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Abstract. In the present paper, the xenon plasmas containing argon and caesium as
additive and pertaining to the above mentioned type (high-pressure, low-temperature,
LTE) are studied, and a theoretical evaluation of their basic transport parameters is
presented. The numerical calculations were based on the assumption that the system is
kept under constant pressure and temperature and that it attained local thermodynamical
equilibrium. Some results of a theoretical study which embraced numerical evaluations of
the plasma composition, electron collision frequency, electrical and thermal
conductivities and Wiedemann-Franz ratio, all regarded as functions of pressure and
temperature, are given for high-pressure (from 0,1 MPa to 1,5 MPa) and low-temperature
(from 2 000 K to 20 000 K). A previously derived modified expression for the Debye
radius, offering the possibility to treat the plasmas considered as weakly non-ideal in the
whole temperature range of interest, is used in the evaluations, in combination with the
Saha equations for the relevant ionization stages of xenon, argon and caesium.
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1. INTRODUCTION

Some noble-gases such as He, Ne, Ar, Kr, Xe and mixtures with some gases, such as
alkaline vapours are important in practical applications, such as electrical discharge engi-
neering the development or radiation detectors, gas lasers and plasma technology. Plas-
mas in mixtures of noble and other gases are of considerable interest from the mixtures of
noble gases and caesium, in particular, are also of importance in different laboratory
situations. The basic characteristics of these plasmas in the investigation are the number
densities of their constituents and transport coefficients. Unfortunately, results of direct
experimental measurements of these basic parameters are not always available, especially
in the above conditions.
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In this paper the results of a theoretical evaluation of equilibrium plasma composition,
electrical conductivity, thermal conductivity and their ratio (the Wiedemann-Franz ratio)
in xenon plasma with 10% of argon and 10% of caesium are presented, for the tempera-
ture range from 2 000 K to 20 000 K, and for pressures equal to or 5, 10, and 15 time
higher than the normal atmospheric pressure. The plasma was regarded as weakly non-
ideal and in the state of the local thermodynamical equilibrium (LTE) with the assump-
tion that the equilibrium is attained with the pressure kept constant. This evaluation pro-
cedure was already introduced in studies of noble gas plasmas with alkaline vapours (or
chlorine and fluorine) as additive [1-8].

2. OUTLINE OF THE THEORY

To determine the transport characteristics in plasmas formed mixtures of noble-gases
and alkaline vapour, it is necessary to evaluate the equilibrium plasma composition and
the electron-atom, electron-ion and electron-electron collision frequencies. In the evalua-
tions given below, it was assumed that, apart from the atoms of noble-gases and caesium,
as well as the ions of chese elements obtained as a result of process of the first and sec-
ond thermal ionizations. Thus, including the electrons, a total of 10 sorts of particles were
taken into account:

e, Xe, Ar, Cs, Xe+, Ar+, Cs+, Xe++,Ar++, Cs++
Ne, Ny, M20, N30, N11, N21, H31, N2, N22, N3
Therefore, the plasma composition was evaluated from the following set of equations
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Equation (1) is easily identified as the charge—conservation requirement, whereas eqgs.
(2a), (2b) and (2c) are requirements of conservation of total numbers of xenon, argon and
caesium nuclei. The parameters o; and o, appearing in these equations refers to the con-
tamination; o is the ratio of initial number densities of argon and xenon neutral atoms,
o, is the ratio of the initial number densities of caesium and xenon neutral atoms at the
initial temperature 7,. Equations (3a-f) express the law of mass action applied to the two
ionization stages of noble-gases and caesium. In view of the assumed LTE, the equilib-
rium constants in these equations will be taken in the simple Saha-Eggert form
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Here, C=2Q2mmkT | h*)*?, g()!-,- are the multiplicities (degeneracies) of the lowest energy
levels of the corresponding atomic species (i = 1,2,3; j = 1,2), Wy, Wy and W3, are the
energies of the first ionization (4 — 4") respectively for xenon, argon and caesium, W,
W,, and Wj, are the corresponding energies for the second ionization (4™ — 4"") and
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are the effective energy lowerings for the two ionization stages taken into account in this
work. The modified plasma Debye radius 7y, (rather than the standard rp), as proposed
previously [1,2,4].

The electrical and thermal conductivities were evaluated according to the formulae
[9,10]
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valid if the electrons possess the velocity distribution function with a Maxwellian iso-
tropic part, which is compatible with the assumed existence of the LTE.
The overall frequency of the electron elastic collisions is taken in its usual form

v,(v) =2mv) 1,0, (v), (®)

with Q. standing for the effective velocity-dependent cross sections for elastic scattering
of electrons on the particles of the species o, n, being the corresponding number densities
(summation with respect to the index o in (8) is taken over all the species present, in-
cluding the electrons). In the present work, the collisions with the ions were described by
the Spitzer-Harm formula, and those with the neutrals are accounted for by polynomial
formulae interpolating selected sets in the form gives in [1]. Electron-electron collision
frequency was based on the well-known expression V,.~ 2 v,; [11].
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3. RESULTS AND COMMENTS

The number densities of electrons and ions tend to increase with the temperature, and
one can easily grasp the significance of the relations between the ionization energies of
the neutral species present.

