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This article reviews the current status of the theory of vibrational relaxation in gases and its applica-
tions to the theory of molecular lasers. We discuss relaxation of the vibrational energy of diatomic
and polyatomic molecules as represented by harmonic-oscillator models. The vibrational kinetics in a
system of anharmonic oscillators is analyzed in detail. We treat quasi-steady-state population distri-
butions of vibrational levels that arise under substantially non-equilibrium conditions, both in a single-
component molecular system and in gas mixtures. We discuss relaxation that proceeds in the pres-
ence of sources of vibrationally-excited molecules: infrared resonance radiation, recombination, and
dissociation; in particular, we analyze the process of non-equilibrium dissociation at low gas tem-
peratures. We discuss from a unified standpoint based on vibrational kinetics the working mechanisms
of lasers using vibrational-rotational transitions in diatomic and polyatomic molecules with various
means of excitation (electrical, chemical, and gas-dynamic).
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1. INTRODUCTION

STUDY of vibrational relaxation in gases began about
forty years ago. The first stage in the development of
vibrational kinetics involved observing and explaining
anomalous absorption and dispersion of ultrasonic
waves in polyatomic gases. The studies of Herzfeld and
Rice,' Knezer,'?) Rugers,'®? Landau and Teller,"*]
Leontovich,[®) etc., have established the relaxational
theory of sound propagation in gases. This theory was
based on the hypothesis that absorption and dispersion
of sound can arise not only from shear viscosity and
heat conduction, but also from retarded energy ex-
change between the translational and intramolecular
(vibrational) degrees of freedom. On a molecular scale
whose natural unit is the time of free flight, the charac-
teristic times for this exchange amount to tens or even
hundreds of thousands.

The second stage in study of vibrational relaxation
mainly involved study of shock waves. The first steps
along this line were the studies of Bethe and Tellerl®:
and of Zel’dovich,t™ who studied spreading of shock
waves caused by slow relaxation processes. Interest in
studying shock waves was stimulated further by the de-
velopment of rocketry in the forties and fifties, and it
facilitated the appearance and refinement of the shock-
tube method. Use of shock tubes made it possible to
study vibrational relaxation over a broad temperature
range: from thousands to tens of thousands of degrees.
This was the stimulus for new theoretical studies. An
entire series of results was obtained: calculation of
transition probabilities in molecular collisions has been
refined, processes of vibrational-translational and
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vibrational- vibrational energy exchange have been stud-
ied in pure gases and in mixtures, the role of excited-
molecule sources has been examined, a relaxation
theory of thermal dissociation has been devised, etc.
The results of these studies are summarized in the re-
views'® % and the monographst**-11,

The third stage in studying vibrational kinetics was
closely connected with molecular lasers. The sixties
were marked by vigorous development of laser technol-
ogy. Use of molecular gases as working media made
possible great laser powers over a long spectral range
from the near infrared to the submillimeter region.
Molecular lasers based on vibrational-rotational transi-
tions are currently the most powerful continuous-wave
lasers. The development of lasers has elicited further
development of vibrational Kinetics, which has involved,
in particular, detailed analysis of the population of
vibrational levels, study of relaxation under substan-
tially non-equilibrium conditions, both in diatomic and
in polyatomic molecules, and taking account of the effect
of various physical factors on the processes. Ideas of
vibrational kinetics have made it possible to understand
the working mechanisms of almost all lasers based on
vibrational transitions. For a number of them, it has
been possible to estimate the inverted populations and
to construct the fundamental dependences on external
parameters. Besides lasers, development of vibra-
tional kinetics has also been stimulated by study of
physical processes in gas dynamics, chemical kinetics,
and atmospheric physics.

The aim of this article is to fill a gap involving the
lack of a review literature on vibrational kinetics that
might summarize the advances of recent years, includ-
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ing application of the theory to molecular lasers. The
treatment will be based on comparing the characteristic
time of various energy-transfer processes in molecular
systems. This approach makes it possible to study

such complex systems as molecular gases. This per-
mits us to distinguish the decisive processes from those
that play a subsidiary role in a given phenomenon.

In terms of characteristic times, one can perform a
general vibrational-relaxation analysis by using the
definite hierarchy of the following kinetic processes:

1) V—T processes (energy exchange between vibra-
tional and translational degrees of freedom); 2) V—V
processes (vibrational exchange within a given type of
vibrations); V—V’ processes (vibrational exchange be-
tween different types of vibrations and different mole-
cules); 4) relaxation processes occurring in the pres-
ence of slowly-varying sources; 5) joint treatment of
vibrational relaxation and other kinetic processes that
have comparable characteristic times and which affect
the behavior of real systems. Molecular lasers are an
example of such systems.

A constituent part of the analysis of vibrational
kinetics is to determine the probabilities of elementary

s [17-21]
processes. There are a number of reviews and
monographst*1%%2] on the methods of calculating them.
In this regard, we discuss briefly the problems con-
cerning methods of calculation and selection of proba-
bilities only in Chap. 2, and mainly only from the stand-
point of direct application of the probabilities in vibra-
tional kinetics, We treat a fundamental set of problems
of vibrational kinetics in Chaps. 3—5. Relaxation proc-
esses in molecular lasers based on vibrational-rota-
tional transitions are analyzed in Chap. 6.

2. VIBRATIONAL EXCITATION OF MOLECULES IN
COLLISIONS

In concrete calculations of vibrational relaxation in
gases, one must know the probabilities of the different
elementary processes. We briefly treat below the
methods of calculating probabilities of vibrational tran-
sitions in molecular collisions. Here we pay most
attention to results directly bearing on problems of
molecular kinetics. In analyzing vibrational excitation
in molecular collisions (which belongs to the many-body
type of problems), the region of interest is that of small
energies of translational motion (below 10 eV). Here
the condition of the adiabatic approximation is usually
satisfied (with respect to electronic and translational
motion). This condition can be written in the form

Teoll > Tel ~ B/AE . (2.1)
Moreover, most molecules satisfy the adiabaticity con-
dition with respect to electronic and vibrational motion:

Tyib ~ RAEp > Tep- (2,2)

In (2.1) and (2.2), 7., ~ 2/V is the characteristic
collision time, where a is the effective radius of action
of the intermolecular forces, and v is the mean velocity
of the molecules; 7_, and 7_., are the characteristic
times for electronic and vibrational motion; and AE el
and AE ip are the energies of the electronic and vibra-
tional transitions.

