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AT the present time, both in very different fields of
physics and in many applied fields of technology, more
and more attention is being devoted to systems which
are in a state different from the state of thermody-
namic equilibrium. Plasma physics, astrophysics
and atmospheric physics, supersonic gas dynamics,
etc. all deal with such systems. One of the most im-
portant and of the most frequently occurring cases of
departure from thermodynamic equilibrium is the
delay in the establishment of equilibrium with respect
to the inert degrees of freedom of the molecules of a
gas subjected to rapid oscillations or having high
gradients of some of its parameters. Such departures
from equilibrium may be grouped together under the
common name of relaxation phenomena. A charac-
teristic example of such phenomena is the existence
of a more or less extensive nonequilibrium zone be-
hind the front of a shock wave propagated in a gas.
From a practical point of view considerable impor-~
tance attaches to the question of the numerical values
of the constants characterizing the rate of relaxation
processes. The majority of papers dealing with re-
laxation processes in gases are devoted specifically
to the theoretical or experimental determination of
these constants. During the last 10 — 15 years a
large number of such papers has appeared, but until
now there has been no attempt to make a systematic
study of the investigations that have been carried out
and to pick out the most reliable values of the con-
stants from among the frequently contradictory and
greatly varying values. In this connection the time
seems to be ripe for a systematic study of the avail-
able papers, so as to compare the results of the dif~
ferent investigators and to recommend the most re-
liable values of the constants. The present paper is
an attempt to fill this gap. The authors restrict them-
selves to a discussion of the problems of the estab-
lishment of equilibrium with respect to the transla-
tional, rotational, and vibrational degrees of freedom,
and also with respect to dissociation and ionization,
and make no reference to other chemical reactions.
Moreover, wishing to avoid undue Iengthening of the
tables, the authors have restricted themselves to the
most important molecules from a practical point of
view (primarily to the constituents of air).

POTENTIAL ENERGY OF COLLIDING PARTICLES

Thermodynamic equilibrium is established in a
nonequilibrium gas primarily by means of elastic and
inelastic collisions. Radiation transitions do not play

an important role in the relaxation process in cases
of interest to us (i.e., for the constituents of air at
relatively low temperatures). Even in the case of di-
polar molecules the deactivation of vibrational and ro-
tational levels as a result of radiation plays an impor-
tant role® only at pressures of the order of 10~
—10%¢ mm Hg. Therefore, in discussing the process
of the establishment of equilibrium in a gas we shall
take into account only elastic and inelastic collisions.
For the calculation of the cross sections for
elastic and inelastic collisions it is necessary to
know the interaction potential between the colliding
molecules. Usually the Lennard-Jones empirical
expression is utilized for this potential:
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vin=te [(2)-(F)] M
which holds in the absence of chemical interaction
between the molecules. Here € is the depth of the
potential well, r; is the classical distance of closest
approach of molecules whose relative velocity at
infinite separation is equal to zero. The term corre-
sponding to attractive forces has also been obtained
theoretically. The values of € and r; are at present
known for many molecules; they have been chosen to
satisfy the experimental values of the coefficients of
viscosity and diffusion. However, we note that values
of these coefficients which agree with the experimen-
tal values can also be obtained with the aid of poten-
tials of other shapes. Moreover, for the coefficients
of viscosity and diffusion the behavior of the potential
at relatively large r is important and, therefore, the
interaction potential has been studied best of all at
these large distances; in the case of inelastic colli-
sions the behavior of the potential at considerably
smaller r is important, in the range where it is de-
scribed by the Lennard-Jones formula only approxi-
mately. Since in the case of inelastic collisions only
the short range interaction forces are important
(Landau and Teller?®’), it is customary to take for the
interaction potential the exponential repulsive function:

Vexp () = Ae—%". 2)

The quantity a~! characterizes the range of the
interaction forces. In references 35 and 36, the
Lennard-Jones potential was approximated by an
exponential repulsive potential whose parameters
were so chosen that the values of V and dV/dr for
these potentials would coincide at the classical dis-
tance of closest approach. The additional condition
Vexp — — € was imposed at r — *«, which takes into
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account the acceleration of the colliding molecules in
the field of their mutual attraction. It has turned out
that in a number of cases the following approximate
relation holds

ase 115 (3)

In the presence of chemical and semi-chemical forces
the interaction between the molecules is no longer
described by the Lennard-Jones potential; an inter-
action of this type occurs,152 for example, in the colli-
sion of NO molecules (cf. also reference 46).

ENERGY TRANSFER IN COLLISIONS

In the study of the phenomena of the approach to
equilibrium in gases it is important to know the
energy transfer in elementary processes. In an
elastic collision of two atoms or two molecules a
fraction of the translational energy AK/K transferred
on the average in a collision is of the order of

AK 2mymsy (4)

Thus, a collision of molecules with masses of the
same order of magnitude is effective from the point
of view of transferring the kinetic energy from one
molecule to the other, while in the collision of a light
particle with a heavy one the fraction of the energy
transferred in the collision is small.

For a qualitative investigation of the nature of an
inelastic collision we consider the following classical
model. We assume that a diatomic molecule can be
represented by a harmonic oscillator and that when it
approaches another molecule or atom the oscillator
is acted upon by a time dependent force F (t). The
equation of motion for such an oscillator has the
form

ol =1F (), ®)

where w; is the characteristic frequency of the
oscillator, and m is its mass. On introducing the
new variable £ =X + iwx and on assuming that for t
— — =« the oscillator was at rest, we obtain the fol-
lowing expression for £(t) for t— = (i.e., after
collision)

B(0) = geont | F () emiontar, (8)

After the collision the energy of the oscillator is
equal to

v m
b-—’:?

