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The possibility of separating the vibrational and translational temperatures from each other by
disturbing the Maxwellian velocity distribution in the far energy region is discussed for a system
consisting of a small admixture of heavy diatomic molecules (harmonic oscillators constituting a
small impurity in a light gas). It is shown that a fast-particle source which produces particles with
energies E [exp(—E/k T)<€ 1, E,> #iw] is capable of producing a finite deviation of the

vibrational temperature from the translational temperature.

Modern molecular lasers based on vibrational-rota-
tional transitions operate under substantially nonequi-
librium conditions, when the translational and vibrational
temperatures are ‘‘broken.’”’ Such a break is achieved
either as a result of pumping into the vibrational degrees
of freedom (in a discharge or during a chemical reaction),
or as a result of chilling the translational degrees of
freedom (gas-dynamical method). In thd present paper
we propose to use for the realization of the separation
of the temperatures a new method based on the pertur-
bation of the Maxwellian distribution over the transla~
tional degrees of freedom in the far energy region[l 2,
The physical mechanism underlying the formation of the
gap between the vibrational and translational temper-
atures in a gaseous molecular system with a non-Max-
wellian distribution consists in the following. Under
equilibrium conditions, a Maxwellian distribution over
the translational degrees of freedom leads to the for-
mation of an equilibrium Boltzmann distribution with a
vibrational temperature equal to the temperature of the
translational motion (the gas temperature). There is
then established a dynamical equilibrium, i.e., the energy
flux from the translational into the vibrational degrees
of freedom due to activating collisions is equal to the re-
verse flux from the vibrational into the translational
degrees of freedom caused by deactivating collisions.
Practically all the molecules can participate in deactiv-
ating collisions, while only the molecules whose relative
kinetic energy is higher than the activation energy (e.g.,
the energy of the vibrational quantum) can participate in
activating collisions. At low gas temperatures, only the
‘“tail”’ of the Maxwellian distribution participates in the
activation. Let us suppose that we have by some means
violated the Maxwellian distribution at the tail. In itself,
this violation may be insignificant, since the tail of the
distribution contains a small fraction of the total number
of particles and, therefore, finite perturbations at the
tail of the distribution curve will practically not change
the mean translational-energy reserve and the distribution
in the vicinity of the mean thermal velocity, i.e., they
will not change the translational temperature and the
mean energy flux due to the deactivating collisions. How-
ever, finite perturbations at the ‘‘tail’’ of the distribu-
tion will lead to finite variations in the energy flux gett-
ing into the vibrational degrees of freedom as a result
of the increase in the number of activating collisions.

To the dynamical equilibrium in this case will corre-
spond conditions under which the vibrational temper-
ature is higher than the gas temperature. We can form
by such means a gap between the vibrational and gas
temperatures. Let us estimate the order of magnitude
of this gap.
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Let us, for simplicity, consider a mixture consisting
of a small admixture of heavy diatomic molecules (mass
M) in a constant-temperature bath formed by a light gas
(molecular mass m) in which the same sort of particles
are produced. The vibrational relaxation of the heavy
diatomic molecules, which will henceforth be regarded
as harmonic oscillators, is described by equations of
the form™
i dzn
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where xp is the population per unit volume of the n-th
vibrational level of the molecules, Z is the number of
collisions per unit time of a molecule M with the sur-
rounding atoms m,
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is the probability of a vibrational transition (i —1j)in
one collision, and f(v) is the velocity distribution function
for the particles of the constant-temperature bath. If a
fast-particle source operates in the system, then the
velocity distribution f(v) of the particles will not be
Maxwellian. The distributions f(v) in such systems have
been thoroughly studied in' . If by change the fast-
particle source produces the same type of particles as
the atoms of the constant-temperature bath, then the
distribution f(v) has the form’

f-(z)dz=[p+ () (z — */2) 1f (@) dz + N1,6(z — z,)dz, z < ,, 3)
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where x = mv’/2kT, X, = E;/kT; N, m, and E, are re-
spectively the number, mass, and energy of the particles
produced by the source in a unit volume per unit time,

p is the particle-number density of the monatomic gas,
f°(x) is the Maxwellian distribution normalized to unity,
and 7, is the mean free time of a particle with energy

E, in the monatomic gas.

