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QUASI-EQUILIBRIUM STATES OF A LOW-
TEMPERATURE AIR PLASMA OF REDUCED DENSITY

L. N. Panasenko, G. S. Romanov, UDC 533.95:537.56
Yu. A. Stankevich, and K. L. Stepanov

Quasistationary states of an air plasma of reduced density are considered on the basis of equations of
chemical and ionization kinetics. The componerit composition and thermodynamic quantities are compared
with data obtained in an equilibrium approximation.

Introduction. The assumption of total thermodynamic equilibrium, within the framework of which most
data on thermodynamic and optical properties of plasma have been obtained, is known to be limited both for a
multiply charged high-temperature plasma and for a low-temperature plasma of reduced density. One of the
mechanisms that lead to a deviation from equilibrium is radiative transitions, not compensated by the corresponding
processes of radiation absorption. In a multiply charged plasma where the ratio of radiation and collisional transition
rates is proportional to the ratio Z 7y Ne, thermodynamic equilibrium is only possible at high densities and in the
general case the state is described by a radiation-collisional model [1-3]. Approximations of thermodynamic and
coronal equilibrium are the limiting cases of the latter [4, 5 1. In a low-temperature plasma the processes of radiative
molecular recombination and atomic photorecombination become substantial with a decrease in density. The
‘medium often proves to be transparent to the intrinsic radiation and the time in which the quasistationary state is
established is noticeably smaller than the characteristic time of plasma evolution. In this case we can speak of
quasi-equilibrium states that are governed by two variables, for example, temperature and density, but, unlike the
states of thermodynamic equilibrium, depend on the entire set of collisional and radiation processes.

Model of Quasi-Equilibrium. The kinetic model considered in this work includes 48 reactions between the
following 18 components: N, 05, NO, N, O, Ar, N7, 03, NO¥, N*, 0%, Ar', e, N*Z, 02, Ar'2, N*3, and 0™,
The reactions included in the model are listed below:

1.N,+0; & N+ N+0, 25.0+NO*xN*+0,
2.Ny+Ne N+N+N 26.NO"+NO » OF + N,
3.Nz+Nz & N+N+N, 27.N+0e NO'+¢

4. N;+NO & N+N+NO 28.0+0¢ OF +e
5.N;+0«e N+N+O 20.N+Ne Nj +e
6.0+ Ny O0+0+Ny 30.N+ee N +e+e
7..0,+0« 0+0+0 31.0+ee O'+e+e
8.0,+0, 0+0+0, 32. Artee Arf+e+e
9.0,+NO <« 0+0+NO 33.N"+ee NZ+c+e
10.0,+Ne O+0+N 34.0"+ee O+e+e
1.NO+Ne N+O+N 35. A" +e e Arti+e+te
12.NO+NO < N +0 +NO 36. N2 +eew NP+e+e
13.NO+N; & N+O+N, 37.0%+ee 0P +c+e
14 NO+0¢ N+0+0, 38.N+Ne Np+hw
15.NO+0<¢ N+0+0 39.0+0 e Oy+hv
16.0+N; & NO+N 40.N+0 < NO+h
17.NO+0 < N + O, 41.N*+ee N+
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18.0+05 « 0" +0, 42. 0t +ee N+

19.0"+N; & O+ NJ 43.Ar'+ee Ar+hy
20.0+NO* & 0O'+NO 44.N*2+ee N'+m
2.N+0F & N'+0, 45.0"%+e » O+l
2.N"+N; & N +N%, 46 At +e o Apt+hy
23. 0, + NO* e OF + NO 47.NB4+e & N2+
24.N +NO' & Nj + 0O 48.0%+e 024

These are reactions of dissociation and three-particle association of N, Oz, and NO molecules 1-15,
bimolecular reactions 16-17, recharging reactions and ion-molecular reactions 18-26, associative ionization
processes and reverse processes of dissociative recombination 27-29, processes of electron impact ionization and
reverse processes of triple recombination 30-37, reactions of molecular photoassociation 38-40, and reactions of
ionic photorecombination 41-48.

The system of kinetic equations that describes the dependences of the plasma composition on temperature
and density appears as

aN; M} o eal  + -
_(E-=Z Vi HNsSI~Vk HNSSI (ag — ag) ' )
k=1 s s

here k= 1,..., M is the number of reactioris that result in the formaticn or elimination of the ith component; Vf is
the rate of these reactions; aﬁ is their stoichiometric coefficients; under the symbol H are the concentrations of
the interacting components. The states of quasi equilibrium correspond to stationary solutions to the system (1).

The constants of direct and reverse reaction rates (1-48) (see above) were chosen according to the
recommendations of [6-9] and are given in Table 1. The rates of bimolecular reactions have here dimensions of
¢m3/sec, reactions with the involvement of three particles cm®/sec, and the temperature eV. We point out that the
rates of direct ion-molecular reactions 25-26 were calculated in terms of the rates of reverse reactions and
equilibrium constants .