# o) = |8 =5 | ( FOewial. (M
Since F {t) differs from zero only during the colli-
sion time At, it may be easily seen that (7) has a
maximum value for wyAt ~ 1, while E = 0 for wyAt
> 1. Since At =a/v, where a is the range of the

intermolecular potential and v is the relative velocity
of the colliding particles, the condition for the proba-
bility of energy transfer in a collision to be small
assumes the form

I (8)

The simple physical meaning of this inequality is that
when the condition (8) is satisfied the collision proc-
ess will be so slow (adiabatic) that the internal con-
figuration of the colliding particles has time to change
and to adjust to the slowly varying interaction energy.
In a quantum mechanical problem this criterion re-
tains its form, only we have to replace w; by
21AE/h:

2naAE
AL g, (9)

The inequality (9) (Massey’s criterion) is the condi-
tion that the effective cross section oi for an inelastic
collision accompanied by a change of internal energy
by an amount AE should be much smaller than the
cross section gg for an elastic collision. Usually one
introduces into the discussion the value of the proba-
bility of an inelastic transition in an ‘‘elastic’ colli-
sion P = 0i/0e = 1/z, where z is the number of
elastic collisions which a molecule experiences on
the average before undergoing an inelastic collision.
The arbitrary nature of such a quantity is obvious,
but it is convenient to use due to its simple nature.

QUANTUM MECHANICAL DESCRIPTION OF A
COLLISION

Classical considerations can give only a rough
qualitative description of an inelastic collision. There-
fore, it is necessary to use quantum mechanical
methods for the evaluation of the quantities oj (or P).
As an example we shall discuss the excitation of os-
cillations of a diatomic molecule AB, which is ina
vibrational state i, as a result of a one-dimensional
(frontal) collision with the atom C (cf. diagram).

Frontal collision of mole-~ o ——-
cule AB with atom C. A &

ob

In the case of inelastic collisions the principal role
is played by the short range repulsive potential be-
tween molecules which we can assume to be of the
form

V = Ae_arBC

(10)

(we can neglect the interaction between the distant
atoms A and C). If r is the distance between the
centers of mass of the molecule AB and atom C, and
s is the normal coordinate for the vibration of the
molecule AB, then rgc may be written in the form

rpe="r-A,+ 4;s, (11)
Vir)=V,ewre-ctis =V V (r)V,(s). (12)
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In order to obtain the probability of the transition of
the molecule as a result of the collision from the
state i into the state f — Pijf(vi) — we use the
method of distorted waves. Pif(vj) is determined
by the square of the matrix element of the perturbing
energy evaluated between the wave functions of the
initial and the final states. The latter are obtained
on the assumption that the motion of particles before
the collision occurs in the field Vi (r) with relative
energy mvzi /2, while after the collision it occurs in
the field Vf(r) with relative energy mv?[-/z (m is
the reduced mass of the colliding particles). We ob-
tain for Pjf(vj)

1612V
Py, (v;) = v-:.,,fu Vi, Bi% (13)
where
R=\ F.FV,dr, (14)
V= m(o)u(5)V,ds. (15)

—o
Here uj and uf are harmonic oscillator wave func-
tions; Fj and Fg are solutions of the wave equation
for relative motion:
&F;,

8nim [ moi, s
g [T VoV, ] By =0

(16)

The quantity R for the potential (2) has been calcu-
lated by Jackson and Mott.2® On averaging the quantity
Pif(vi) over the velocities we obtain
1
P, (T)~exp(—CT 3); C>0. (1n

This relation was first obtained by Landau and
Teller.?

In a more rigorous treatment of the problem one
should take into account the fact that the collision has
a three-dimensional nature, and that a significant con-
tribution to the cross section is made not only by
frontal collisions (i.e., such collisions for which the
relative angular momentum [ = 0), but also by colli-
sions with I different from zero. Such a calculation
was carried out in reference 36, where the potential
for the interaction between the particles was taken to
be spherically symmetric (the ‘‘breathing’’ sphere
model for the oscillating molecule). This enabled
the partial wave analysis to be applied to the investi-
gation of the collision cross section. It is essential
to take into account values of ! different from zero;!!’3
for example, it turned out that in the collision of an
H, molecule with another H; molecule the principal
contribution to the total cross section for the excita-
tion of the first vibrational level is made by the
partial cross sections with 7 ~ 10 — 20, and that to
obtain the total cross section one must take into ac-
count partial cross sections up to I ~ 80. If we as-
sume that the interaction potential is not spherically
symmetric, then rotational-vibrational transitions
must be taken into account in a collision.
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In a number of cases one can treat the relative
motion of the colliding particles classically. If the de
Broglie wavelength Ay « a™! we can approximately
assume that the particles move along definite trajec-
tories smeared out by an amount ~ Ay, which is small
compared with the spatial extension of the field in
which the collision takes place. Moreover, the mo-
mentum Ap transferred in the collision will be of the
order of

VAt Vm

Ap~SVth~—F~T. (18)
It
h
Ap h%k
T = Fma1 € 1

the motion can be treated classically; but if this ratio
is ~ 1, then even if the de Broglie wavelength is small
the motion must be treated quantum mechanically.
We assume that both these conditions are satisfied and
that, therefore, we can treat the relative motion of the
colliding particles classically. Then as the particles
move with respect to each other their interaction
energy depends only on t, namely V(t) =V[r(t)],
where r(t) is a classical integral of the motion. In
this case we can apply time dependent perturbation
theory for the evaluation of the transition prohabilities.
Since the energy of relative motion is not conserved
in an inelastic collision usually the mean values of
the translational energy and of the interaction energy
before and after the collision are used for the evalua-
tion of r(t). Such a semiclassical theory is a good
approximation if the relative translational energy is
much greater than the energy transferred in the col-
lision.

Nikitin® has taken into account in a semiclassical
treatment the role of long-range attractive forces;
it turned out that taking such forces into account
simply by increasing the kinetic energy of the colliding
particles by an amount € (the acceleration in the at-
tractive field occurs at infinity) is insufficient.

RELAXATION OF TRANSLATIONAL, ROTATIONAL
AND VIBRATIONAL ENERGY

We now consider the nature of the relaxation
process for a gas in a nonequilibrium state. It fol-
lows from formula (4) that if at a certain. instant the
gas molecules have a nonequilibrium velocity distri-
bution, then a Maxwellian equilibrium distribution will
be established rapidly, during a few collision times,
since the fraction of energy transferred in each col-
lision is large. In the papers by Mott-Smith and
others®®' a discussion is given of the establishment
of a new Maxwellian velocity distribution in a shock-
wave front corresponding to the gas temperature be-
yond the shock wave. In these papers it is shown that
the molecular velocity distribution function in the
transition region can be approximately represented
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in the form of a superposition of two Maxwellian dis-
tributions with temperatures corresponding to the
temperature of the gas before and after the shock
wave has passed through it:

f (0, x) = v, (2) fL (V) 4 v2 (=) f2 (0).