Figure 1. shows the temperature dependence of the evaluated electrical conductivity
o (the asterisk indicating the use of rpinstead of rp), with pressure as parameter, for the
composite plasma considered here. It is clearly seen that, below some 6 000 K, the elec-
trical conductivity is virtually independent of the pressure, and that it increases with the
pressure above that temperature. This trait is amenable to the added caesium, since in
both pure xenon and pure argon a decrease of electrical conductivity with the pressure
(0'* ~ pil/z) is found [1,2,5,6]. Although the variations of n, are basic importance, the in-
clusion of electron-atom collisions is also quite significant in establishing the features
shown in Fig.1.
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Fig. 1. Electrical conductivity in xenon Fig. 2. Thermal conductivity in xenon
plasma with 10% argon plasma with 10% argon
and 10% caesium and 10% caesium

Figure 2. shows the temperature dependence of the evaluated thermal conductivity A"
Much as in the case of o, the calculated values of A" are virtually independent of the
pressure at lower temperatures (below some 4 000 K). At higher temperatures, the in-
crease of A" with the pressure becomes quite noticeable, even more remarkable that in .
Again, this is primarily ascribable to the variations in 7, due to the presence of caesium,
although the inclusion of electron-atom collisions provides a non-negligeable contribu-
tion as well.

Finally, Fig. 3 shows the temperature dependence of the ratio A/, again with the
pressure as parameter. The unusual feature to be seen in this Fig. is that, much like o and
)", this ratio varies with the pressure, increasing if the pressure is raised. However, this
cannot be ascribed to the presence of the alkaline additive, as the electron number densi-
ties cancel out in forming the ratio of (6) and (7) under the assumption that v, = const. It
can be inferred that the electron-atom collisions have the largest influence, in the case
studied, between 5 000 K and 10 000 K.
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Table 1. Electron number densities and collision frequencies
in xenon plasma with 10% argon and 10% caesium

T,K My m > Veas S Vi 87! Vs 8!

2000 7,4 x10% 4,0 x 10" 1,7 x 10" 2,5 x 10"
4000 3,8 x10% 1,7 x 10" 1,2 x 10" 1,7 x 10"
6000 1,9 x10* 9.9 x 10" 2,8 x 10" 3,9 x 101

8000 2,4 x10* 1,2 x 10" 3,0 x 1013 42 x 10"
10000 2,6 x 10 1,7 x 10" 2,8 x 10" 3,9 x 10"
12000 3,8 x 10 2.4 x 102 3,2 x 101 46 x 10
14000 6,9 x 10* 2,8 x 10" 45 x 10 6,3 x 10"
16000 1,1 x10% 2,8 x 10" 5,8 x 10" 82 x 10"
18000 1,6 x 10% 2,4 x 102 5,8 x 107 9,6 x 10"
20000 1,9 x 10% 1,9 x 10" 73 x 107 1,0 x 10"
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Fig. 3. Franz-Wiedemann ratio in xenon plasma with 10% argon and 10% caesium

The results of the numerical evaluations of the electron collision frequencies are given
in Tab. 1. This Table show the relative role of the electron-atoms collisions. The influ-
ence of v,, decreases as the temperature increases, but increases if the pressure is raised.
Electron-atoms collision frequency at lower temperatures is larger than the total colli-
sions frequency of electrons with the charged particles (electron-ion and electron-elec-
tron) up to 6 000 K, where one has v,, = v,; + v,; this holds approximately up to the
8 000 K or 10 000 K depending on the percentage of caesium. At higher temperatures the
ratio Ve, / Ve + V. is smaller than unity. This ratio varies slowlies with the pressures.

4. CONCLUSION

It can be, thus, concluded that the increase of the raises electron collision frequencies at
temperatures up to some 12 000 K in plasmas with caesium added basically consequence
of the increase of the electron number densities.

The obtained values for 7, led to conclusion that the assumption on the local thermody-
namical equilibrium was well met in both plasmas. In the argon plasma it is generally ac-
cepted [12] that LTE exists if #n > 5 x 10*'m™, and this was found to be valid within the
whole temperature range considered and for all the pressures taken into account.
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P_NANBR WD~

WIEDEMANN-FRANZ -OV ODNOS U PLAZMI SMESE
KSENONA, ARGONA I CEZIJUMA

N.V. Novakovié, S.M. Stojilkovi¢, D.Z. Gajié

Dati su rezultati izracunavanja osnovnih transportnih parametara u plazmi ksenona sa
dodatkom argona i cezijuma. Numericka izracunavanja se zasnivaju na cinjenici da je sistem na
konstantnom pritisku i konstantnoj temperaturi u stanju lokalne termodinamicke ravnoteze. Dati su
neki rezultati o ravnoteznom sastavu, kolizionoj frekvenci, elektricnoj i toplotnoj provodljivosti i
Wiedemann-Franz-ovom odnosu za visoke pritiske (0,1 Mpa —1,5 MPa) i za niske temperature
(2 000 K - 20 000 K). Koriséen je izraz za modifikovan Debye-ev radijus, ¢ime je zadovoljen uslov
slabe neidealnosti u ukupnom temperaturnom intervalu, u kombinaciji sa Saha-ovim jednacinama
za odgovarajuca jonizaciona stanja ksenona, argona i cezijuma.