The rates of the processes of impact ionization and atomic and ionic recombination are calculated within
‘the framework of [2, 4]. We can tabulate them depending on the temperature of electrons and their concentration,
they being dependent in a complex manner on the atomic characteristics of the particle and governed by a large
number of elementary acts (excitation and quenching of the given electron state, ionization, recombination and
spontaneous radiation disintegration of the level, etc.). Thus, the calculated ionization rate takes account of stepwise
jonization processes that become predominant as the temperature and density increase, and the recombination rate
includes both the processes of triple recombination at relatively high electron concentrations and low temperatures
(the recombination frequency being proportional to i3NgT—%) and those of photorecombination of which the de-
pendence N./VT is typical. In this work, in calculating the rates of electron impact ionization we used a simpler
approximation [1] that assumes ionization from the basic particle states. The constants of triple recombination
rates were prescribed in the Gurevich-Pitaevski approximation.

Radiative atomic recombination with the formation of molecules 38-40 was described in the form proposed
in [101.” The rates of photorecombination reactions 41-48 were determined according to [11:

1/2 172
_ I, I, B,
v.=10"14] = i s SR 2)

13.6 T 1+T1i_lxi,

where I; is the ionization potentials; B; and x; are the quantities tabulated in [1].

* g5 - and gy are equal to the ratios of electron and vibrational statistical sums:

2 .
25~ 222 2:)2 St Cot Zno* 20> q25=2f)§* Eg{ EeNf 2;2/ (o Zno 2ot Znot) and  rotational
statistical sums are included in the coefficients.

** The expression for Gg is taken from [10].
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TABLE 1. Reaction Rates
N:glgfiggt Direct reaction V Reverse reaction 1%
—8 —9,76/T —(,292 /Ty,
1 5721;30-15‘ ) -9 7::7— i " 10_34'max(8,3e0’043/r; 19
"_EET—C . ,T20,52; Vi/Kp, T 20,543
2 2,2V1; 4,27TV1, T 2 0,52; 6V
3 Vi ‘71
4 \'2 Vi
5 Va 172
6 9,27-10'%‘5(;’2/ T(1 ~ g 0196/Ty, 1661071060062/
%"_ﬁﬂ/ T 720,345 Ve/Kp, T2 0,043
7 1,32:1077e > 12/T(q4 _ ¢ 01%6/T), 2,53.107337 063
410707725¢312/T 1> 0,345, V7/Kp, T 2 0,345
8 4Vg 0,278V7; Va/Kp, T2 0,345
9 V6 0,25V3
10 Ve Vo
11 24077(1 — 70286/ Ty651/T. 1.641078 T
12 Vii f’u
13 0,05V11 Vit
14 Vi3 {’n
15 Vit ‘-’n
16 1,26-1071%73,2%6/7, 10" max(3,11; 11,3V
17 2,9-10 et 681/T, 1,23-107 107 0.272/7,
18 i ,46-10_12T_0’526—1'617/T; 1,46-10—127‘_0’52
19 1,47_10—107-—(),21(;1,914/7; 2,48'10—12T_0'21
20 5,02‘10—11T—O,Ole-4,397/T; 2’16.10—117-(),01
2 8,78_10-137.—0,526—1,603/7; 1 ,53'10-127.»0,7
22 3.0 4107127018 e—1,043/7‘; 1 ,83.1()*147——0,52
23 3,48-10'9T_0’17e‘2'793/r; 9.1 1.10710770.47
2% 1,19-107 97704 =3.06/7. 1,73-107107%4
25 2,18-10710gp5e 6656/, 3,5:1071¢
26 2,536 8g6e 099/ T: 10
27 8,1-10 1270372 761/T. 284407877075
28 6,28-107 11704976948/, 1,75-107870.66
29 4,0-107107977 5813/, 4,33-1078770:38
—7 —14,54 /T -1
30 3,11-10 T::( (14’54(:4%?1;20,21T) X 5 44072777972
3 3,44-107Te 13614/ T(13,6_1‘ +0,227) % 5
x (13,6t +T) /2 30
32 6,37-107'Te 1276/ T(15,76 + T) /2 Va0
33 7,74-10°T e 281/7(29.6 + 0,5T) 8V30
34 1,44-107NT ¢355/7(35,15 + 0,427)™" Va3
35 3,03107NT ¢ 253/ T(27 6 + 7)1 Vs
36 9,351078 NT ¢ 1742/T (47 426 + 0,65T)" 27V30
37 1,46-1077NT & 54934/7 (54,934 + 0,57T)" V36
38 5,9810 2T ¢ 238/T
39 4,9107"T Gy
40 1,59-10718 AT
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Fig. 1. Composition of the air plasma of normal density pp=1.29- 1073 g/ em®.
The solid lines are the quasistationary distribution, the dashed ones are the
thermodynamic equilibrium: 1) Ny; 2) Op; 3) NO; 4) N; 5) O; 6) Ar; 7)N3;
8) 0F; 9NO'; 100 N*; 11) 0%; 12) Ar™; 13) ¢; 14) N*%; 15) 0% 16) Ar'?
17) N+3; 18) O%. (Curves 17 and 18 are not drawn so as not to increase the
field of the figure). T, K. '
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Fig. 2. Composition of the air plasma with the relative density p/po= 1075 a)
neutral components; 6) charged ones. The denotation is the same as in Fig. 1.