The functions v4(x) and vy (x) are such that at dis-
tances of the order of two or three mean free paths
the Maxwellian distribution function f;(v) corre-
sponding to the gas temperature before the shock
wave has passed through it goes over into the distri-
bution function f; (v) corresponding to the tempera-
ture of the gas after the shock wave has passed
through it. Thus, the new Maxwellian distribution is
established as a result of 2 or 3 collisions between
molecules. Approximately the functions »;(x) and
vy (x) may be written in the following form

(19)

vi@)=7(1—tanh 22 vz(x)=§(1+tanhiz_> . (20)

Here L is the width of the shock wave front.

A simple investigation of the criterion (9) shows
that in a number of cases the effective cross sections
for inelastic collisions will be small compared to the
cross sections for elastic collisions. For example,
qualitative estimates lead to the conclusion that the
effective cross section for rotational excitation is
smaller than the cross section for an elastic collision
and at the same time, as a rule, is considerably larger
than the effective cross section for vibrational excita-
tion.

The conversion of translational energy of mole-
cules into rotational energy in inelastic collisions has
been studied in a number of references,!?:13,18,37-42
Brout!® found that for molecules of molecular weight
greater than 20 the probability of the conversion of
kinetic energy into rotational in a collision is of the
order of ‘/2 (re /19 )2, where re is the internuclear
separation in the molecule, ry is its gas-dynamic
collision diameter. From this it follows that the
establishment of equilibrium over the rotational de-
grees of freedom for such molecules as N; and O,
requires approximately 20 collisions between mole-
cules. In the case of the Hy molecule, owing to the
large size of the rotational quantum, the probability
of rotational excitation in a collision is relatively
small and in order for an equilibrium distribution
over the rotational levels to be established approxi-
mately 300 collisions are needed.

Effective cross sections for the conversion of vi-
brztional energy into translational energy as a result
of collisions turn out to be very small for the majority
of molecules, and for equilibrium with respect to the
vibrational degrees of freedom to be established it is
necessary, as a rule, to have not less than 16 — 104
collisions. An exception is provided by molecules
the interaction between which is due to forces of
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chemical nature. For such molecules the probability
of excitation of vibrations in a collision is relatively
great; this corresponds to the concept of the vibra-
tional excitation of such molecules as the beginning of
a chemical reaction.'®1%

The fact that exchanges between the kinetic energy
of the gas molecules and their internal energy are
difficult makes deviations from thermodynamic equi-
librium possible in the case of a sufficiently rapid
variation in the parameters that describe the gas.
The time 7 during which equilibrium is established
is called the relaxation time. The relaxation time has
a fully defined meaning if the quantity y which at an
initial time had the value y4, approaches its equili-
brium value y, in a manner described by the relaxa-
tion equation

d 1
Ve — Sy ) @1
For 7 = const this eguation has the solution
14
YZ¥ _x
Yi—Ye ¢ (22)

and then the relaxation time 7 is the time at the ex-
piration of which the quantity y — y, differs from its
initial value by the factor e,

The relaxation equation (21) holds, for example,
for the case®® when the molecules can exist in two
quantum states of energies E; and E,. Landau and
Teller have investigated the case of the relaxation of
harmonic oscillators in a thermal bath under the con-
dition that the interaction between the internal degrees
of freedom and the translational motion is small. As
a result of this the interaction potential between the
molecules may be expanded in series with respect to
the normal coordinate of the vibration Q and consid-
eration may be restricted to the linear term. There-
fore, the probabilities of transition between harmonic
oscillator levels will differ from zero only for adja-
cent levels and are equal to Py v,y = Py(v + 1). The
relaxation of the average energy of such harmonic
oscillators also obeys Eq. (21). For the relaxation
time in this case we obtain the expression

hv
L=p(—¢ M), (23)
where hv is the size of the vibrational quantum, T is
the temperature of the thermal bath, Py, is the proba-
bility of deactivation (per unit time) of the first
excitated vibrational level of the molecule in a colli-
sion.

The relaxation of harmonic oscillators in a thermal
bath has been investigated in greater detail in a series
of papers by Schuler and co-workers.®®# in refer-
ences 54-57 it was shown that the nature of the relaxa-
tion of the average energy of harmonic oscillators,
distributed over the different levels at the initial
instant in any arbitrary manner, is independent of the
initial distribution. The relaxation time in this case
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does not depend on the value of the average energy of
the oscillators. If the oscillators are initially distrib-
uted over the levels in accordance with a pseudo-
Boltzmann distribution with a ‘‘temperature’’ T

> Tgas’ then the relaxation proceeds through a se-
quence of pseudo-Boltzmann distributions with a time
dependent temperature T (t), with T > T (t) > Tgas.
Thus, in this case the distribution of molecules over
the vibration levels is determined by a single param-
eter, the vibrational ‘‘temperature.’’ Taking dipole
radiation transitions into account changes only the
relaxation time without affecting the process of the
establishment of equilibrium. It must be noted that
such a relaxation process is intimately connected with
the assumption Q « a~!. In reference 54 it was shown
that if we assume the transition probability to have the
form Py,y4 = Ppexpla(v + 1)], then the intermediate
states can no longer be characterized by a ‘‘tempera-
ture’’. Moreover, in this case since Py v, increases
rapidly with increasing v, a distribution correspond-
ing to the final temperature is rapidly established at
the upper levels, while at the lower levels the distri-
bution still corresponds to the initial vibrational ‘‘tem-
perature.’”” This shows that one must adopt a cautious
attitude to the experimentally determined effective
‘“temperatures.’’ Taking anharmonicity into account
introduces insignificant changes into the preceding
results. In investigating simultaneously vibrational
and rotational relaxation it turned out that they occur
independently due to the great difference in the proba-
bilities of excitation of vibration and of rotation. In
references 73 — 76 it was shown that taking dissocia-
tion into account significantly changes the distribution
of molecules in the upper vibrational levels.