In the adiabatic approximation of (2.1) and (2.2), we
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need not account in explicit form for electronic transi-
tions and electronic motion (it is always taken into ac-
count implicitly in the interatomic and intermolecular
interaction potentials). We need to treat only the trans-
lational, vibrational, and rotational degrees of freedom.
Here molecular collisions are represented by models of
collisions between rotating harmonic (or anharmonic)
oscillators. They usually satisfy well the conditions:
Teoll > Tvibs

2.3)

Teoll < Trot ~ %/ AErot; (2,4)
Here 7 ot is the characteristic time for rotational mo-
tion wiﬁx the transition energy AE ;. Simultaneous
fulfillment of these conditions implies that the probabil-
ity of exciting rotational levels is considerably greater
than the probability of vibrational excitation. Hence, we
can assume in studying vibrational relaxation that
equilibrium has already been established between the
translational and rotational degrees of freedom.

The exceptions to rule (2.3) include the case of
collision of a light with a heavy molecule (e.g., I.—He,
where AE is small, but v is large) and the case of
transition between upper vibrational levels, where
AE;p, is small. Condition (2.4) is not satisfied by
molecules of hydrogen and its heavy isotopes, and also
by high rotational levels (AE,.,; is large). The adia-
baticity condition (2.2) may not be satisfied in collision
of molecules in degenerate electronic states. Then en-
ergy can be exchanged between vibrational and transla-
tional degrees of freedom by electronic-vibrational
resonance non-adiabatic transition. The theory of such
transitions is only be inning to be developed. The re-
sults are reviewed int*®?1**]; we should especially
point out calculations of vibrational excitation probabili-
ties of the molecules NO,[?*) N, and O,.5**}

With account taken of the stated restrictions, a me-
thod has been developed within the framework of the
conditions (2.1)—(2.4) of calculating the probabilities of
vibrational transitions in molecular collisions
(see[1:1%:17:18:2022] g 150L2531]) In many cases, it
gives qualitatively correctly the relation of the vibra-
tional-excitation probabilities to the velocity of the par-
ticles. We only note that attraction effects due to long-
range forces can play an important role in collisions of
highly polar molecules, and also in resonance processes
having small overall changes in vibrational energy
(wmn = 0). In many ways, then they determine the value
of the transition probability and its temperature depen-
dence.[?%%%¢] Molecules with greatly differing nuclear
masses also constitute a special case. For the latter,
transformation of rotational into vibrational energy
plays an important role, as well as that of translational
into vibrational. Calculations of probabilities for such
molecules must take account of this effect.[?!722,35741]

We shall give the expressions that are currently used
for practical calculations of vibrational-transition
probabilities. For diatomic molecules, the probability
Py, n Of transition between the vibrational levels m and
n (as calculated per collision) is:L1171%:22:4]

= 0.163uT
P = Viunlig? ——

+— f (Ymn) exp (%) exp ( _ Ag;m ) )
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8.2v1/3 exp (—3v2/%) when Ymn > 20, (2.62)

f(¥mn) =
(Ymn) {% [3_exp ( _% y,(,).ns)z] exp ( _1/% 'an) if yma< 20,(2.6b)
S L N

Here u is the reduced mass of the colliding particles
(in atomic units), o is the constant in the exponential
intermolecular interaction potential ~ e~ @T (in A™);
AE,, is the change in the vibrational energy in the
transition (in °K), T is the temperature of the gas

(in °K). The factor exp(—AE_ /2T) accounts for the
change in relative velocity of the particles upon colli-
sion, and it fixes the Boltzmann factor exp (—AEnm/T)
that relates the probabilities of forward and backward
transitions between the states m and n. The factor

exp (¢/'T) takes approximate account of attraction be-
tween the colliding molecules. Here € (in °K) is the
depth of the well in the intermolecular potential with
account taken of this attraction. The function f(y ) is
called the adiabatic factor; when y,, 2 20 (large en-
ergy defects AE,,, and relatively low temperatures),
f(y un) < 1, and the fundamental temper/ature-depen—
dence of the probability is In P,,, ~ T™"°. In the other
limiting case, f(y ) ® 1, and Py, ~ T. 2 in (2.5) is
an orientation factor. Z, ~ 3—30 for diatomic mole-
cules. An expression for Z, for homonuclear molecules
is given int*'). The factor V%, in (2.5) is the mean
square value of the matrix element for the transition

m — n. When the molecule AB collides with the particle
C, one must average over X = My /(M + Mp) and
Ag=Mp/(Mp +Mp) (where My and My are the nuclear
masses). This corresponds to taking account of the
collisions AB—C and C—AB:

Vin=(1/2) [V2,,, (A o) + V2, (Ap)].

vhar nas peen calculated int?"? for a repulsive po-
tential ~ ¢ @Y and the wave functions of a harmonic
oscillator.

For transitions m — m — k (a jump by k quanta),
under the condition xa/(E;M)*? < 1, which is usually
satisfied,

(VR %~ Imlf(m— )\ k1] (VhET)2,

2.8
(Vhane — (k1) -1 (24.202a2/E, M)k, (2-8)

Here E; and M are respectively the energy of a vibra-
tional quantum of the oscillator (in °K) and its reduced
mass (in atomic units). One can also use the wave func-
tions of the anharmonic Morse oscillator in calculating
the matrix elements of the transition (see[“]). Calcu-
lating V,,,, from the wave functions of both harmonic and
anharmonic oscillators gives approximately the same
results for one-quantum transitions below lower levels.
Hence, it is convenient to use Eq. (2.8) here owing to
its simplicity. However, the difference between Vhar{'
and Vmgr 5€ can be considerable for many-quantum
transitions, and also for transitions between upper
levels. Sometimes people take approximate account of
the effect of anharmonicity on the values of the matrix
elements by using Eq. (2.8) for a harmonic oscillator,
but with E; replaced by the value of a vibrational quan-
tum for the upper levels in question.

Thus, according to (2.5) and (2.8), we have for one-
quantum transitions in a harmonic oscillator:

A
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Potrin=(n+ 1)Py .

