piston (Fig. 2a).

To determine the initial state of the cesium or potassium
vapor we measure the temperature of the tube (near the pis-
ton, at the center, and at the ceramic) within 2% with a
thermocouple, and we measure the vapor density from the
absorption of 14-keV x radiation. In addition, we measure
the argon pressure above the surface of the liquid metal in
the supply system. These measurements are carried as an
indirect check, to make sure that there is no vapor condensa-
tion in the upper part of the tube, including the surface of the
beryllium washer through which the x-ray measurements
are carried out. For this purpose, we carried out a special
series of experiments to determine the relationship between
the vapor density of the alkali metals and the argon pressure.
We found that the two are in correspondence over the range
P,~0.08-0.35 MPa for cesium and over the range P, ~0.08—
0.2 MPa for potassium.

The vapor density during the compression is deter-
mined from the absorption of pulsed x radiation with an
energy of 23-25 keV from which the long-wavelength part of
the spectrum has been sliced off by additional absorbers.
Calibration measurements were carried out with xenon and
argon, which are neighbors of cesium and potassium along
the atomic number scale. Figure 3 shows an oscilloscope
trace of the x radiation corresponding to the last 5 cm of
motion of the piston. We simultaneously determine the posi-
tion of the piston (the volume of compressed vapor) from the
change in the signal from an inductive pickup around the
back part of the piston. The results of these measurements
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FIG. 3. Oscilloscope trace of the measurements of the x-ray absorption (2)
and of the electrical conductivity (4). The sweep time is 0.5 ms/div. 1—
Zero line; 3—reference signal corresponding to the initial cesium vapor
density.
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agree within 10%, and this is the figure which we adopted as
the error in the determination of the density on the compres-
sion isentrope.

The electrical conductivity is measured by an induction
method from the change in the amplitude of a signal in a
parallel oscillator circuit whose inductance is a copper wire
winding on the surface of the ceramic cylinder. Most of the
measurements were taken at the frequency f= 1.5 MHz
with a conductivity pickup 15 mm in diameter. The circuit
was calibrated with samples of graphite and electrolytic so-
lutions with values of o in the range 20-3000 S/m. The range
of measured values corresponds to a ratio of the radius of the
pickup to the thickness of the skin layer between 0.1 and 1.
Figure 3 shows a typical oscilloscope trace from the mea-
surements of o, along with a trace of the x radiation. The
error in the measurements, which consists of the uncertainty
in the calibration and the error in the reading of the oscillo-
scope traces, is estimated to be 30-50% (the accuracy wor-
sens with decreasing o). The experimental data may be dis-
torted by the formation of a conducting film on the surface of
the ceramic because of vapor condensation or an interaction
of the cesium or potassium with impurities in the ceramic.
To determine where this effect is influential, we carried out
measurements at various frequencies and at various pickup
diameters with an admixture of argon.

The temperature and the pressure during the compres-
sion were calculated from the measured parameters (the ini-
tial density and temperature and the density during the com-
pression) under the assumption of an isentropic process. A
special thermodynamic analysis showed that the error of this
method of calculating the pressure and the temperature on
the isentrope does not exceed 10% over these parameter
ranges.

In experiments with adiabatic tubes it is necessary to
ensure that the compression is isentropic in order to obtain
correct results. During the compression of a condensing me-
dium, a deviation from an isentropic behavior may result
from not only heat loss, leakage of gas from the test volume,
and the formation of shock waves (on the one hand) but also
the condensation of the medium on the tube wall (on the
other). The tube wall is cooler than the vapor, which is heat-
ed during the compression. Methodological experiments
carried out to determine the compression isentropes of mix-
tures of cesium vapor and argon during each direction of the
piston movement'# demonstrated that dissipative processes
are of minor importance. This conclusion agrees with con-
clusions reached previously from experiments with an artifi-
cially developed heat-transfer surface and also with esti-
mates of molecular, radiative, and convective heat
transfer.'” In contrast, direct measurements of the density of
the compressed plasma by the x-ray method and the agree-
ment of these measurements with the densities found from
the position of the piston allow us to rule out any possible
leakage of material through the moving piston in interpret-
ing the experiments. This agreement also indicates that the
condensation level of the cesium or potassium in our experi-
ments is the limiting possible level (within the measurement
€rrors).
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Although experience with heated adiabatic tubes'> and
shock tubes'® shows that the condensation is evidently sup-
pressed by the formation of a sheath of uncondensed impuri-
ties at the wall, it is not obvious that condensation should
have no effect on the readings of the conductivity pickup.
For an experimental test of the effect of a conducting film on
the measurements we used the following methods: We var-
ied the dimensions of the conductivity pickup, varied the
frequency of the circuit over the range 0.5-8 MHz, and add-
ed up to 30% argon to the cesium vapor. We used the results
of these experiments to selected the pickup dimensions and
the frequency for the oscillator circuit for the bulk of the
conductivity measurements.

3. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

The experimental results are shown in Figs. 4-6 along
with corresponding calculations of the conductivity from
Ref. 17. We found values of the electrical conductivity along
13 cesium isentropes with P,=0.09-0.31 MPa and
T, = 1150 4+ 20K and along two potassium isentropes with
P, =0.1-0.2 MPa and 7, = 1170 4+ 20 K. We see a tenden-
cy toward a discrepancy between the experimental and cal-
culated values at high temperatures and again at low tem-
peratures at elevated pressures.