DISSOCIATION AND IONIZATION

At high temperatures relaxation phenomena asso-
ciated with the fact that the values of the constants
describing the rates of dissociation and recombina-
tion reactions are finite become important. According
to current concepts, the dissociation process has the
following character. In collisions primarily those
molecules dissociate of which one is in a vibrational
level close to the dissociation limit, while the total
energy (vibrational, rotational, and translational
energy) is sufficient to produce dissociation. But if
the colliding molecules are in lower vibrational levels,
then even if the total energy is sufficient for dissocia-
tion the probability of dissociation is negligibly small.
In reference 76 it was shown that the probability of
transition from a vibrational level v into the conti-
nuum for the model of a diatomic molecule in the form
of a Morse oscillator falls off very rapidly with in-
creasing (v — vmpax) and is negligibly small for the
lower levels., In this connection the hypothesis pro-
posed in a number of papers®8! with respect to the
possibility of dissociation in collisions from any arbi-
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trary vibrational level appears to be very improbable.

The dissociation of diatomic molecules situated in
a heat bath may be visualized in the following manner.
As a result of the high probability of transition into
the continuum in a collision the upper vibrational
levels are practically empty (the distribution for
these levels differs sharply from a Boltzmann distri-
bution) and the rate of dissociation is determined by
the probabilities of transition between discrete levels,
since as a result of these transitions molecules are
‘‘supplied’ to upper vibrational levels where the
molecules dissociate. Moreover, at the upper levels
an important role is played by transitions between
nonadjacent levels.

Quantitatively the dissociation process can be de-~
scribed in the following manner. If we denote by N
the molar concentration of molecules X,, and by n
the molar concentration of atoms X, then the concen-
tration of molecules N varies with time in accordance
with the equation

N

g = — kN — kgonN + ke nN + ki,

24)
Here kg1, kqz are the reaction rate constants for the
dissociation of molecules X, in collisions respec-
tively with molecules X, and with atoms X, while

ky1, kys ave the reaction rate constants for recombi-
nation in corresponding three-body collisions. These
constants are related by the expression

kay _ kay
Tl T Ry
where k is the equilibrium constant.
From simple collision theory one can obtain the
following expression for the constant of the rate of
dissociation

D

k,=A(l) PT'¢ *T,

where D is the dissociation energy for the molecule
X,, while the constants 7 and A (1) depend on the
degree of participation of vibrational and rotational
energy in the dissociation process. The quantity P
has the meaning of the probability of dissociation of
the molecule in a binary collision of molecules with
an energy sufficient for dissociation. This quantity
is usually obtained by making the theoretical curve
for the dependence of kq on T fit the experimental
one; since agreement can be achieved for different
values of I and P, it is clear that the quantity P has
to a large extent an arbitrary nature. As we have
seen, the value of the constant for the dissociation
rate depends very strongly on the temperature.

The process of the establishment of equilibrium
ionization in gases is at the present time almost
completely uninvestigated. A study of the ionization
of argon behind a strong shock wave'4” has shown that
even in this simple case the process has a quite com-
plicated character. It has turned out that ionization
occurs primarily as a result of collisions of electrons
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with atoms, while the ionization rate is determined
primarily by the rate of exchange of energy between
electrons and ions in elastic collisions, and is almost
independent of the value of the cross section for
inelastic collisions accompanied by ionization and
excitation. No one has succeeded in giving a satis-
factory explanation for the initial degree of ionization;
apparently, in the initial stages of ionization an im-
portant role is played by the processes of photoioni-
zation and of ionization as a result of collisions with
impurity atoms.

METHODS OF DETERMINING THE RELAXATION
CONSTANTS

As already indicated, for the description of non-
equilibrium gas systems it is necessary to know the
effective cross sections both for elastic and for var-
ious types of inelastic collisions. A large number of
papers has been devoted to the experimental®*1" and
theoretical™ determination of these cross sections.
The theoretical calculation of the probabilities of
inelastic transitions presents great difficulties which
are due mostly to our incomplete knowledge of the
interaction potential between the molecules. The
commonly used empirical expressions for this poten-
tial describe more or less well the interaction be-

tween molecules that are separated by large distances.

In the evaluation of the constant for the rate of disso-
ciation the difficulty also consists of the fact that we
do not have an exact expression not only for the inter-
molecular but also for the intramolecule potential
(the dissociation occurs primarily from the upper
vibrational levels; moreover the motion of the atoms
forming the molecule occurs in a field which is known
only approximately). Nor do we have, at present a
clear idea of the relative role played in the dissocia-
tion process by the translational, rotational, and vi-
brational energy of the molecules. In calculating the
effective cross sections for inelastic collisions ap-
proximate quantum mechanical methods are utilized.
All this causes the cross sections for the different
inelastic collisions to be evaluated at present only
with order-of-magnitude accuracy. The experimental
values of the constants characterizing the processes
of approach to equilibrium are usually of like accu-
racy. On taking this circumstance into account we
can, for qualitative purposes, treat the relaxation
process itself approximately. As we have seen
already, the approach to equilibrium with respect to
the vibrational degrees of freedom, at not very high
temperatures, can be described by means of a relaxa-
tion equation by introducing the concept of a relaxation
time. Although processes of approach to equilibrium
with respect to rotational levels and with respect to
the degree of dissociation are not described by a re-
laxation equation, it is possible for the sake of a
simple treatment to describe these processes by
means of relaxation times.

For the experimental determination of the constants
characterizing nonequilibrium processes it is neces-
sary in some way to make the gas depart from a state
of thermodynamic equilibrium. This can be achieved,
for example, by the following means:

1. Both the initial substances and the resultant
products are in a nonequilibrium state as a result of
a rapidly occurring chemical reaction (cf., for exam-
ple, references 106, 139).

2. Gas flows with rapidly varying parameters
( supersonic flows in nozzles, shock wave, density
discontinuity in supersonic flow around a body).