(2.9)

For an anharmonic oscillator, the relation of the proba-
bilities to the level number is more complex. Since the
most substantial energy-dependence in (2.5) and (2.6)

is given by the exponential factors, sometimes the only
account that people take of anharmonic effects in making
estimates is in calculating these factors. Then

Prsgin = (n -+ 1Py exp (8n), (2.10)
where
5 {4v§/3<AE/En—(AE/T) when ya.. »>20,
(4/3(AE/E\)—(AF/T) When y,.y, <20, (2.11)

v= (") ()"

When y,,, , = 20 in (2.10), we must calculate P, , by
using (2.6a), but (2.6b) when y , , < 20. The probabili-

ties of the backward transitions are found by the prin-
ciple of detailed balancing:

P, nyt=Pnoy,n exp [—(E1—2AE,)/T]. (2.12)

Probabilities of vibrational exchange, both within and
between vibrational modes of diatomic or polyatomic
molecules, can also be calculated by formulas like
(2.5)—(2.8).5%°*"**) Now we must take the energy AE,,
in (2.5)—(2.8) to be the resultant change in the vibra-
tional energy of the system upon transition from state
m to n. Moreover, it is not the square of a single ma-
trix element that will take part in (2.5), but the product
of the squares of the matrix elements of the transitions
between the initial and final states of the modes that
take part in the exchange. For polyatomic molecules,
we must take M in (2.8) to be the reduced mass of the
oscillator corresponding to the given type of oscillation.
The method of calculation and some values of M are
given int?®3. The orientation factor Zo remains un-
defined for polyatomic molecules, and people usually
use values 3/2—10 for it. The probabilities of one-
quantum vibrational exchange for the transition n + 1
—n, m— 1 -— m within 2 mode depend on the level num-
bers n and m as follows:

QUi =+ mQ'y (harmonic oscillator) (2.13)
Qi m=(nk ) mQYy exp[(n—n—1) S — 5 vo G- Im—n—1] |
(anharmonic oscillator) (2.14)
We have derived Eq. (2.14) by using (2.6b), i.e., taking
the case y¢(2AE/E;) - [m — n— 1] < 20. The probabili-
ties of the backward processes can be derived from the
principle of detailed balancing:

Qno st = QL T exp [ — (2AE/T) (m—n—1))s (2.15)

As we have stated, the method outlined above and
Egs. (2.5)—(2.8) are not applicable for calculating
probabilities of vibrational excitation of molecules
having atoms of widely varying masses and for the
case in which the molecular collisions are not adiabatic
(in terms of electronic-vibrational interaction). Proba-
bilities for polyatomic molecules containing hydrogen
or deuterium atoms have been calculated in"**’, and for
the hydrogen halide molecules int***3, Here they used
formulas like (2.5)—(2.8), but with the reduced mass u
in the latter replaced by some effective collision mass
Bopp < H- In"*%*) | where good agreement of theory with
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experiment was obtained, the influence was also taken
into account of molecular-orientation effects and long-
range attractive forces. The probabilities of vibrational
excitation in non-adiabatic NO—NOQ, N>—O, and 0.—O
collisions have been calculated in****] and measured
in[43,44] .

The manner of determining the parameters of the
. intermolecular interaction potential V(r) has a large
effect on the accuracy of the results in calculating the
transition probabilities. The various methods of deter-
mining the interaction potentials are discussed in the
reviewl?J,

We should note that this method of calculating the
transition probabilities in molecules having no dipole
moment is accurate only with respect to order of mag-
nitude. It can be generally used for polar molecules
only with great caution, since the details of accounting
for the long-range forces can greatly change the re-
sults. %33 However, in problems of molecular
kinetics, often it is not so much the absolute values of
the probabilities that prove to be important as the
order of magnitude of the ratios of probabilities of dif-
ferent processes. The existing methods of calculation
permit us to calculate these ratios with a considerably
higher accuracy.

3. EQUATIONS OF VIBRATIONAL KINETICS.
RELAXATION OF MOLECULES AS REPRESENTED
BY HARMONIC OSCILLATORS

a) The kinetic equations and methods of analyzing
them. The pattern of relaxation processes in molecular
systems is generally complex. We shall study below a
purely vibrational kinetics. That is, we shall assume
that we can separate the treatment of vibrational from
electronic and rotational excitation. In any case, this is
true when conditions (2.1)—(2.4) are satisfied. Vibra-
tional kinetics includes analysis of relaxation processes
in ensembles of diatomic molecules (one type of vibra-
tions and tens of vibrational levels), of polyatomic
molecules (several types of vibrations and a system of
combination levels), and also in various molecular mix-
tures. In order to characterize the fundamental proces-
ses in vibrational systems, we shall write the kinetic
equations describing a typical case, vibrational relaxa-
tion in a binary gas mixture of the diatomic molecules
A and B:

d.
;;* =Zaa ) [Pon (AA) 2m— P (AA) 24]
me£n

+2ZaB D) [Pmn (AB) Ty~ Py (AB) 22]

ma#n
+€V—A:,- Z 108 s — Qi ANzl (3.1)
208 S [Q¥n(AB) yizn— Qlin (AB) gzl +
i, j, m#n
+( Z AmnZm— E Anmin)—}*(Bn—{— 2, me,,,—Cnx,.).

m>n m<n m#En

Analogously we can write down the system for the
molecule B. Equations like (3.1) are balance equations
for the populations of the vibrational levels of the mole-
cules. In (3.1), x; (v,) is the population of the n-th
vibrational level of the molecule A (B), e.g., per unit
volume. Zp p and Zpp are the rates of collision of A
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molecules with A and B molecules, respectively. Ny and
NB are the concentrations of A and B molecules, and

A n is the probability of the spontaneous radiative
transition m — n in molecule A. The first two square
brackets in (3.1) describe vibrational-translational ex-
change (V—T processes) in which A molecules collide
with A and B molecules with probabilities (per collision)
of Py,n(AA) and P, (AB), respectively. The third
bracket characterizes V-V processes, i.e., exchange
of quanta between A molecules (with a probability per
collision of Q! o(AA), which corresponds to transition
of the molecules from the levels m and i to the levels n
and j). The fourth bracket describes vibrational ex-
change between different molecules (with a probability
per collision) QJ (AB) as the A molecule goes from
level m to n and B from level i to j). Finally, the last
bracket in (3.1) takes account of positive sources (hav-
ing a rate of formation B,) and sinks (with a rate of
annihilation Cp) of molecules in the level n, and also of
transitions to the level n from other vibrational states
of the molecule due to external agents (excitation of
levels by electron impact, resonance optical radiation,
etc.). Without stopping to justify the equations
(seet*®*"]) we shall treat the methods of analyzing
them. Of course, it is practically impossible in most
cases to solve directly kinetic equations like (3.1) with-
out simplifying assumptions. The central point in all
vibrational kinetics that permits one to simplify a sys-
tem like (3.1) and successfully to solve numerous ap-
plied problems is to make use of the differences be-
tween the characteristic times of various vibrational
processes. (In a number of cases in vibrational kinetics,
more detailed results have been obtained than, e.g., in
atomic kinetics.) Taking account of the ‘‘hierarchy’’ of
characteristic times for various processes in simplify-
ing the kinetic equations permits one to get results in
treating relaxation that do not depend on refining the
cross-section data.