Of particular interest is the behavior of the electrical
conductivity of cesium in the vicinity of the liquid-vapor
boundary. Figure 6 shows a plot of o on two isobars accord-
ing to the measurements of o along the isentropes; shown for
comparison are the results of static experiments.®’
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FIG. 4. Electrical conductivity of cesium on several isentropes. 1—
P=0.11; 2—0.16 MPa; 3—0.31 MPa. T'= 1150 4+ 20 K. The dashed
lines are calculations from Ref. 17.
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FIG. 5. Electrical conductivity of potassium (a) and of cesium (b) on sever-
alisentropes. la—P = 0.11 MPa; 1b—P = 0.12 MPa; 2a, 2b—0.18 MPa.

At a pressure of 2 MPa, our data agree with the results
of Ref. 7, within the scatter in the experimental points. On
the other hand, two of the points from Ref. 6 lie about an
order of magnitude above our experimental data. The prob-
able reason for this discrepancy is that the experimental er-
ror is greatest at low conductivities. At a pressure of 5 MPa
(Fig. 6b), we have considerably fewer experimental results,
but the temperature dependence of the conductivity is ap-
parently of the same nature as at P = 2 MPa.

The picture of the electrical conductivity of cesium va-
por as a function of the temperature and pressure which
emerges from these experimental results is qualitatively dif-
ferent from the usual picture for a weakly ionized ideal gas.
The deviation from an ideal behavior is seen in two ways
under our conditions. First, the Coulomb and polarization
interactions between free electrons, ions, and atoms lead to
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an effective lowering of the ionization potential. Second (but
no less important), the interparticle interaction leads to the
formation of ion clusters, in each of which several atoms are
bound. It is the conversion of positive atomic ions into clus-
ter ions which is responsible for the anomalously high den-
sity of conduction electrons and thus the high electrical con-
ductivity of a vapor near saturation.®~'°

Since the electrical conductivity of a weakly ionized
plasma is determined primarily by the number of conduction
electrons, an interpretation of the experimental results re-
quires a calculation of the degree of ionization, which de-
pends on the ion composition of the plasma. If the ion mass
spectrum is restricted to diatomic and triatomic ions, the
composition can be calculated easily from the available in-
formation on the constants of these molecular ions. Working
in this manner we can obtain a rather good description of the
high-temperature branch of the dependence (Fig. 6), but we
cannot describe the low-temperature branch. At low tem-
peratures, we must take into account the far heavier ion clus-
ters, which contain up to 20 atoms. These clusters are treated
as nonrigid molecules in which internal rotations can be ex-
cited easily (liquid-drop models have also been proposed for
very large clusters®'?). The simplest model (a self-consistent
central field independent of the number of atoms in the clus-
ter) contains two parameters, which turn out to be quite
close to the corresponding parameters of a diatomic ion. Asa
consequence we have some good interpolation properties, so
that this model can be applied over a broad range of param-
eters.

The ion composition is described by a Poisson distribu-
tion with the following average number of atoms bound to an
ion:

1 T* —A
S==—§—n7»3Bmexp(qT ) (1)
Here n is the density of atoms, A = (47h 2/mT)"/?, m is the
mass of an atom, 7 is the temperature, the parameter Bw is
equal to the product of the rotational constant and the fre-
quency of the radial vibrations, g is the binding energy of the
atom, and 4 is the threshold for the excitation of rotations

FIG. 6. Electrical conductivity of cesium on iso-
bars: a—2.0 MPa; b—5 MPa. O—Data from
Ref. 6; [CJ—data from Ref. 7; @—present experi-
ments (the crosses are points found in measure-
ments with an argon admixture). Calculated
curves: 1—According to Ref. 17; 2—the present
study; 3—Ref. 9.
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(this threshold is inconsequential at temperatures T2 5T,,,
where T, is the melting point of the metal). The total density
of positive ions is n;expS, where n; is the density of atomic
ions.

The degree of ionization of the plasma is given by

ne/n=(nA’) """ exp (—1/2T+S/2+AI/2T) (1-+y,/2), (2)

where n, is the electron density, A, is the thermal wave-
length of an electron, I is the ionization potential of the
atom, and 417, is the lowering of this ionization potential
caused by the polarization interaction of electrons and ions
with atoms. The last factor in (2) is a Debye correction calcu-
lated in a grand canonical ensemble [y, is the Debye interac-
tion parameter corresponding to the electron density and
found from (2) without the Debye correction]. It is also a
simple matter to correct (2) for negative ions.

The temperature dependence of the electrical conduc-
tivity shown in Figs. 6a and 6b and corresponding to Eq. (2)
agrees qualitatively with the experimental data both in the
region in which complex ions play a dominant role and in the
region in which these ions are not very important. Another
possible reason for the quantitative discrepancies would be
the experimental errors and the uncertainties in the calcula-
tion factors.

At high temperatures the experimental results also
agree qualitatively with the calculations of Ref. 17, which
focused on the Coulomb interaction. There, the ion clusters
play essentially no role because of dissociation.

We wish to thank V. E. Bespalov for assistance is de-
signing the experiment and V. I. Kucherenko for calculating
the electrical conductivity on the compression isentropes.
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