3. Ultrasonic methods (the gas is situated in the
sound field and is subjected to a rapid variation of
parameters during a time of the order of the period
of oscillations).

4. The spectrophone method (the gas has a non-
equilibrium distribution with respect to the vibrational
levels as a result of being irradiated by infrared ra-
diation ).

5. If energy is supplied in pulses to the plasma in
an arc discharge, deviations from thermodynamic
equilibrium are observed in the plasma.

Usually the following methods are used for the
measurement of the relaxation time:

1. Measurement of relaxation time from the dis-
persion and absorption of an ultrasonic wave in the
gas under investigation (cf., for example, reference
32).

2. Ultrasonic interferometer.!®

3. An ingenious method proposed by Hornig and
based on the measurement of the coefficient of reflec-
tion of light from the front of a shock wave propagated
in the gas .17

4. The method of Kantrowitz which utilizes the
efflux of a gas from a shock tube through a
nozzle, 33,128

5. A. N. Terenin and G. G. Neuimin® have pro-
posed a method based on the fact that in an electric
discharge in molecular gases the molecules have a
nonequilibrium distribution with respect to the vibra-
tional and rotational levels. By varying the gas pres-
sure it is possible to vary the ratio between the pro-
babilities of optical deactivation of vibrational levels
and of the deactivation due to inelastic collisions. By
measuring the intensity of the infrared radiation as a
function of the pressure it is possible to obtain data
on the probabilities of the deactivation of vibrational
levels in inelastic collisions.

6. The method of the spectrophone, which is appli-
cable in the case of vibrations active in the infrared
spectrum. If the gas is irradiated by light of a
definite wavelength and of an intensity modulated in
time, a definite oscillation of the molecules is excited;
by measuring the difference in phase between the
change in pressure arising as a result of the heating
of the gas and the intensity of the incident light, it is
possible to determine the relaxation time.*

2
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7. As a result of certain chemical reactions, the
molecules are produced predominantly in a single vi-
brational level characteristic of the given conditions.
By measuring the dependence of the intensity of the
different lines of ultraviolet absorption bands as a
function of the time it is possible to obtain values of
the relaxation time for a given vibrational level.!3?

8. If the plasma in an arc discharge is ‘‘heated’’
by means of a current pulse, the molecules turn out
to have a nonequilibrium distribution with respect to
energy levels. The study of the subsequent process
of approach to equilibrium enables us to determine
the relaxation time.%

9. The determination of the time 7 for the estab-
lishment of equilibrium for the exchange of transla-
tional energy in collisions between radiating atoms
having a nonequilibrium velocity distribution and
molecules of the original gas, by means of a simul-
taneous measurement of the kinetic temperature of
the radiating atoms and of the gas temperature.!"

By now a large number of experimental investiga-
tions have been carried out which are devoted to the
determination of constants characterizing the proc-
esses of the approach to equilibrium in gases.

Usually the quantitative results of these investigations
are given either in the form of a relaxation time 7,
or in the form of the number Zgff of collisions needed
for the establishment of equilibrium with respect to a
given degree of freedom, or in the form of the proba-
bility P of the corresponding elastic transition in a
collision. Let us establish the relation between these
quantities. For this purpose we consider the case of
the approach to equilibrium with respect to the vibra-
tional degrees of freedom (the concept of a relaxation
time is, strictly speaking, applicable only in this case).
We introduce the following notation: pyy = 1/Zy, is the
probability of deactivation of the first vibrational
level in a collision, Zj, is the number of elastic col-
lisions which the molecule experiences on the average
before deactivation of the first vibrational level
occurs. We shall define the quantity Zeff as the
number of elastic collisions which the molecule ex-
periences on the average during the time 7, i.e.,
Zeff = VT/A (A is the mean free path of the molecule,
v is its mean thermal velocity). The following rela-
tions hold between these quantities

1 hv - - hv

_hv > _he
?=P10(1-—e k) P10=E%=Tplo; Zyy=Zegr (1 —e ™).

We shall also use the same quantities for an approxi-
mate description of the process of rotational relaxa-
tion.

DISCUSSION OF THE RELAXATION CONSTANTS

Tables I, II, OI, and IV give a collection of the data
obtained in investigations on the determination of con-
stants characterizing relaxation processes. We have
deemed it useful to give values of the quantities Zj,
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and Zeff, since they are easy to visualize. The quan-
tity Zeff is of a somewhat indefinite character, if in
the course of the establishment of equilibrium with
respect to a given degree of freedom the temperature
of the gas and, consequently, the probability of
inelastic collision which depends on it, undergo sig-
nificant changes. In this case the Zeff calculated by
us differs from the actual number of collisions needed
for the establishment of equilibrium with respect to a
given degree of freedom.

An analysis of the material presented in the tables
enables us to draw the following conclusions:

1. The effective cross sections for different ele-
mentary processes are essentially different, and one
can divide the degrees of freedom of a gas into
‘“active’’ ones for which the process of the establish-
ment of equilibrium occurs during a few collisions
(translational motion and rotation), and ‘‘inert’’ ones
for the establishment of an equilibrium distribution
with respect to which a considerable number of colli-
sions -are needed (vibrations).

2. The relaxation times for the vibrational degrees
of freedom, and the constants for the rates of dissocia-
tion reactions, show a strong dependence on the gas
temperature T. Moreover, for the vibrational degrees
of freedom this relationship agrees with the theoreti-
cal expression of Landau and Teller ln 7~ eT"1/3
(i.e., the relaxation time decreases sharply as the
temperature is increased?’). A paper that is instruc-
tive in this respect is the work of Lukasik and Young!4’
in which the vibrational relaxation times of nitrogen
were measured as a function of T in the temperature
range 778 — 1186°K by ultrasonic methods. These
relaxation times were compared with the data of
Blackman® (temperature range 3500 — 5600°K); it
turned out that the data of both papers are in good
agreement with a common linear dependence of In 7
on T8, Thus, although theoretical calculations yield
values of 7 which agree only roughly with experiment,
the character of the dependence of 7 on T is predic-
ted by the theory with a considerably greater degree
of accuracy. Widom,* in investigating the problem of
vibrational excitation in an inelastic collision of
diatomic molecules with a Maxwellian repulsive po-
tential V ~ R™ (this potential gives a poor descrip-
tion of the repulsion), has obtained for the dependence
of the relaxation time on the temperature the some-
what strange expression In T~ — BT!” instead of
the Landau-Teller expression.