The distribution (3) was obtained for 5-function
sources that produce particles with energy E,. The dis-
tribution of the sources in the system is assumed to be
isotropic. The above-described distribution differs from
the Maxwellian distribution by the presence of a 6-func-
tion correction and of a term proportional to J(x), where

=+'%
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In J(x), the quantity 8 is the dimensionless power of the
source (8 = N7,/p) and is assumed to be small (8 << 1)
in deriving (2). The constant 1 is chosen from the con-
dition (f —2n)% ~ 19
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If the energy of the particles produced by the source
is less than the vibrational quantum energy (E, <fw)
(this case was first considered in®”"), then, as has been
shown in"#' | the vibrational temperature will differ
insignificantly from the translational temperature. The
reason for this is that the §-function source appreciably
disturbs the equilibrium distribution function in the
energy region E < E,, while the number of fast particles
(with energy E >fiw) participating in the oscillation ex-
citation is relatively small and rapidly decreases (ac-
cording to an exponential law) with increasing energy.
In this connection, it is advisable to consider another
case: E; > Hw.

Let us assume that the source strength is such that
the vibrational relaxation time 7yT ~ 1/ZP,, turns out
to be considerably shorter than the characteristic time
7s ~ p/N of the source, i.e., TyT << Tg. In this case in
the time scale t satisfying the condition Ty << t << 7g,
we can assume that the vibrational relaxation is com-
plete at each moment of time and consider at that same
moment of time the quasi-stationary, vibrational-energy
distribution, determined by the translational-energy
distribution.

This distribution is obtained from the Egs. (1), in
which the derivatives dx,/dt for the instants t >> Ty
can be assumed to be equal to zero (a condition signify-
ing the completion of the vibrational relaxation). The
distribution has the form

Zn | Zoes = Pou(T) | Poo(T). (4)

The probabilities Pi-(T) are determined from the gen-
eral formula (2). Let us change in (2) from integration
with respect to velocity to integration with respect to
the dimensionless energy x = mv’/2kT and substitute
into it the distribution f(v) in the form (3). We obtain in
that case
hm[k’l‘
Puo(T) = PR(T) + My + -\
0

+ % Puo(Azl) Az)T,, (5)

T @) (2= ) P (@) puo (42¥) Azt

Pu(T) =P (T)+ Mo +—; oAz ) Azl N

In the relations (5), Pi“.”(T) are the probabilities pj;(v)
averaged over the Maxwellian distribution £°’(x),
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_For the relations P, (T)/P,,(T), we have from (5)
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In writing down (6), we used the detailed-balancing equa-
tion and took account of the fact that the second term in
the denominator is small.

Let us estimate the order of magnitude of 7 under the
condition that E, > iw. The probabilities pjk(v) entering
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into (5) and (6) are usually computed in the semiclass-
ical approximation and have the form™»*

_p 8t
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where a = 27w/aA, a is the parameter of the exponential
intermolecular -interaction potential, having the form
V(r) ~ e"@r, The quantity a is, as a rule, not known
exactly. Below we shall take the approximate value™
a~(2-5)%x10°cm™.