In this chapter we analyze the harmonic-oscillator
approximation with account taken of the relations be-
tween the times for V—-T, V-V, and radiative proces-
ses (TVT, VYV Tr).

We must remember in practical applications of
vibrational kinetics that the obtained relationships are
not universal, but hold only under definite conditions.
Thus, e.g., application of the harmonic oscillator is
valid when the vibrational-energy pumping into the sys-
tem is not excessive, for relatively small deviations
from equilibrium, and whenever one is treating the
populations of the lower vibrational levels. Since this
approximation has been treated in the review litera-
ture,®'%] we shall present below mainly the new re-
sults of recent years with a minimum of citation of the
information given int®%3,

b) Vibrational-translational relaxation. One can con-
veniently study the process of vibrational-translational
energy exchange (V—T processes) with the example of
vibrational relaxation of molecules that constitute a
small admixture in an inert gas. Then we can neglect
pure vibrational exchange in Eq. (3.1). Here vibrational
relaxation of the diatomic molecules is represented by
the model of a harmonic oscillator having a vibrational
quantum energy E;, and is described by the system of
equations
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day/dt = Z (Prits n Zntt — Prn+1Zn + Puot nZnet — Py no1n),

(3.2)
Here we have accounted only for one-quantum transi-
tions. According to (2.5)—(2.7) and (2.8), this is valid
when the gas temperature T is not too high. Upon taking
account of (2.9) and (2.12), one can derive frozr:n (3.2) a[n]
equation for the vibrational energy E_., = E;2J nx_(t):**
q gy Eyp = Ead nxy(0)
dE vib/dt = ~ (Tyr)™ (Evib — EYp)s (3.3)
Here Ej;y = exp(—E:i/T)[1— exp(-E./T)] "EiN is the
equilibrium value of the vibrational energy, N is the
number density of the molecules, and

Tyr = {ZP;y [1 — exp (—Ey/T)]} L. (3.4)

The relaxation time 7y is a quantity that in many
cases can be measured directly by experiment (shock
tubes, the spectrophone method, the ultraacoustic me-
thod, and recently lasers). There are now hundreds of
experimental studies on the temperature-dependence of
Ty (2 detailed bibliography is given jnlit,12,18,48-527
An analysis of them shows that the temperature-
dependence of the vibrational-relaxation time for the
overwhelming majority of the studied gases is well
described by the Landau-Teller formula

In (typZ) ~ T-15, (3.5)

Based on this, a simple semiempirical relationship was
proposed int%] for the vibrational-relaxation time

In (tyrp)=1.16-1073 V2E{® (771° _0.015p1/4) — 18.42;  (3.6)

Here Ty7 is expressed in seconds, p in atmospheres,
T and E, in °K, and ¢ in atomic units. Equation (3.6)
is useful for practical calculations of probabilities for
non-polar and weakly-polar molecules. However, one
should use it cautiously. As we have stated in Chap. 2,
deviations from Egs. (2.5)—(2.8), (this implies devia-
tions also from (3.5) and (3.6)) can arise from a non-
adiabatic type of collisions accompanied by electronic-
vibrational interaction (NO—NO, N.—O, O;—0, and
Np—alkali metal atom collisions). They can also arise
if vibrational-rotational transitions contribute substan-
tially to relaxation (hydrogen halides and other mole-
cules containing light nuclei), or if long-range attrac-
tive forces play an important role (polar molecules).
Figure 1 illustrates the temperature-dependence for the
hydrogen halides. Moreover, Egs. (3.5) and (3.6) also
do not describe vibrational relaxation in gases in a
temperature range where the duration of collisions
proves to be shorter than the period of molecular

R 2000 2000 a0y W0 Ty
E— T T T —
\\
/
§: /e F = e P = \\ 7
; —~ \\\
& [/ AN
/ 4
4 . .
406 408 41 a2 o4 i

FIG. 1. Temperature-dependence of the vibrational-relaxation time
for the collisions: HBr—HBr (1), HI-HI and HCI-HC1 (2), DF—DF (3),
and HF—HF (4) (from the data of [4®41:53]),
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vibrations (non-adiabaticity with respect to vibrational-
translational interaction). Typical examples of such
gases are mixtures of I and Br, with light inert gases.
Experimental studies"**"**) have shown that the relaxa-
tion time first falls with decreasing temperature (in
line with the Landau-Teller theory), it reaches a mini-
mum when 7411 /Tyjp ~ 1, 2nd then it begins to in-

crease. In particular,'®*] the adiabaticity factor
Tcoll/‘l’vib varied over the range 0.5 < Tcou/’l'vib <1.8
in mixtures of Br,; with He, Ne, Ar, and Xe.

In many cases one needs to know not only the re-
laxation laws of the total vibrational energy, but also
the distribution function of the molecules over the
vibrational levels and its time course. They found
int%J (see alsot®®]) a general solution of the system
(3.2) (under isothermal conditions), and they estab-
lished that the form of the Boltzmann distribution was
conserved during the relaxation process. Here only the
vibrational temperature varied. This property of the
system (3.2) of kinetic equations is sometimes called
canonical invariance.'®®) We note that conservation of a
Boltzmann distribution during vibrational relaxation is
inherent only in a system of harmonic oscillators.