The constant for the rate of dissociation increases
sharply with increasing temperature (and the corre-
sponding ‘‘relaxation time’’ falls off sharply), with
this dependence obeying the relation

D
fog ~ Tt ¢ KT
In this expression the principal role is played by the
exponential term, so that to a high degree of accuracy
In kg is directly proportional to 1/T. Even an ele-
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mentary collision theory for a dissociation reaction
agrees well with this relationship.

The nature of the dependence of the rotational re-
laxation time on the temperature is not completely
clear at the present time. On the one hand, as the
temperature is increased the mean thermal velocity
of the molecules increases and with it the collision
frequency. On the other hand, as the temperature is
raised, an ever more significant role in the relaxation
process is played by transitions between the upper
levels, the distance between which, and consequently
also the transition probabilities, is smaller than in
the case of the lower levels. For hydrogen experiment
yields an increase in the rotational relaxation time
with increasing temperature; for other molecules the
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temperature dependence has not yet been established.
3. The relaxation times for the vibration of nitro-
gen, and for the dissociation of oxygen at a tempera-
ture of 3000° K turn out to be of the same order of
magnitude. Also in the same temperature range a
significant role is played by the reaction for the pro-
duction of NO, which, apparently, proceeds in ac-
cordance with the scheme proposed by Ya. B.
Zel’dovich:
0,20,

0+ N, = NO+4-N,

N+ 0,22NO--0O.
In virtue of these circumstances the process of the
establishment of equilibrium in air at such tempera-
tures must be of a very complex nature.

Table I. Rotational Relaxation

T °K 1, sec* Z eff Reference Method of determination
H, molecule
193 1.4-1078 250
213 1.4-1078 240
233 1.6-1078 260 131 Absorption and dispersion
253 1.7.1078 270 of sound
273 1.8.1078 270
288 2-1078 290
275 1.8-4078 270
291 2.1-1078 310
321 2.1-1078 290 120 Absorption of sound
340 2.1-1078 280
354 21078 270
273 2.3-1078 350 163 Dispersion of sound.
2.1-1078 320 Absorption of sound
288 2.1-1078 310 121 Pitot tube
>150 118 Reflection from the front
of a shock wave
2.3-1078 340 130 Dispersion of sound
298 1.8.1078 260 b Ultrasonic interferometer |
%gg 388 123 Pitot tube
300 300 169 Absorption and dispersion
of sound
300 200 27 Reflection from the front
of a shock wave
290 1.7-1078 250 161 Absorption and dispersion
of sound
290 ~107¢ ~15 12 Theory
D, molecule
70 0.3-1078 ; 60
90 0.3-107¢ 60 Ab i i i
193 0.9.10"% | 110 131 osfo;};t;:x; and dispersion
213 0.9-1078 110
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Table I (continued)

T°K T, sec* Z eff Reference Method of determination
233 1078 120
253 1,1-1078 120 131 Absorption and dispersion
273 1.3.1078 140 of sound
288 1,5-1078 160
.
274 1078 110
288 1.1.1078 110 199 .
328 1,2.1078 120 Absorption of sound
351 1,2.1078 110
273 2-1078 210 163 Dispersion of sound,
1.8.1078 190 Absorption of sound
N, molecule
300 5.26 s Absorption and dispersion
\ of sound
18,
igg g M: Absorption of sound
300 1.2-107° 9 170 Absorption and dispersion
of sound
-9 7 128
3(8)8 <<2?(1)0-9 15 121 Pitot tube
5.5 96
5.3 156
300 20 1 Reflection from the front
300 20 118 of a shock wave
300 23 13 ! Theory
0O, molecule
314 i 2.176.107° } 12 ‘ 103 l Dispersion of sound
300 ‘3 1123 Absorption of sound
273 3
300 ‘ 30 166 Dispersion and absorption
. of sound
ST
!
300 20 118 Reflection from the front
of a shock wave
' l
300 17 | 13 l Theory
Dry air
] 1.28-1078 ‘ 90 ‘ 100 l
[
- 3.107° 21 1 Absorption of sound,
305 2.29-107° ’ 16 \ ° Dispersion of sound

1

*The values of 7have been reduced to 1 atm pressure.




Table II. Vibrational Relaxation

l

T °K T, sec ‘ Zio. Zeff Notes lReference de“:::x:ic.’:a&fon
H; molecule
3000 4.2-1073 ‘ ~2-105% 2 108 | Absorption of x-rays
N, molecule
300—600 3.3.10% 3a Measurement of the
1.67-108 3b 93 intensity of infra-
1.25.106 3¢ red radiation from
a gas discharge
778 47.6-107* 6.55-108 140 Ultrasonic measure-
1020 14,4-1072 4.55. 108 ments
1186 7.96.1074 2.29.10¢
556 3.1-107
680 1.4-107 5
694 1.6-107 8
761 1.2.107
128 Pitot tube
413 3.6-104
575 3.4-10% 5b
733 2.4-10%
3000 3.5-1078 8. 10%*
3500 1.9.1073 4. 10%*
4000 1.3-1078 2.6-10% o Interferometer in a
5000 7-1078 1.2.104 shock tube
5500 5-107¢ 8.5-103
6000 41078 6.5-108
2250 1.6-107¢ 4.2-105% 107 Spectroscopic
2450 8.107s 2-10%* measurements in a
shock tube
1
300 >1.5:107% | >6.25.10%% 123 Interferometer in a
shock tube
2200 1074 2.7.10%* 6 tod Reflected shock wave
288 >10t2
600 5-10%
3.1-108
1388 2.407 35 Theory
1800 9.105
2400 1.25-108
3000 6.2.10*
0; molecule
1900 1076 2.5.108* . }
2100 5107 | 9.4-10% S e
2400 2.5-1077 5.5.10% tube