To obtain the quasi-stationary state, we need to find the asymptotic form of the solution (1) as ¢ »> o, i.e.,
to solve, in fact, the system of nonlinear equations that make the right-hand sides vanish. This system of equations
is rigid since the differences in the rates of the processes can attain many orders. Correspondingly the vector of
the solution contains components that differ in order of magnitude. The combination of the relaxation method,
whose most important element is normalization at each step of the solution, with the conservation laws and a
modified Newton method proved to be an efficient method for solving this problem [111].

Discussion of Results. We investigated the states of quasi-equilibrium for the air plasma (with the volume
content of the components N, 0.7812, 0, 0.2095, and Ar 0.0093) in the 0.1 < T < 2 eV temperature and
107° < p < 1073 g/ cm? density range. Calculations by this model showed that practically in the entire region of
parameters in question the solution is different from the thermodynamically equilibrium one. Figure 1 compares
the composition of air of normal density with the equilibrium calculations [12]. The concentrations of the particles
are normalized to their total number for T = 0 and the given density. In this variant, to elucidate the role of
reactions 38-48 in the total balance, we calculated all reverse rates of collision V in terms of equilibrium constants.
At the given density, taking into account photoprocesses leads to corrections to the equilibrium distribution: double-
charged ions occur at higher temperatures, atomic photoassociation increases the concentration of molecules. At

467



1 i

-5 -5 -4 -3 -2 ULogp/po
Fig. 3. Degree of ionization as a function of temperature and density of the
plasma: 1) T=3-10% 2) 4; 3) 5; 4) 6; 5) 7; 6) 8; 7) 10; 8) 14; 9) 20-10° K.
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Fig. 4. Pressure (a), specific energy (b), electron concentration (c), and
adiabatic exponent (d) vs temperature and density: 1) p/pg = 10—7, . 8)
p/po=1.log P, erg/cm’; E, 10! erg/g; log N,, cm?

the same time the concentration of single-charged and molecular ions, because of a high recharging rate as
compared to photorecombination, remains practically unchanged for temperatures below 104 K but changes
noticeably in the region of higher temperatures.

Results of the calculations that refer to a low density region are given in Fig. 2. Here all the reaction rates
were prescribed according to the table. In this case, the substantial difference from the equilibrium results is evident
not only for small components but also for the leading ones. The electron concentration decreases to an order of
magnitude and lower as compared to the equilibrium one at a temperature above 3- 103 K; the neutral component
(N3, N, O, Ar) exists in considerable amounts up to very high temperatures; the molecular ion concentration proves
to be many orders of magnitude higher than the equilibrium one.

468



The transition of the quasi-equilibrium state from the thermodynamic equilibrium state to the state of
coronal equilibrium that is realized in the limiting case of low densities is quite evident from the dependence of the
degree of ionization for the plasma on its density (the degree of ionization is determined as the ratio of the electron
concentration to the overall concentration of the remaining particles). Its dependence on density is shown in Fig.
3 for the set of temperatures. It is evident that as the temperature increases this transition takes place at
progressively higher densities. We point out that the coronal limit corresponds to a density-independent degree of
ionization.

Knowledge of the component composition permits determination of its macroscopic characteristics. Figure
4 gives the results of calculating the pressure, specific internal energy, electron concentration, and the effective
adiabatic exponent; the analogous equilibrium values are shown dashed here. It is noteworthy that in calculating
the thermodynamic quantities we assumed the Boltzmann population of excited levels. In view of the small
contribution of particle excitation energy to the total energy, this assumption is guite acceptable, however, fo
determine the optical properties, a detailed description of the kinetics of population of the excited states is required.
This approach is described in [5] in a multiply charged air plasma. It is much more difficult to perform the
analogous -analysis at low temperatures due to the large number of degrees of freedom.

In solving Egs. (1) we found the times of establishment of the quasi equilibrium 7,. They, as is known,
depend rather weakly on the initial state of the system and are governed by the largest relaxation time of
components in the plasma. For a normal density, as the temperature increases from 3- 10° t0 2-10* K, 7, changes
in the 10~ 2~1078 sec interval. At smaller temperatures the probabilities of nonelastic processes drop exponentially
and 7, increases correspondingly. The approximate dependence of 7, on density appears in the considered range
of conditions as 7, ~p~°, where s = 0.7-1.

NOTATION

p, density; T, temperature; P, pressure; E, specific internal energy; yey, cffective adiabatic exponent; Nj,
particle concentration; ¥;, statistical sum; /;, ionization potential; V; and V;, direct and reverse reaction rates.
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