Many-quantum energy transitions during collisions
can play an appreciable role as the gas temperature in
the relaxing system increases. In this case, the vibra-
tional-relaxation process is described by the system of
equations

dayjdt=2 E* (Prinitm— Pamty), 3.7
which is usually solved numerically. There is a solu-
tion of this type for nitrogen int®®’, In the very inter-
esting special case of high temperatures (E,/T > 1)
and low probability of vibrational excitation, we can
simplify the system (3.7) by transforming from a quan-
tum (discrete) to a classical (continuous) description
and obtaining an analytical solution. Here the smallness
of the transition probability, which in classical language
implies smallness of the energy transferred from the
translational to the vibrational degrees of freedom,
permits us to transform from the integral-differential
equation that replaces (3.7) to a Fokker-Planck type of
differential equation:

F (e, t) 9 aF | F
o= [ Bt T) |
F(e, t) is the density distribution of molecules in
vibrational- energy space at the instant t of time (the

distribution function F(e, t) is the classical analog of
the quantum populations xy,(t)), and

(3.8)

B, = (172) S (Ae)* W(e, Ae) d (Ag),

where W(e, A€) is the number per unit time of those
molecular collisions that transfer a molecule from the
point € to the neighborhood d(a€) of the point € + Ae.
There is a direct derivation of Eqs. (3.8) from the
Boltzmann gas-kinetic equation int***?] (see alsol®J),
We note that Eq. (3.8) has the property of canonical
invariance under the condition B, = Be.t®® Then we

can transform Eq. (3.8) to the form (3.3), where
tyr = T/B. (3.9)

Upon combining Eq. (3.9) with the expression for the



764

relaxation time (3.4) in the Landau- Teller theory, we
can writel®

Ty =exp(—EyT) (2 3 mPon[1—exp(—EyD)).  (3:10)
Comparison of the experimental values of 7,y with
the theoretical values calculated by Egs. (3.4) and (3.10)
permits one to determine the temperature range where
many-quantum transitions begin to figure. For example,

this region begins at 4000—5000° K for oxygen.

¢) Vibrational relaxation in a one-component system
of diatomic molecules. In collisions of diatomic mole-
cules, energy exchange between vibrational degrees of
freedom can accompany the V—T processes. Vibra-
tional relaxation in a one-component system is des-
cribed by Egs. (3.1) in which the first and third terms
on the right-hand side, which account for both V—T and
V-V processes, differ from zero. The equations are
simplified in a system of harmonic oscillators, and
upon taking account of the expressions (2.13) and (2.15)
for the probabilities, we can write them in the form:

dznldt=2P;,o{(n +1) Zosy— [(n+ 1) e"EVT 4 1] 2, - ne-EvT g,,_}
+20Y o {(n+1) (1 +8) Znps— [(r+ 1) &1 (1 )] 2n -+ nEZN},

(3.11)
Here e =N 2 nx (t) is the mean number of vibra-
n=0
tional quanta per molecule at the instant t of time. Since
Q1o Puos (3.12)

for adiabatic collisions (the region of not very high tem-
peratures), we can distinguish two stages in the process
of vibrational relaxation: a fast stage that proceeds
with a relaxation time Tyy ~ 1/ZQl%, and a slow stage
with the time Ty ~ 1/ZP, 0.**") In the first fast
stage, a quasi—steady—state Boltzmann distribution is
established in the system in a time of the order of 7y;.
It has a temperature that is determined at each insta‘nY
of time by the existing supply of vibrational quanta, and
which does not depend on the other conditions. The
fundamental elementary event that occurs in the colli-
sions of the oscillators in this stage of the process is
resonance exchange of vibrational quanta, with conser-
vation of the total number ¢ of vibrational quanta, (When
t < 7y, Egs. (3.11) imply that d(eN)/dt = 0, or €N

= const.).

In the second, slow stage, which has the relaxation
time 7ym, We need not consider the fast process at all,
but interest ourselves only in its result, the quasi-
steady-state Boltzmann distribution. In the time inter-
val Tyy <t < Tyr» V—T processes cause this distri-

bution to evolve toward the equilibrium distribution
corresponding to the gas temperature T. Creation of a
quasi-steady-state Boltzmann distribution by the fast
V-V processes makes it possible to simplify consider-
ably the study of the kinetic laws, since we need only
one variable (besides the total particle-number density)
in order to describe the populations of the vibrational
levels: the vibrational temperature. This latter cir-
cumstance has been widely applied in analyzing relaxa-
tion processes, e.g., behind a shock-wave front in
gases' ™) or in molecular lasers. %]

One observes a sharp distinction between the dis-
cussed two stages in the process of vibrational relaxa-
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tion only when 7, K VT As VvV and VT approach
one another, the V=V and V—T processes begin to
overlap. That is, they proceed simultaneously. This
overlap happens both with increasing temperature and
upon diluting the molecular gas with a monatomic gas.
A solution of the problem of vibrational relaxation of
harmonic oscillators in this case has been found inf™7,
We emphasize that the system of equations (3.11) has
the property of canonical invariance, regardless of the
size of the ratio TVV/TVT.

d) Vibrational relaxation of a system of radiative
oscillators. In addition to the V—T and V—V processes
arising from collisions of molecules, spontaneous
radiative transitions can exert a considerable influence
in a number of cases on the populations and the total
supply of vibrational energy. Thus, it is important to
take account of radiative effects in analyzing the opera-
tion of a number of lasers (e.g., lasers based on CO,
HCI1, and HF molecules) in which the pressures are
relatively low (~ 1 Torr) and narrow tubes are used
(diameters of the order of a centimeter). In these cases,
reabsorption of the radiation can prove to be insubstan-
tial, and the radiative probabilities can exceed the
probabilities ZP, = or Z'QY of the collision processes.
Radiative effects can also be substantial in vibrational
relaxation in an expanding gas stream and in the wake of
an object flying through the atmosphere. The effect of
radiative processes on vibrational relaxation and on the
intensity of infrared emlssmn of the upper atmosphere
is especially important:™] (at heights > 100 km,

NO molecules are one of the fundamental constltuents
that emit from vibrational-rotational transitions).

The populations of the levels for radiative oscilla-
tors are determined by Egs. (3.11) with the following
terms added to the right-hand sides:

(n + 1) Ay 0%n+1 — Ay 0Ty
The latter terms describe radiative transitions (here
we have taken into account the relationship A, n
=(n+1) A 1,00 Which holds for harmonic osc111ators)

In the steady state (dx,/dt = 0 for all n), which can
occur under the cond1t10n T = const., the solution of this
system is a Boltzmann distribution, whatever the re-

lationship between the probablhtles z' Q1 o ZP, o, and
A, ,- It has the vibrational temperature(%]
Tyip = Ei {(EJT) + In [1 4 (A1,o/ZP1,o)I} 7L (3.13)

