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Results are presented of measurements of the electric conductivity of a nonideal xenon plasma at high
temperatures T ~(3-10)x 10* K. Explosive cumulative plasma generators and linear explosive devices were
used in the experiments to obtain a highly heated plasma in the reflected shock waves. Non-Coulomb
scattering of the electrons by ions was observed and qualitative agreement was demonstrated with a model
that describes the presence of an ion core in the pseudopotential approximation by the partial-wave method.

PACS numbers: 52.25.Fi

1. INTRODUCTION

In contemporary descriptions of electron transport
in a multicomponent plasma, it is traditional to pay
principal attention to the study of the interaction of the
electrons with the charges, followed by the use of the
kinetic equations® or the linear-response theory? to
calculate the macroscopic parameters. In view of the
long-range character of the Coulomb potential at mod-
erate temperatures, the largest contribution to the
transport coefficient is made by electron scattering at
large impact distances, and this justifies the semiqual-
itative allowance made for the short-range collisions
by introducing various forced cutoffs.'3* With in-
creasing temperature, the amplitude of the Coulomb
scattering f, ~e?/kT turns out to be comparable with
the dimensions q, of the ions proper, so that when the
high-energy conduction electrons are scattered they can
come quite close to the nucleus, where the interaction
potential is no longer pure Coulomb and is distorted by
the inner electron shells. Estimates obtained for a
tenuous plasma’® show that this effect begins to manifest
itself against the background of the Coulomb scattering
only at extremely high temperatures T2 2x10° K. An
increase in the plasma density strengthens the screen-
ing of the Coulomb interaction and consequently in-
creases the role of the short-range collisions inthe
plasma. This in turn makes possible the appearance
of non-Coulomb scattering of the electrons at short
impact distances in the region of lower temperatures
T2 5x 10 K which are easier to obtain in experiment.®

There is practically no information at present on the
physical properties of intense strongly heated plasma
with considerable interparticle interaction. The point
is that the present experiments’? on the influence of
interparticle interaction on the electrophysical proper-
ties of a plasma are performed at relatively low tem-
peratures T < 4 x 10* K, since these experiments are
simed at obtaining a fully developed deviation from ideal
Coulomb interaction

(ne and n, are the concentrations of the electrons and
ions with charge z; E:n‘ /Enj), which decreases with
increasing temperature.

We have measured the low-frequency electric con-
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ductivity of a dense xenon plasma in the previously in-
vestigated range of parameters T =~(3-10) -10* K, where
advanced ionization (Z < 3) develops and a strong inter-
particle Coulomb interaction is present (I'21). We
used in the experiments explosive cumulative plasma
generators, as well as linear explosive systems to ob-
tain a strongly heated plasma in the reflected shock
waves. The experiments were performed in xenon be-
cause its high molecular weight makes for effective heat
ing of this gas by shock waves, and the appreciable
number of bound electrons distorts noticeably the Coul-
omb potential ::t relatively low temperatures. The
measurements have revealed the presence of non-
Coulomb scattering of the electrons by the ions and

are in qualitative agreement with the data obtained with
a physical model that describes the ion core in the
pseudopotential approximation by the partial-wave meth-
od.

2. PLASMA GENERATION AND DIAGNOSTICS

As follows from the estimates obtained in the pseudo-
potential approximation,® ® the contribution of the non-
Coulomb effects tothe electric conductivity increases
with increasing temperature and density of the plasma
and becomes noticeable at 72 5-10* K,I'~1. To obtain
these plasma parameters we used dynamic methods
based on the use of the technique of powerful shock
waves. Compared with the usual generation schemes,'*
two methods of additional energy cumulation were used:
explosive cumulative flow, and plane shock waves re-
flected from condensed partitions.

