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Saha equation for a two-temperature plasma
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A modified form of the Saha equation for a two-temperature plasma is presented, which accounts
for the underpopulation of the excited states due to deviation from local thermodynamic equilibri-

um.

van de Sanden et al.! recently presented a thermo-
dynamic generalization of the Saha equation for a two-
temperature plasma under the assumption that the inter-
nal energy states of the heavy particles are governed by
Boltzmann’s law with 7'=T, [in the final result, Eq. (32),
denominator should be g§], and pointed out the invalidi-
ty of the multitemperature Saha equation (MSE).

If T, determines the internal distribution of the heavy
particles (neutral atoms and ions), summation of
Boltzmann law over all excited states for a given species i
yields
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where N; is the total number of particles of species i and
Z,; is the partition function of the internal states of
species i. The rest of the notations are the same as in Ref.
1. EF is the energy of the pth state of the ith species,
measured from the ground state of the ith species. Sub-
stituting Eq. (1) in Eq. (32) of Ref. 1, the following equa-
tion for a plasma system composed of electrons, singly
ionized ions, and neutral species is obtained:
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which is the Saha equation with T=T,. It has recently
been shown? that the predictions of Eq. (2) (method 1 in
Ref. 2) and the predictions of MSE (method 3 in Ref. 2)
for the calculation of heavy-particle temperature T, for
a given T, and N,, lead to nonphysical results for plasma
in partial local thermodynamic equilibrium (PLTE). The

MSE is wrong in principle, whereas Eq. (32) of Ref. 1 can
be used in such a way that correct results follow. This
procedure is described as method 2 in Ref. 2.

In the conditions of a two-temperature plasma, devia-
tions from LTE are indicated.>™> Then the Boltzmann
distribution is valid among only those excited states
whose principle quantum number is higher than a certain
value, and only for small deviations from LTE.®’ Also,
T, alone does not represent the internal distribution of all
the energy states of heavy particles and the population of
pth level of ith species is given as
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where bf is called the underpopulation factor. Bakshi
and Kearney® have recently measured b/ for the excited
states of neutral argon in a plasma jet at atmospheric
pressure. Existence of such underpopulation has also
been shown by some other experimental®® and theoreti-
cal works.'"!?2 Drawin has calculated b? for hydrogen
and helium, reproduced in Ref. 4, and Biberman? for cesi-
um. I suggest that the underpopulation of excited states
is important and that such an effect should be included in
the Saha equation for a two-temperature plasma as fol-
lows, by substituting Eq. (3) in (2):

372
P
Nen +

gh bh

=g, > ——

ng g4 bi

—(E%. +E;,,—E{)
kae

2mm k, T,
h2

Xexp

IM. C. M. van de Sanden ez al., Phys. Rev. A 40, 5273 (1989).

2y. Bakshi and R. J. Kearney, J. Quant. Spectrosc. Radiat.
Transfer 41, 369 (1989).

3L. M. Biberman, V. S. Vorbe’ev, and I. T. Yakubov, Kinetics of
Nonequilibrium Low Temperature Plasmas (Consultant
Bureau, New York, 1987), Chap. 5.

4). Oxenius, Kinetic Theory of Particles and Photons (Springer
Verlag, Berlin, 1986), Chap. 6.

SH. W. Drawin and P. Felenbok, Data for Plasma in Local Ther-
modynamic Equilibrium (Gauthier-Villars, Paris, 1965).

6H. W. Drawin, Z. Phys. 186, 99 (1965).

7H. W. Drawin, Z. Naturforsch. 289, 1289 (1973).

8K. P. Nick, J. Richter, and V. Helbig, J. Quant. Spectrosc. Ra-
diat. Transfer 32, 1 (1984).

9Plasma Diagnostics, edited by W. Lochte-Holtgroven (North-
Holland, Amsterdam, 1968).

10H, W. Drawin, Ann. Phys. (Leipzig) 14, 262 (1964).

I, W. Drawin, F. Emard, Physica C 85, 333 (1977); 94, 134
(1978).

12, W. Drawin, Z. Phys. 228, 99 (1969).

2460 ©1990 The American Physical Society