Here the following equation holds for the vibrational
energy E.;p, instead of (3.3):

dEvipidt =0= — [(E yi — EYp)/Tvr] — Ay, oEvib -

The non-steady-state problem for a system of radia-
tive oscillators was solved in" ™!, where the distribu-
tion function was found under the condition A  Z’Q)’,
> ZP, .. Its time evolution was found over the time
1nterva’l t K 1/ZP1 o for arbitrary initial distributions.
Given an initial Boltzmann distribution in the reglons
of small (A0 > Z QY ,0) and large (A K Z' QY ,0) gas
pressures, it was shown int™3 that the dlstrlbutlon
function during the evolution process remains Boltz-
mann, with a temperature that varies in time. In the
1ntermed1ate pressure range (A;, o~ Z' Q1 o), the distri-
bution is distorted, but the deviation from a quasi-
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steady-state Boltzmann distribution is small,

e) Vibrational relaxation in a system of polyatomic
molecules. One can also use the harmonic-oscillator
approximation in analyzing relaxation in such a com-
plex object as a system of polyatomic molecules. Here
the treatment is considerably simplified by introducing
for each type i of normal vibration a vibrational tem-
perature T, that characterizes the supply of vibrational
energy in that mode. ™) For example, using this
method has made possible an all-sided description of
the kinetics of processes in lasers based on polyatomic
molecules, including the well-known CO; laser. %™
The possibility of introducing the temperatures T;
arises from the fact that, just as for diatomic mole-
cules, the exchange processes of vibrational quanta
within each type of vibration occur in a time 7 much
shorter than the times 7yp for transfer of energy to the
translational degrees of freedom or the times 1y, for
exchange between different vibrational modes. Gener-
ally the temperatures T; will differ from one another
and from the gas temperature T, and they must be de-
termined by a system of equations for the energies of
the vibrational modes.

Let us examine the fundamental vibrational-relaxa-
tion equations in a system of polyatomic molecules,
using the example of a binary mixture of the polyatomic
gases A and B. Let the molecules A and B have L
vibrational modes in all. Let us select in A some arbi-
trary mode ¢ having a quantum energy E;(¢) and a
vibrational temperature TC’ We shall be interested in
the variation in the total supply €, of vibrational quanta
of the given vibration (including, in particular, the com-
bination levels as well). In this case

E;:rcexp[-——E—’T(f—)] {1,9,( E‘(C)]}

where r; is the degeneracy of the mode ¢.

The overall process that characterizes one of the
possible channels of relaxation of Eg upon collision of
A and B can be written in the form

(A -+ B)y— (A + B), (+my, —my), i=1top; j=p-+1toL.

This notation implies that the molecules have trans-
formed from some initial vibrational state 1 to the final
state 2. Here the modes that are denoted by the index i
(running from 1 to p) have undergone transitions to m;
levels below, and the remaining levels (denoted by j
running from p + 1 to L) to m; levels above. Modes be-
longing to the different molecules can exist within both
the groups of modes i and j. For example, let a mode ¢
of interest in molecule A belong to group i. That is,
collision has caused a transition in it by m, quanta
downward. The equation describing the variation in e
in this relaxation channel has the formt™3% ¢

“C ZABP(1—>2)m;{H[E.-J—Pz(ez“&)] : H 700"
J=p+1

—H(ai) " H [ e] (Ef—'“:")]m]}:
(3.14)

DIn {7] they also derived an expression like (3.14), but they treated
incorrectly the case of degenerate oscillators.
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Here p; = exp(— El(l)/T)] , e is the equilibrium value of
€; at the gas temperature T, P(1 — 2) is the probability
per collision of the process 1—2, as calculated without
accounting for degeneracy; it corresponds to transition
between the lowest levels of molecules A and B. That is,
a transition occurs in the modes i from the levels mj to
the zero level, while it occurs in the modes j from the
zero level to the levels m.. In order to find the overall
rate (dzg/dt)overau, we must deal with the other possi-
ble channels of relaxation, and sum expressions of the
type of (3.14).

We note that in practice one can often restrict the
treatment to a relatively small number of relaxation
channels, and select for analysis only those whose
corresponding transition probabilities are greatest.

For example, for the CO; molecule, the energy of the
asymmetric mode (0, 0, vi) mainly relaxes by two
channels:

(V1, Uz, v3) > (v1, 1p+3, vz —1),

(3.15a)

(01, 03, v3) > (0141, vat1, v3—1); (3.15b)
Here v; is the number of the vibrational level of the ith
mode.

Equation (3.14) is the most general form of the re-
laxation equations for the vibrational energy in a mix-
ture of harmonic oscillators. It describes relaxation
upon collision of both different and identical molecules,
as well as relaxation upon collision of polyatomic mole-
cules with structureless particles. For collisions of
identical molecules, we must multiply the probability
P(1 — 2) in (3.14) by

F o)

zm 12+"‘ -t

27=1 iSp41

where L is the number of modes in the molecule. In the
special case in which mj, mj = 1, Eq. (3.14) corre-
sponds to relaxation involving one-quantum transi-
tions.t™) When L = 1, (3.14) goes over into Eq. (3.3),
which describes relaxation in diatomic molecules, and
when L = 2, it becomes the relaxation equation for a
binary mixture of diatomic molecules (see Sec. e in
Chap. 4).

We note that in the general case, the equation (3.14)
for the energy of a vibrational mode is non-linear, and
it was derived only under the assumption that
VvV < Twi or 7y for all the modes, without con-

VT In the
special case in which VYV > Ty and relaxation oc-
curs only by one-quantum V—-T processes, a system
like (3.14) breaks down into the independent linear
equations (3.3) that describe vibrational relaxation of
each mode separately. The other limiting case (rvv?
<K TVT) will be analyzed in detail in Chap. 4.

cretizing the relations between V' and 7

4. NON-RESONANCE VIBRATIONAL EXCHANGE.
THE ANHARMONIC OSCILLATOR. BINARY
MIXTURES

a) Vibrational-translational relaxation in a system
of anharmonic oscillators. It is especially important to
take account of anharmonic vibrations (and consequently
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also of processes of non-resonance vibrational ex-
change) in analyzing relaxation under substantially non-
equilibrium conditions in which the supply of vibrational
energy considerably exceeds the equilibrium value for
the gas temperature T. Such conditions are realized in
many experiments (electric discharges, chemical reac-
tions, outflow of gases from apertures and nozzles).
They are of practical interest in studying the working
mechanisms of certain molecular lasers (the CO laser
and chemical lasers based on hydrogen halides).

The variation in the overall supply of vibrational en-
ergy in a system of anharmonic oscillators is mainly
due to V—-T processes. We can study these processes
with the example of vibrational relaxation of anharmonic
oscillators that constitute a small admixture in an inert
gas. Then Egs. (3.2) hold for the one-quantum transi-
tions. However, the probabilities P | n depend here in
a more complex way on n than in the hdrmonic-oscilla-
tor model (see (2.10)—(2.12)). Equation (3.2) has been
solved numerically int"®] with probabilities of the
type of (2.10) that take account of anharmonicity. It was
shown in{™ that if the mean vibrational energy per
molecule at the starting time is smaller than the
equilibrium value, then the distribution function deviates
from the Boltzmann distribution, exceeding it in the
upper levels (in the opposite case, the %Opulatmns prove
to be less than the Boltzmann values'® ). This distinc-
tion is explained by the fact that the probability of the
transition n + 1 — n for an anharmonic oscillator is
larger than for a harmonic oscillator.