A diagram of the explosive cumulative shock tube!®
is shown in Fig. 1a. In this setup the gas was com-
pressed by the detonation products of condensed ex-
plosive 3 under conditions of acute-angle geometry.
The velocities of the generated shock waves were varied
in the range 8-15 km/sec by varying the cone apex
angles from 45 to 120°. A number of methodological
experiments with this setup have revealed a clearly
pronounced highly conducting mirror for the shock-
compressed plasma, the dimensions of which were es-
timated on the basis of measurements of the electric
conductivity of shock-compressed helium, air, and
comparison of the obtained values with the calculated
ones, a procedure justified by the weak non-ideality of
these gases.
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FIG. 1. Experimental setup with cumulation installation (a), reflected shock wave
(b), and schematic diagram of the electric-conductivity measurement circuit (c). 1—-
Detonator capsule, 2—explosion lens, 3—ex-plosive charge, 4—compression cham-
ber, 5—shock-tube channel, 6,7—current and potential electrodes, 8—partition, 9—
electrodes for the measurment of D, 10—~block for generation of the measuring elec-
tric-conductivity pulse, 11-block for generation of the measuring signal D, 12—
differential amplifiers, 13—recording oscilloscopes, 14—delay block.

In the investigation of the one-dimensionality of the
plasma flow (by recording its reflections from a plexi-
glass partition) we observed, just as in Ref. 16, a bend-
ing of the front of the shock wave at the channel walls.
This made it necessary to locate the measurement sec-
tion at a distance 50 mm from the compression chamber
4, where the transverse dimensions of these perturba-
tions did not exceed 2 mm. The useof an explosive
cumulative setup made it possible to obtain a xenon plas-
ma with the following parameters: P~5-35 kbar, T
~(5-10) -10* K,p~0.05-0.5 g/cm?,n,~ (0. 4-3) - 10
cm®,I'~1,1-2,6,z~2-3,

For experiments with reflected shock wave we used
linear generators of a non-ideal plasma (Fig. 1b), in
which the shock wave was produced under conditions of
one-dimensional expansion of the detonation products
of the condensed explosives in the investigated gas. The
collision of the moving plasma with the Plexiglas par-
tition located at a distance 70-150 mm from the explo-
sive charge produces in the plasma a reflected shock
wave that causes additional compression and heating of
the plasma. A shock wave is produced also in the Plex-
iglas partition, and measurement of its velocity by the
electric-contact method made it possible to determine
the thermodynamic parameters of the twice-compressed
plasma and to use these data to check the model of the
equation of state used in the interpretation of the elec-
trophysical measurements.'” The use of the technique
of reflected shock wavesyielded a plasma with param-
eters P~40-80 kbar, T~ (3-8) - 10* K,p~0.3-2 g/cm3,
n,~(2-6)-10** cm™, I~2-5,z2s2.

The static electric conductivity was registered by a
four-point probe method based on the idea of separating
the functions of the current-conducting and recording
electrons (Fig. 1c). Since a time resolution <107 was
necessary, the electric circuit of the measurements
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was considerably altered compared with the preceding
one.” The thyristor T closes the circuit at a time

~107° sec prior to the start of the measurements, caus-
ing the capacitor C to be discharged through the stan-
dardresistorsR1andR2 (R C~ 10™*sec). Thearrival

of the shock wave at the current electrodes causes cur-
rent to flow through the plasma gap R, the voltage drop
U, across which is registered by the potential elec-
trodes. The resistors are chosen to satisfy the con-
dition R1>R2>R_. To eliminate the influence of para-
sitic inductances the resistor R2 is mounted directly

in the experimental assembly so that the time of cur-
rent establishment on the circuit section AB, which
determines the time resolution of the entire circuit, did
not exceed 3 x 107 sec.

The measuring-cell geometric factor needed to de-
termine the electric conductivity was determined in a
special series of calibration experiments with ionic
electrolytes under stationary conditions and with shock-
compressed air, helium, and the detonation products
in the dynamic regime. Taking into account the uncer-
tainties in the dimensions of the plasma mirror (~20%)
the characteristic error in the measurement of the elec-
tric conductivity did not exceed 30-509.. In the course
of the experiments, in addition to the electric conduc-
tivity we recorded via optical and electric-contact meth-
ods the velocity of the incident shock wave D, this being
the parameter used to determine the thermodynamic
properties of the plasma.

A typical experimental oscillogram is shown in Fig. 2,
where Sec. 1 corresponds to the arrival of the incident
shock wave at the potential electrodes, and Sec. 2 cor-
responds to its reflection from the Pexiglas partition.
The approach of the contact surface to this partition
(Sec. 3) decreases the electric conductivity of the plas-
ma because of its cooling and mixing with the explosive
detonation products. It is important that during the
time of the measurements the current in the circuit
(lower trace) is maintained constant.

