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SUMMARY

The energy exchange between electrons and heavy particles is one of the
main problems involved in investigating nonequilibrium plasn.a. The authors
consider the energy exchange between an electron gas and a molecular gas, and
show that the exchange mechanism is essentially dependent on the composition
of the latter. For a gas consisting of molecules capable of forming an un-
stable negative ion (Nz, CO, etc.) this process is decisive. Calculations are
made of the rate of energy exchange between an electron gas and nitrogen at
different temperatures of the two gases. It is shown that the rate of exchan-
ge, which is governed by this mechanism, exceeds by several orders of magni-
tude the corresponding value, linked with other processes, usually taken into
account.

The rate of energy exchange between electrons and heavy particles is one
of the essential factors determining the properties of a n.onequilibrium plasma.
In atomic gases, when temperatures are not too high, the rate of energy ex-
change is determined by elastic collisions of electrons with atoms and ions.
In a plasma, containing molecules, possible also are the collisions attended
by variation of the rotational and oscillatory states of molecules. At present
these processes are investigated in experiments with monoenergetic electrons
(see, for example, [11); their cross-sections for certain molecules are reli-
ably determined from the analysis of energy lasses by electrons in cold gases
(for example, [2, 3]; there are also a series of theoretical works. These
data may be utilized for the estimate of the rate of energy exchange in a
plasma (we shall limit ourselves to the consideration of collisions of electrons
with diatomic molecules).

Postulating that the distribution of electrons by velocities is Maxwellian
with temperature Te, and that of molecules by discrete levels is Boltzmann's
with temperature T, we shall-have for the rate of energy exchange in a unit
of volume, conditioned by inelastic processes:

dE/dt = Nc qINn m
	Pnm^To0  ̂n—^'rt^ 	 (1)

(*) Institute of Scientific Research on High Temperatures. Moscow, USSR.-
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where Ne is the concentration of electrons, *ti. >r^' kr is the number of mol,ecu^-

les at the discrete level n with energy En; anm is the inelastic collision
cross-section with the electron, transefring the molecule from level n to le-
vel m.

Let us consider the collisions of electrons with a neutral homonuclear
molecule, accompanying the variation of the rotational state of the latter.
It was shown in [2, 3] that the cross-sections computed according to the work
by Gerjuoy and Stein [4] agree well with the experiment, The averaging of
these cross-sections in correspondence with (2) and the summation according
to (l), performed in the work by Mentzone and Row [5] lead to the simple
formula

( B wr ^! P"I	 T — Ile
(dE/dt;)ro t 	 413Ns Ntm,; `' rrtti^	

^'` r,t; ,r,4 	,	
(3)

where B is a rotational constant, q is the quadrupole moment of the molecule
in atomic units (eao), for , q = 1 at.un. [3].

A direct excitation of oscillation Levels of diatomic molecules during
collisions with electrons is difficult on account of the sharp difference in
masses of colliding particles and a comparatively high value of transmitted
energy. However, in certain cases another mechanism of oscillation variation
in the state of molecules is possible; for this mechanism the mass ratio of
electrons to molecules has no direct significance. Thus, for nitrogen and
carbon dioxide molecules a peculiar resonance process is observed, which con-
sists in the trappig of the electron by the molecule with formation of an
unstable negative ions [1, 6]. After its "decay" the molecule may find it-
self in another rotational state, whereupon the energy of the electron changes
to a very significant value.

The requirement of accounting for the indicated process for the case of
electron collisions with the N. molecule was noted in the Hurle work [7].
However, the estimates brought up in [7] are unsatisfactory, for the author
utilized the Landau-Teller scheme [8]. This scheme assumes that the transi-
tions take place only between neighboring levels. This is valid at molecule
collision with heavy particles, but is not materialized in the considered
process. It may be shown that the utilization of the Lansau-Teller scheme
results in errors in order of magnitude and also in an incorrect temperature
dependence.

This is why we attempted to make more precise the calculation of energy
exchange by way of taking into account multiquantum transitions according to
(l) and (2). For the case of N 2 we took advantage of the set of effective
cross-sections computed in [6] by a method close to that applied in the theory
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of resonance nuclear reactions. Unfortunaly, this set is not sufficiently
complete (given are the cross-settions for the transitions between the levels
n + m, whereupon n w 0--4 & m = 0 - 9). Note also that in the region of low
electron energies the brought up values of cross-sections are little reliable,,
However, in the region of energies 1.5 - 3 ev, the cross--sections a0m (m = 1- 8)
agree satisfactorily with the experimental data of (l] and the values brought
out in [3]. It seems to us, however, that the computation presented below
eliminates to a known degree these shortcomings.