The deviations during relaxation of the true distribu-
tion from the Boltzmann distribution are small in the
lower levels (where the vibrational energy is mainly
concentrated), This fact permits a simplified estimate
of the effect of anharmonicity on the relaxation time of
the vibrational energy by taking account only of P,
and P ne1 in the expressions for the probabilities.
If we take these probabilities in the form of (2.10), then
we have the following equation for the rate of change of
the vibrational energy E

+1,n

vib*

0
dEviv _ _ Evib —Eyp anh_ har [ 1 —exp [ —(Ei/Tvib)+5] }2 1
@ =T T T—exp (= Eu/T ) .(4.1)

Here Tl"la;lf is defined by Eq. (3.4). We see from (4.1)
that the difference between 7%,’,‘1}.1 and Tl‘lﬁg increases

with increasing Ty;,. Here the effect of anharmonicity
will be stronger in deactivation processes in which T;
approaches T from above. However, Eq. (4.1) describes
best of all the process of excitation of vibrations behind
the front of not too strong a shock wave, where it has
been confirmed experimentally.[®!] This formula also
gives the necessary correction that one must introduce
in calculating the probability Pl’0 from experimental
values of Tyrp.

b) Vibrational exchange in a system of anharmonic
oscillators. Under non-equilibrium conditions, non-
resonance processes in a system of anharmonic oscilla-
tors exert a substantial influence on shaping the popula-
tion distribution function and on the rate of relaxation of
the vibrational energy. In analyzing the vibrational re-
laxation described by a system of equations of the type
of (3.1), we must take into account here both the unequal
spacing of the levels and the non-linear nature of the
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FIG. 2. Relations of the probablh-
ties Py, 5.1 (solid curves) and Q) 01 i
(dot-dash curves) to the level of the
number n for the nitrogen molecule
for different gas temperatures. 52}

: 1303 m - 1,m
relation of the probabilities Pn+ ,n and Qn 1,h to the

level number. For harmonic oscillators, the inequality
(3.12) and the relationships (2.9) and (2.13) imply that

o> Pt (4.2)

Owing to the non-equidistant spacing of the vibrational
levels for anharmonic oscillators, the probabilities
Py.oin increase more rapidly than (n + l)P1 o» While the

probablhtles Qn+ 1,n increase more slowly than
m(n + l)Ql,o. (For large n > m + 1, the probabilities

m+—11;lm even begin to fall with increasing n, owing to
b

increase in the resonance defect.) Hence, the upper
levels do not satisfy the inequality (4.2). Since the popu-
lations of the highly excited levels having numbers n + 1
are usually small in comparison with the populations of
the lower states, the exchange processes that occur with
probabilities Q" *»™ and Qm -1 (with m < n) play

the major role for the former Hence in elucidating the
roles of V=T and V=V processes for different levels,
it is of interest to compare the probabilities P, 1,0 and
QY ,,n (m =1, or exchange with the lowest quantum

level). Figure 2 shows the dependence of these proba-
bilities on the level number n, as calculated for the N,
molecule at different gas temperatures. We see that
Qm 1,0 > Pn+1,n for the lower levels (for small n),
just as for harmonic oscillators. However, the opposite
situation holds for the upper levels. Thus, it seems
impossible to separate the V—T and V-V processes
completely (for all levels) for a one-component system
of anharmonic oscillators. However, one can make such
a separation for individual groups of levels. Thus, if we
select the group of lower levels for which vibrational-
exchange processes proceed considerably faster than
the V—T processes, we can substantially simplify the
relaxation analysis. We note that radiative transitions
can also exert an effect on the populations for radiating
molecules. However, even here, the lower levels will
obey the condition ZQ°‘+1 n > Ap . n When the pressure
is not too small. For the$e levels, We can represent the
system of equations describing the fast process of ex-
change of vibrational quanta, with (2.15) taken into ac-
count, in the form

for all nand m

dzn

1 Emt Envi—Emu—E
=W {E ikl [Zmnss— Emusznexp (—%)]

E, E, —E, —E,_
_Zom m+i [Imxn——xmﬂxn Lexp (_ m+ En Tm+1 nt )}} .

(4.3)
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The fast V=V process in the system of anharmonic os-
cillators establishes a quasi-steady-state distribution
that makes the right-hand side of (4.3) vanish:

x, = xy exp (—yn) exp (—E,/T). (4.4)

This distribution has been derived by Treanor et al.[]
We note that (4.4) is directly implied by the principle
of detailed balancing."®*? When the fluxes of particles
that determine the population of any level are equal for
the forward and backward transitions, the quantity
within each curly bracket in (4.3) vanishes. Hence,

In ( Innﬂ ) —In (ﬁ) =
Since this equation holds for any n and m, we get
In (x,/2p41) = 7 + [(Eps1 — E,)/TI,

En-H_En _ Em+1’*Em
T r '

from which (4.4) follows. The parameter y does not de-
pend on the level number, and we can express it, e.g.,
in terms of the effective vibrational temperature of the
first level T, = E;/In (x0/%,). Here y = (E,/T,)) — (E;/T),
and we can write the distribution of (4.4) in the form
zn:zoexp(*%—&—@):zuexp {—n [%——(n—i)%]}.
(4.5)
For harmonic oscillators, AE = 0, and the distribution
of (4.5) is reduced to a Boltzmann distribution with the
vibrational temperature T,. In a system of anharmonic
oscillators, the quasi-steady-state distribution that is
established by the fast V-V process will no longer be a
Boltzmann distribution when T; # T. We can write the
Treanor distribution (4.5) in the usual form
X, = Xo exp (—E, /@), but with a “‘vibrational tempera-
ture’”’ @, that depends on the level number:

841 = (Ex — AEn) [(E/T1) — (AE/T)n). (4.6)

Equation (4.5) implies that the greatest deviations
from a Boltzmann distribution occurs in the upper levels
at large values of T, (this amounts to a large supply of
vibrational energy), with low temperatures of the trans-
lational degrees of freedom, and with molecules having
a large anharmonicity AE. When T;/T > 1, the upper
levels are overpopulated with respect to the Boltzmann
distribution.