The dependence on x = v*/A? of the second exponential
factor &  in the expression (7) for the pjx(Ax'’?) is weak
and, therefore, in evaluating the integrals containing the
pik(Ax'’?), we can take this factor outside the integral
sign, taking its value at the ‘‘midway’’ points (X and X).
Taking account of the foregoing, we can write

Mo = & _(Fo)w, + & _ (o) ws,

(8)
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In (8), we have introduced the following notations:
wi= § J@) (=" pQ (Az") Az'dz,
hw/kT
0= [ 1(@) @ =) P @) pS) (42" Az dz, (9)
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The numerical estimate of 77 requires the computation of
wij, where i = 1, 2, 3. Let us consider a CO — He mixture,
assuming (see™) that iwco/kT ~ 10. The choice of

%, = E,/KT is specified, first, by the condition E; > fiw,
which yields x, > 10, and, secondly, by the condition of
adiabaticity of the collisions: v < 27w/a. Choosing

X, ~ 100, we satisfy (as can easily be verified) both re-
quirements and therefore have a right to use for x ~ 100
the semiclassical expressions (7) for the probabilities.
For the quantity a defined in (7), we choose a =~ 60. It
should be noted that because of the uncertainty about «,
the quantity a is also indeterminate and, depending on
the choice of a, it can vary from ~ 30 to ~ 80 (at 200—
400°K); the choice a ~ 80 can then change the final
estimate for 1 by an order of magnitude. ‘

Taking account of the fact that x, ~ 100, hw/kT =~ 10,
and a = 60, we can, by integrating (9), easily obtain the
following relations between the wij’s:

_p 8reoMp N 1

wy=————=-9.7-10"".

ws = 5.5 - 10°w,,
m ho?

wy > Wwy;
(10)
Since the values of the exponential factors in (8) do not
differ very much from unity, we can infer from (10) the
validity of the following expression for 7 defined in (6):

- Pol(Ax:)/‘) AI‘o/’NTo,V Wy
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For &, we have in order of magnitude

¢ = §vfw)dv ~ (1 - 2)pa/2vm.

0

If we take account of the fact that for CO — He collisions

n .4.9.108, (11)

p 8nleA’n
m  ha?

~ (46 — 290),

then after substituting these values into (11), we obtain
N 1
~— ——— +(0.70—4.75
"= 401 0.7 g
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where d is the particle diameter (in the hard- sphere
model™). The condition TyT << Tg allows us to write
N/p*d® << AP O(T)V 87. For the estimates, let us take

TyT/Ts ~ 10%. Then n ~ e"iw/kT(0.04—0.24). In that
case it follows from (4) that
T/ Tozy ~ (0.04 = 0.24). (12)

Such relative-population values for CO correspond to a
vibrational temperature Tyjp ~ 1000—3000°K (at gas
temperatures of ~ 200—400°K). It should be noted that
when the distirbution in the constant-temperature bath
is Maxwellian, the relative CO populations at the same
gas temperatures are given by xp/xp = e D@ kT ~ 107,

It is worth estimating the source strength N neces-
sary for the observation of the indicated effect. If we
assume the gas pressure to be equal to 10 Torr, then we
have for the density p, (at 250°K) the value p, ~ 3.9
X 10” cm™, The collision rate Z at such densities is

~ 2.8 X 107 sec™. In order for the requirement
TVT 1072 Tg to be fu1f1lled it is necessary to impose on
N the condition N ~ 107 p(,ZP1 The latter yields for N
the following estimate: N ~ 10*° cm™ x sec™ (for
P, ~ 107,

Thus, in a system with a 6-function fast-particle
source (for which E, > fiw) there gets established a quasi-
stationary vibrational-energy distribution, which (for
harmonic oscillators) corresponds to a vibrational tem-
perature considerably exceeding the temperature of the
translational degrees of freedom.

Two possible applications of the obtained results can
be pointed out. The first one is the control of chemical
reactions. If the chemical reactions proceed with the
participation of vibrationally excited molecules, then we
can, by varying the fast-particle source strength, vary
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the vibrational temperature and, consequently, the re-
action rate. Secondly, it can be employed as one of the
methods for bringing about partial vibrational-rotational
population inversion. Although the relative population
values obtained in (12) above are not yet sufficient for
the realization of generation in CO" m , the above-de-

scribed temperature separation mechamsm can never-

theless be recommended as a method for pumping the
vibrational degrees of freedom in conjunction with other
known methods.
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