3. MEASUREMENT RESULTS AND THEIR
INTERPRETATION

The experimental data are shown in the table, where
each point was obtained on the basis of 4-6 independent

FIG. 2. Typical experimental oscillogram. Sweep 10~° sec/div.
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TABLE 1. Measured electric conductivity of high-temperature nonideal plasma.

Po, D, P, T, ng, Te o,
bar |km/sec | Kbar | 10°K | yoocm-—s Enng r Q 'em!
Cumulative 1 9.0 4 | 47 4 18 14 470
shock tube 1 12,0 71 170 6 24 14 700
1 | 143 | 10 | 95 6 28 14 550
2 114 12 | 65 10 24 1.7 620
3 104 16 | 62 13 1.9 1.9 670
3 14 | 19 | 70 15 2.2 2.0 700
5 103 | 25 | 64 20 15 24 750
10 85 | 35 | 50 3% 1.3 26 830
e LBl BIRIB B BB
X 1. 2, 1300
shock wave 5 56 | 60 | 44 45 11 30 | 970
10 49 | 13 | 37 60 09 40 730
15 44 65 | 29 48 0.7 47 680

experiments by reducingthe current-voltage character-
istics. The table lists also the thermodynamic param-
eters of the plasma, calculated on the basis of the velo-
city D of the incident shock-wave front, measured in
each experiment. In these calculations we used a ther-
modynamic model in which the Coulomb interaction was
describedin the annular Debye approximation in the
grand canonical ensemble of statistical mechanics,'® and
to take into account the short-range repulsion of the
heavy particles weused a virial expansion.!” It is thus
possible to attain a satisfactory (<10%) description of
the available experimental data on the equation of state
of xenon (see Refs. 17 and 19), registered by the shock-
compression method.

The deviation of the calculated plasma parameters
from the other employed models of a nonideal plasma'®
likewise does not exceed <109 . This accuracy in the
description of the thermodynamic properties of xenon
is sufficient for the interpretation of the electric-con-
ductivity data. The equations of this model were solved
with a computer jointly with the mass-momentum and
energy conservation laws for the direct and reflected
shock waves. Since the dynamic impedances of the
shock-compressed plasma and of the partition were
close, when solving the problem of the decay of the dis-
continuity on the boundary between the plasma and the
wall we took into account in the calculations the dynamic
compressibility of the partition.2°

The use of cumulation systems and reflected shock
waves has made it possible to measure the electric
conductivity in a wide range of temperatures, from
T~3x 10* K, where a considerable amount of experi-
mental data are presently available, to the region of
extremely high temperatures T~ 10° K, in whichthe
dense xenon plasma is multiply ionized (z reaches 3)
and is under conditions of strong Coulomb interaction
T'~1.1-4.7. Atlow temperatures, our data agree well
with the earlier results.” With increasing shock-wave
velocity, however, the plasma electric conductivity in-
creases more slowly than can be expected on the basis
of the usual® plasma models of electron transport (Fig.
3). This anomaly is most clearly seen in Fig. 4 in the
dimensionless variables, which are frequently used in
the investigation of non-ideal plasma. This figure
shows, besides our measurements, some characteris-
tic data obtained by others and reduced in accordance
with the single thermodynamic model (briefly described
above), and also after separation of the Coulomb com-
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FIG. 3. Dependence of the electric conductivity on the shock-wave velocity in xenon
at P, = 1 bar. Experimental data: e—present work, o—Ref. 7. Calculation: 2—present
work, 1-Ref. 21.

ponents for cesium in accord with Ref. 22, The uncer-
tainty of G is indicated in Fig. 4 by arrows atthe points.

The results of the present experiments indicate that
there is no similarity to the Coulomb component of the
electric conductivity of an ideal plasma—the dimension-
less electric conductivity of a high-temperature plasma
turns out to be lower than that of a low-temperature
plasma at the same values of the Coulomb non-ideality.
This result contradicts qualitatively the models of Refs.
3 and 4, which simplify to the limit the description of
short-range collisions in a plasma by stipulating that
the minimum impact distance must be equal to the ther-
mal wavelength of the electron, and which predict the
opposite dependence of the reduced electric conductivity
on the temperature.