Assume that the molecule is a harmonic oscillator (En nhw) and let us
take advantage of the principle of detailed equilibrium We hw/kTe)

e • nQ, Pnm = o - Moe, Tame	 (4)

Then (l) may be represented in the form

(cilia/dt )vib 	 ^ 
T\,,: N t4 	 L k ( e -kb — e -k0r,	 00 T n k n 0*0Q( )	 k 1	 n70

Q (0) - [1... Oxi,(- n)j -•

The computation thus conducted have shown that the values of P nm (ti > m)
practically coincide for all the available n, m. Utilizing these values, we
computed (dE/dt)vib according to (5), increasing in sequence the number of
levels taken into account, and, accordingly, the number of transmissible oscil-
lation quanta (i.e., k = 1, 2, 3, 4).	 It was found that for fixed T, Te,
there is convergence to a specific threshold, which is naturally imp';oved at
small T.

Taking into account the unreliability of all cross- sections, (besides
olo from [3]) for small energies of electrons and the above indicated coin -
cidence of Pnm , we t► ay admit that Pn +k, ii =2u	 and is independent of n and k.

T_n this case expression (5) may be written in the closed form

( dF,/dt )vib =hWP10 
(Te) N0NN2 

[eNQ(G) — c(Ue )Ct (0,y/)	 (6)

C(0) = [ CXI ,(0) .. l j _,

The calculation by formula (6) leads to values not too different from the
above mentioned threshold. The value of P 10 (Te) in the temperature range
3000°K < Te < 15,000°K is rather accurately approximated by the simple analy-
tical expression

Pio (T ' )=4,5 . 10'9 exp(-10000°K/'C4 ) cm 3 /sec	 (7)

As may be seen from (7) , the value
crease of the temperature of electrons,
circumstance, linked with the resonance
an additional qualitative peculiarity.
P 10 rises, while the term in brackets o
change may then pass through a maximum.

of P 10 sharply rises with the in-
and then varies very slowly. This
character of the process, Leads to
If Te -} T, remaining smaller than T,
f (6) decreases; the rate of energy ex-
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Note that this process of energy exchange is the most effective and
may exceed the rate of energy transfer at elastic collisions and collisions
with the variation of rotational energy by one order of magnitude.

T A B L E 1

RATE OF ENERGY EXCHANGE BETWEEN ELECTRONS AND HEAVY PARTICLES
IN CONDITIONS OF EXPERIMENT [9],

(NArz' 10	 cm- ; N. 2 3.5 . 10 14 cm° 3 ; Tc = 3000°K)

Component Ar	 Cs+	 N2

Process Elastic Elastic Elastic Exchange Exchange
scatter scatter scatter with rot with rot.

dE/dt,
rg/cm sec 2.3 . 10 16.6 10 7 6.8 . 10'a 1, 4 •10'a 

1 2.7 - 10 1 °a

To the extent known to us, the complex measurements of temperature
abruption, carried out in a nonequilibrium molecular plasma, are unavail-
able. Discharge in argon-caesium jlasma with small addition of nitrogen
(ratio a PN /PAr varied from 10 - to 10- 1 ) was investigated in [9].
Drop of electron temperature was observed for a > 10 -3 despite the growth
of the field E, sustaining the discharge. Estimates of the rate of energy
exchange in those conditions are compiled in Table 1. The concentrations
of electrons and the data on argon and caesium were borrowed from the work
by Abramova and Tarasova (10]. It may be seen that the rate of energy los-
ses at collisions of electrons with molecules of nitrogen is comparable
with the rate of losses on argon atoms as early as at a ^ 10-3 , which pre-
cisely results in the drop of electron temperature despite the growth of
the applied electric field. A more accurate calculation must also take into
account the collisions of nitrogen molecules with Ar atoms, leading in the
final count to the increase in the progressive temperature of the neutral
gas. This was also observed in conditions of experiment [9] at greater a;
however, measurements of T and Te were not conducted.

In conclusion we shall pause at one case, not of little importance
in our opinion. The elastic scattering cross-sections of electrons on mole-
cules in a ground oscillatory state are studied fairly well (see, for example
[11)), The inelastic processes, and, in particular, the excitation of oscil-
latory levels, have been much more poorly investigated.

However, as is well known from the quantum theory of scattering, inelastic
processes and elastic scattering are not independent. In the presence of a
characteristic resonance peak on the curve of elastic cross-section dependence
on electron energy, the amplitudes of elastic and inelastic processes are
found to be strongly bound, and the decay of the intermediate complex may
take place almost with equal probability by any open reaction channel.

The presence of resonance peaks on the curve of elastic scattering of
an electron dependence on its energy is evidence that possible also are

WL
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inelastic processes leading to the excitation of oscillatory levels. Such
are, for example, molecules N20, CO 2 , HC1, C2H2, HCN. This allows us to
assume that the inelastic processes of the above-described type, must be
realized at collisions of electrons with these molecules. Let us under-
score once more that they may be quite essential during estimates of the pos-
sibility of materializing electron temperature a,brupti.on in a plasma in the
presence of molecules.

k	 T H E E N D +^**
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