T °K 1, sec 710, Zogp Notes Reference delt’:rtr:;):a&fon
2700 2.10°7 4.9.102* 118 Schlieren measure-
2900 8.1078 1.6.102* ments in a shock
tube
800 5.4.1078 2-108*
1000 4-1075 1.4-105*
1400 2.407% 5.8.10% 98 Interferometer in a
2000 7.107 1.7.40% shock tube
3000 1.3.107¢ 2.6-108*
4000 <2-1078
1400 4-1073 7
1600 2,5.107% a Absorption and radia-
1800 1.5-1078 105 tion of ultraviolet
2000 6.1078 7b in a shock tube
2200 3-1078 Tc
3000 2-107¢ 7d
>5-10%
~108 3a
300 ~2.10% 3b 135 Ultrasonic measure-
~2,5-10* 3¢ ments
~7.7-103 3d
1200 ~2.1073 ~6.25- 104 126 From the width of the
1500 ~2:1078 ~5.6-10% front of a shock
wave
286 1.6-107¢ 104 120 Dispersion and ab-
374 2.6-107¢ 1.5-10% sorption of sound
~3200 ~1076 1.9-103% 2 106 Absorption of x-rays
Absorption in the
300 ~3-107% 1.9-108% 8 139 ultraviolet
288 3.3-108
600 3,3-108
900 3,3-10°
1200 7.7-10%
1800 1.2-10¢
2400 1.8-108
3000 6.7-102
as Theory
288 5-107
600 3.3-105
900 3,3-10%
1200 8.4-108 3a
1800 1.4-108
2400 5-102
3000 2.5.10%

SIWHLSAS SVD WNIYIITINO®ANON JO NOILVXVIFTY AHL NO
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Table II (continued)

S z A Refer- Method of R Zio, Z Refer- Method of
T " eee o Pt ) Notes eic; determination 7oK T sec 10 Teff Notes ei:; determination
NO molecule 273 7.107% 57000
B 43-10% 373 4.5-107¢ 29000
] (;88 1‘;1:_? 1182 . Spectrophotometric 413 3.9.40¢ 17000
Dok measurements in a ._73 2 4,10“6 10000
shock tube 673 PR 8000
12 Absorption and dis-
00 1.25-108 132 Theory persion of sound
1000 108 273 9.6.107 105
CN molecule 373 7.3-107° 65
K . =8
6300 4.2-107% Measurement of the gg 1'2. {8‘8 1(;3 o
7500 2.6.4075 153 ultraviolet absorp- 673 5.10-8 250
9550 1.4.1078 tion in a shock
tube
. -8 A408%
~ 3600 ~2—2,5.1075 %2 Measurement of the igi iﬁgigﬂa 3218‘* . .
vibrational temper- 313 8.7-1076 7.4-108* 130 Absorption of sound
ature in an arc 323 6.8-1078 5.7-10%
CO molecute
1.67.105 3a Measurement of the ; _ .
300~ 600 1.33.108 3b »3 intensity of infra- 300 >A07 | 4.3-100
8.3.104 de red radiation from 430 2.5 3? ¢ 1.8. 103; 128 Interferometer in &
a gas discharge 1[’1(5)8 é010"7 5-3' 183‘;‘ shock tube
1000 1073 2.9.10% )
1200 1,24075 | 3.1.10% 5 10- i
1400 1.15-107% 2.8.10%% 157 Dispersion of sound 291 28‘2)118‘2 ?é 18:: 1" 121 Pitot tube
1600 1,1.1078 2.5.10% )
1800 1078 2,110
| 2 600 2-10-8 1.2-10%* 12 Interferometer in a
2200 o | 190 ® | Interferometer in a 2200 | 35407 | 14.10% 3 " shock tube
3500 2.7.107 4.1-10% hock tube
iy - 300 10~ 8.6-10% | 12 | Spectrophone
1470 1.9-1073 4.5.10% 168 rared radiation
a shock tube
900 1077 5102+ 159 Interferometer in a
H,0 molecule shock tube
’ . 2
")gg 2‘1"’ I182 128 Pitot tube 300 4.85-10¢ [ 124 Dispersion of sound
70 1.9.102
2 104 35
CO, molecule 88 9-10 ] Theory
ég? }8‘* g : Measurement of the 3. In collisions with the following molecules: a) N,; b) CO; c) CO,; d) H,;
300—600 1.67-105 de 03 intensity of infra- e) 0,; f) H,0.
4,17-10% 4d ;ed rsac:iatxﬁn o 4, In collisions with the following atoms: a) He; b) Ar.
= a schar
5-108 3e & £ 5. With the impurity: a) 0.05% H,0; b) 2% H,0.
6.25.10% 10 a 6. At higher temperatures the data of this paper agree with the data of refer-
500 3.6-104 10b 94 Spectrophone ence 98.
1.45-10* Y] .
45-10 10e 7. Mixture A: a) 0.25% O,; b) 1% O,; c) 5% O,; d) 33% O,.
0 1000 8. For the 6-th excited vibrational level.
N - . -
. ‘1’% iO“T 01700 . . 9. The absence of temperature dependence is surprising,
~300 2.7.107¢ 480 Absorption of sound 10. For vibrations corresponding to the wavelengths: a) 4.3 u; b) 2.7y; c)
2.8.10% 34 14.8 .
Notes: 1. The values of 7 have been reduced to a pressure of 1 atm. The 11. For industrial gas.
values of Zgs have been marked by an asterisk. 12, For a deformation type vibration.
2. Mixed with 25% Xe. 13. For a fully symmetric vibration.
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Table III. Dissociation relaxation