An analysis of the electron scattering processes under
our conditions show that short-range collisions play a
significant role, since the amplitude f, of the Coulomb
scattering is comparable with the characteristic dimen-
sions of the xenon ions, ~4 A, and when a conduction
electron is scattered by an ion it can penetrate intothe
nuclear environment occupied by bound electrons. The
potential of interaction of the electron with the ion is
stronger than z,e?/r at short distances and this leads
to an increase of the scattering cross section compared
with the Coulomb cross section, and consequently to a
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FIG. 4. Dependence of the di ionless Coulomb conductivity 5= 0.98y (Z) ze* m/*

o/ (kT)*/* on the non ideality parameter. Experimental data: 1, 2—Present work,
cumulation shock tube and reflected shock wave respectively; 3—xenon” ; 4—argon’;
5_neon”; 6—air” ; 7—cesium® ; 8—cesium® ; 9—cesium'® ; 10—copper, argon'*; 11--
textolite'2; 12—air.!® Calculation: 13—present work, 14—Ref.21, 15—Ref. 28
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FIG. 5. Transport cross sections for the scattering of electrons by Xe* ions at 7,

= 7.75 at.un. as functions of the incident-electron energy. Calculation for potential
(1): 1—present work, 2—Born approximation,® 3r-interpolation formula®’; for Debye
potential: 4 present work, S—classical asymptotic approximation,?! 6—~Born ap-
proximation,* 7—interpolation formula.”’ T~ 7 X 10°K.

relative decrease of the electric conductivity. Esti-
mates indicate that ina tenuous plasma® this effect
makes a noticeable contribution only at extremely high
temperature, whereas calculations for a dense singly
ionized plasma® lower noticeably these estimates.

In this paper we used for the interpretation of the
experimental data a model?® wherein the influence of the
non-Coulomb character of the scattering of the electrons
at small impact distances on their mobility was consid-
ered. The conductivity was calculated in the Frost ap-
proximation®¥ and the transport scattering cross sec-
tions used in the calculations were obtained numerical-
ly by the method of partial waves.?® The interaction of
the electron with the ion was described by an effective
pair potential® that takes the presence of the ion core
intoaccount:

1.8z

(z—32;) ’

z and z; are the charges of the nucleus and of the ion,
while the radius » and the Debye radius 7, are mea-

2 z2—2;
gu=— [+ 22
r

(1)

(=t ] el-rm); B =
r

sured in atomic units. At small », the potential (1) coin- *

cides with the Thomas-Fermi potential and Doy~ z/r

-1.82%/% as -0, and goes over into the Debye poten-
tial at »> g,

This potential was used in a numerical solution of the
Schrodinger equation for the radial part of the wave
function® f,,

dzjhl
dar*

11+1)
=t

- [2% + k‘] fu=0 @)

at various energies k2/2 (¢ is the electron momentum)
and at various orbital momenta [. The solution of Eq.
(2) was constructed up to values of the radius » such that
the scattering potential (pej(r) was much less than the
centrifugal potential (I + 1)/7%, and the solution of (2) is
of the form?®®

fu=rA[cos 8. (kr) —sin &, (kr) ],
A is a normalization constant, and j, (k7) and n, (k) are
spherical Bessel and Neumann functions, respectively.?’
The solution was continued up to a radius », at which
Ju(ro)=0. In this case the scattering phase is defined by
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tg 6l==].l (kra) /"l(kro) )

and the functionn, (k7) is calculated from the recur-
rence formula?®

nugs (kro) = (2l—1) ny(kro) /kro—ni—y (ko).

The function f,(kro) was used by fitting with respectto
Lat a fixed 7,.

The transport cross sections of the electron-ion scat-
tering were calculated next from the specified scattering
phase shifts (up to 50 phase shifts wereused) in accor-
dance with Ref. 1:

Q= % I 2 {(214+1)sin? ,— (214+2) exp[i(6:4:—5.) Isin 8, sin 6,41} | . (3)

The results of these calculations for the potential (1) and
for the Debye potential (r ,="7.75 at.un., z,=1) are
shown in Fig. 5, which contains, in addition, a number
of traditionally employed approximations,* %227 1t is
seen that in the proton-energy region~0.7 at.un., which
makes the principal contribution to the electric con-
ductivity of the plasma at T~ 7-10* K. (marked by an ar-
row), the presence of aninteraction stronger than 2 ,/ r
increases the scattering cross sections by approximate-
ly two times, whereas the use of the Born approxima-
tion with potential (1) results in greatly exaggerated
values. We note that the exact calculationby means of
(3) is in satisfactory agreement with the interpolation
formula of Ref. 28.