k
o kg, T Refer-| -
T°K T, S8C 1 m®/mole sec] ;:ls-;-;- ence Method of determination
N; molecule
2850 1.5.108 Absorption of X rays
3250 ‘ 2.5.108 ‘ a ‘ e
O, molecule
gégg ( }! % igz a 106 Absorption of x rays
3500 4.6.107
4000 4.6-108 ) o )
4500 2.6.40° b 105 |Absorption and emission of ultraviolet
5000 9.10° in a shock tube
5500 2.2-1010
3100 | 2.107¢ R .
3400 | 5.1077 114 | Schlieren-measurements in a shock
3800 | 6-1078 tube
2540 | ~107¢ 107 Spectroscopic measurements in a
shock tube
3500 | 2-107° 126 | From the width of the front of a
shock wave
0_ 8 . 1015 141 )
3500 0.5- 1015 10¢ | Interferometer in a shock tube
' 3-1014 , 118 | Discharge in a capillary
300 | 9.8:104 | 18 | Afterglow
N, molecule
300 | I 6.3-4014 | 148 l Afterglow
l l 1.2-1016 ‘ 167 l Electrodeless discharge
297 ! l l 5.4-1015 l 12 l Afterglow
In accordance with measurements carried out in reference 141 the constant
for the rate of dissociation of oxygen in collisions of type O, - O, in the tem-
perature range 2500-4500°K can be given in the form
3
kd=7.43.10upT‘/2<5—9:f—80> exp ( —5197?@ cm®/mole sec, P=0.074.
In reference 104 it was found that the variation with time of the concentration
of oxygen atoms is described in the case of dissociation by the following
equation:
210} _ e )2 2> <_£@1§ { 5%(1‘-“)2<Tdiss>"‘1'
_DT‘2<I D% exp = W e (T 1.052
i (1—e)(1—a) / Tdigs \™ 2 Tdiss .
+ky T ) +2kycta (1— a) -5 1,034 } ;
=2, ma=1, k=024, ky=01, k=1,7.
The measurements were made in a mixture of oxygen with argon; c, is the
ratio. of the number of O, molecules to the total number of molecules.
Notes: a. mixed with 25% Xe. b. mixture of Ar and 1% O,.

4. The relaxation times for the vibrations of oxy- in a collision of this molecule with another oxygen
gen in the case when the molecules are initially pri- molecule, than in its collision with an argon atom.
marily in a single vibrational level (for example, v There is about the same difference in the efficiency
= 6), and in the case of an initial pseudo-Boltzmann of oxygen molecules and of argon atoms in the case of
distribution, turn out to be of the same order of mag- the dissociation of oxygen molecules in a collision.!®®
nitude. This also follows from theoretical consider- According to Blackman’s data the efficiency of the
ations. %7 N, — O, collisions for the excitation of the vibrations

5. The probabilities for inelastic transitions in a of Q, is approximately by a factor of 2.5 smaller
collision depend much less strongly on the nature of than the efficiency of O, — O, collisions.’® For the
the colliding particles. For example, the probability dissociation of oxygen, collisions of type Ny — O,
of deactivation of the first vibrational level of the have a relatively low efficiency, while collisions of O

oxygen molecule is approximately ten times greater atoms with O, molecules have an efficiency greater
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Table IV. Relaxation of ionization in a shock tube

equal to 1077 sec.

a) For air b) For argon (from refs. 146, 147)

M T pusec Reference T°K T Msec
8 3 104 100
9 2 8 2.10¢ 1.5
10 1 3-10% 0.3

.65 4-104 0,15
1 04 5-10% 0.4
13 0.3
14 0,22 142
15 0,15
16 0.11
17 0.075

M —Mach number for the shock wave propagated in the gas. The
values of T have been reduced to a pressure of 1 cm Hg,

According to reference 90, the time for the establishment of an
equilibrium degree of ionization in the plasma of a spark discharge
in air at atmospheric pressure (T ~ 40,000° K) is approximately

by a factor of approximately seven compared to colli-
sions of the O, — O, type.!™ In a number of cases
the efficiency of impurity molecules so greatly
exceeds the efficiency of the molecules of the original
gas in the case of inelastic collisions, that even a low
concentration of impurities has a significant effect on
the process of establishment of equilibrium,128:112

6. It can be seen from the tables that there exist
wide discrepancies between the relaxation times ob-
tained experimentally by different investigators. Ina
number of cases these discrepancies are explained by
an insufficient purity of the gas under investigation.
For example, a particularly important role for the vi-
brational relaxation of nitrogen is played by the H,O
impurity.128 The discrepancies between the theoretical
and the experimental data have, as a rule, the same
order of magnitude as the discrepancies between ex~
perimental data of different investigators. There is a
large discrepancy, for example, in the values of the
relaxation times for the rotational degrees of freedom
of oxygen and nitrogen. Some values for the effective
number of collisions (Zeff ® 3 — 5) are most likely
too small; on the other hand the value Zgff =90 for
air is too large.

Thus, there exist large discrepancies between the
values obtained by different authors for the constants
characterizing processes of approach to equilibrium.
A number of experimental papers is of a qualitative
nature. In this connection there arises the necessity
of picking out the most reliable ones of all the experi-
mental data. For the rotational degrees of freedom
of hydrogen apparently the most accurate measure-
ments of the relaxation time are measurements re-
ported in reference 169. The rotational relaxation
times for oxygen and hydrogen, in contrast to hydro-
gen, are, as has been indicated already, somewhat
indefinite; the most probable values of Zgff for these
molecules should be taken as Zggr ~ 10 — 25.

Blackman’s measurements®™* should be recognized

as the most accurate measurements of the vibrational
relaxation time for oxygen. For the vibrational relax-
ation time for nitrogen one should also utilize the re-
sults of this paper supplementing them for lower tem-
peratures by the data of references 140 and 164. It is
necessary to note in general that the results of most
investigations of vibrational relaxation times of oxy-
gen and nitrogen agree, as a rule, with the results of
Blackman’s work, differing from them only by a con-~
siderably greater scatter of the measured quantities.
The most accurate determination of the constant for
the rate of dissociation of oxygen was carried out in
references 104 and 141. However, the data of these
papers differ approximately by a factor two, and

their authors have not yet found an explanation for
this discrepancy.

In making a general summary it should be noted
that at the present time the work on relaxation times
cannot be regarded as complete. The relaxation
times are determined only with order-of-magnitude
accuracy; there are large discrepancies between
theoretical and experimental work. Experimental
values are lacking for several important cases: dis-
sociation of nitrogen, ionization of air, etc. The gen-
eral theory of the relaxation of a nonequilibrium gas
mixture is poorly developed. There is no doubt that
in subsequent years a large amount of attention will
be devoted to these problems.
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