The results of the calculations of the electric con-
ductivity in accordance with the employed model at
T~2.5:10* Kand T~ 7- 10* K are marked in Fig. 4.

It is seen that the ion-core model leads to a reasonable
description of the effect revealed in the experiment,
that of “stratification” of the isotherms of the electric
conductivity of a strongly heated non-ideal plasma, as
shown in Fig. 4.
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Interaction of ion-acoustic solitons with Langmuir waves
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An analysis is made of the interaction of strong ion-acoustic solitons with Langmuir waves considered in the
approximation of slow changes in the soliton parameters compared with the rate of evolution of the wave
spectrum. The scattering matrix is found for the interaction of a Langmuir wave with an ion-acoustic soliton
of given amplitude and a determination is made of the change in the frequency and wave number due to the
Doppler effect. The change in the soliton parameters under the action of the waves is found. Even when the
Langmuir noise level is low, the characteristic attenuation time of a soliton interacting with waves may be less

than the attenuation time for the interaction with resonant particles.

PACS numbers: 52.35.Mw

1. INTRODUCTION. FORMULATION OF THE
PROBLEM

The interaction between Langmuir waves and intense
ion-acoustic waves transforms the energy of a Lang-
muir turbulence shifting it to shorter wavelengths where
collisionless dissipation is important., The first analy-
sis of the transformation (conversion) of Langmuir
waves in a random field of ion-acoustic waves is given
in Ref, 1, The interaction of ion-acoustic waves (peri-
odic and solitary) with Langmuir waves is considered
in Ref, 2 allowing for the reflection of the latter from a
density perturbation created by an ion-acoustic wave.
The use of the geometric-optics approximation in Ref,
2 makes it possible to consider only relatively weak
ion-acoustic waves which are of considerable intrinsic
width, In this approximation the transformation inter-
val of Langmuir waves is narrow,

In contrast to Ref, 2, we shall consider the interac-
tion of Langmuir waves with a strong ion-acoustic soli-
ton without the above restriction in the case when the
width of an ion-acoustic soliton and the Langmuir wave-
length are both arbitrary.® We shall initially find
rigorously the scattering matrix for a Langmuir wave
interacting with a given soliton (as represented by the
reflection R and transmission T coefficients), and we
shall then determine slow changes in the parameters
of the soliton under the action of Langmuir waves,

We shall assume that an ion-acoustic soliton appears
in a plasma with a weak Langmuir turbulence!’ at a
moment =0, In the presence of a moving density per-
turbation the field of plasma waves is described by
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_GE 1 3 Ve
1.07+m,,(1+?a(¢,z))E—?EAE-o, 1)

where B=n(x,t)/ny=v(x,#)/C < 1; n, and n are the par-
ticle density and its perturbation; v is the velocity of
particles in an ion-acoustic wave; C is the velocity of a
perturbation; w, is the plasma frequency of electrons;
V= nT,/m,)!/? is the thermal velocity of electrons,

The equation for nonlinear ion-acoustic waves tra-
veling in the direction of x has the following form when
the striction force is taken into account:

9 B, 1 o 1 o .
e TP ; il 2y,
5 T Gt e = o 5a (B, (@)

where D=V /w, is the Debye radius; p, =mn, is the
plasma density; ¢, is the velocity of ion sound; the angu-
lar brackets on the right-hand side of Eq. (2) denote
averaging over the ensemble, Since the field of plasma
waves is homogeneous at right-angles to the x axis and
the spectral components of the field are regarded as 6-
correlated, only the derivative of the high-frequency
potential with respect to x differs from zero in Eq. (2).
In considering the interaction between plasma waves and
an ion-acoustic soliton, we shall ignore other mecha-
nisms of the nonlinearity of plasma waves and particu-
larly their interaction with particles and decay pro-
cesses, We shall determine the validity conditions of
this approximation later,

2. TRANSFORMATION OF LANGMUIR WAVES IN
THE FIELD OF AN ION-ACOUSTIC SOLITON

We shall first consider the reflection of a harmonic
(in respect of time) plasma wave by a traveling density
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