In addition to the case T < T,, which occurs, e.g., in
gas lasers with energy pumped into the vibrational de-
grees of freedom, there is a large group of phenomena
in which T > T;. Thus, e.g., T > T, while equilibrium
is being established behind a wave front in diatomic
gases; the process of dissociation of molecules also as
a rule occurs under conditions in which T = T,. In this
case, as we see from Eq. (4.6), the effective tempera-
ture ©,, will decline with increasing level number, and
this will deplete the upper levels.

We note that the quasi-steady-state non- Boltzmann
distribution of (4.4) and (4.5) does not depend on the
transition probabilities, and is rather general in nature.
It can be derived from the principles of statistical
physics without a knowledge of the concrete mechanism
of the V—V processes. For example, it can be derived
from the Boltzmann principlem] or by using the grand
canonical ensemble of Gibbs.t®3 An important circum-
stance here is that the total number of vibrational quanta
is conserved in V—V processes. In the case in which

gy

V—V processes occur alone, the number of vibrational
quanta is conserved for any form of the distribution
function,t®J but the distribution will always acquire the
form of (4.4) after the fast exchange stage has been
completed.

c) Joint treatment of processes of exchange with
radiative and V—T processes. If V—V processes are
dominant in the lower levels of an anharmonic oscilla-
tor and the Treanor distribution of (4.4) holds, then the
probabilities of V—T processes for the upper levels
always exceed substantially the probabilities of ex-
change (see Fig. 2). Consequently, a distribution is es-
tablished here whose vibrational temperature in terms
of the relative populations of these levels is equal to the
gas temperature. Both V—V and V—-T processes are
essential in the intermediate levels, as well as radia-
tive processes in a number of cases. It is precisely the
intermediate region that proves important for a number
of lasers. The population distribution with V-V, V-T,
and radiative processes taken into account is deter-
mined by the system of equations
dx,/dt =
:(Z/N)Zm(Q,T_‘FT,J;ixmz,.H—Q,’f':‘;,’_,‘_{"xmﬁzn—|—Q;"i‘,',,mxmﬁ.rn_l‘a,':"'n"i'*{ixmx,,)

4+ Z (Pn+i. n&nir— P, n+1¥n P, no1Zn+ Pny, nxn—x) +
+ An-H, nZTnt1— An.n—ixn-

(4.7)

One must use numerical methods to solve the system
(4.7) exactly.[®*®3 However, here also an analysis of
the characteristic times of the different processes per-
mits one to simplify the problem considerably and to
find an approximate analytical solution.'*”®7 The var-
ious characteristic times in (4.7) include the time 73,
which is determined by the ‘‘bottleneck’’ of the system
where the probability that determines the flux of mole-
cules from one level to another is smallest. For non-
radiative molecules, the bottleneck corresponds to the
level n* for which the total transition probability

~ Q% +P , is 2 minimum. That is,

n*,n* -1 n*,n*-

01 ~ - . .
Qp* n* -1~ Ppx gx . In this case the relaxation time

18

Tt'ib ~ 1/ZP7‘t’ nkei- (4'8)
The characteristic time 75 ~ Ey;)) |dE vip/dt!™ for re-

laxation of the vibrational energy is usually determined
by the probabilities of V—T transitions in the lower
levels where this energy is mainly concentrated.

Py n-1 ™~ 0Py for these levels, and this means that®

g~ VZPy .

Since P, o < P« ,«_, for an anharmonic oscillator,
3

T:;ib <K 7R- The characteristic time for variation of the
gas temperature 7 = T |[dT/dt|™ also usually obeys the
inequality T:;ib < Tp. After a time ~ T¥ip has elapsed,
the system acquires a distribution of the molecules over
the levels that is mainly de%grnnllined by the relations
between the probabilities Q7" LP,, o @0d Ay,
as well as by the current values of the gas temperature
and the vibrational energy. In the time interval T;ib

DFor a harmonic oscillator TE coincides with VT (see (3.4)).



FIG. 3. Dependence of the
ratio T,/T,, to the parameter
E, €T for various molecules (E, &
is expressed in °K; from the data
of [*°]).

<t < 7R, TT, We can get an approximate solution

of the system (4.8) by expanding in a power series in
(T\*Iib/TE) and (7} /7q):

Zo (N, T, E, dT/dt, dE . /dt) =~

~zy (N, T, Evip) + 025 (N, T, Evip, dT/dt, dEyip/dt)+ ...,

or in a first approximation
(4.9)

In the zero-order approximation, we get a system of
algebraic equations for xfl. Further simplification of the
system (4.7) involves linearizing it. This is made pos-
sible by the weak dependence of sums like

% Q g‘+ :.nn
exchange with the lower quantum levels is most sig-
nificant, terms with small m for which is well
described by the Treanor distribution (4.5) play the
major role in these sums. In a number of cases, one
can even use the Boltzmann distribution of a harmonic
oscillator having the temperature T},,,. and the same
supply of v1brat1ona1 energy as the anharmonic model.
We can find xn from the 11near sgstem of algebraic
equations found in this way:®"-®

Zn =23 (1+%a)-

' x,, on the type of distribution. Since

oh=z3" [] o, (4-10)

where xgr is the Treanor distribution of (4.5). The

functions ¢; account for the effect of radiative and V—T
processes. We have for 7t

BQ +1, 1+ Piyq, i €XP [(El/Ti)_(Ei/T)l
ﬁo,i,,iwm. i+ (din, 1/2)

b1 ()] ool s (115} 419

3D
Here D ~ E1/4AE is the dissociation energy of the
molecule (in °K), and y, is determined from (2.11). The
coefficient 8 in (4.11) effectively accounts for the con-
tribution that all the remaining excited levels besides
the first make to the probability of the transitioni + 1
— 1 occurring by vibrational exchange. We note that at
low T (~ 300°K) and with large supplies of vibrational
energy (with Ty, ~ E,), the temperature Ty ,,. can dif-

fer substantially from T,, owing to pumping of vibra-
tional energy into the upper levels. (According to (4.5)
and (4.6), the upper levels are overpopulated when

T, > T.) Since the distributions (4.5) and (4.10) are
very sensitive to T,, this fact must be taken into ac-
count. Figure 3 shows the relation of T,/ Ty, to the
parameter E,e/T, as calculated for certain mole-
cules.t® We have the following equation instead of
(4.8) for the vibrational temperature ® in the case
of (4.10):

Qi =

; (4.11)

n+i1
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nt+1
841 =(E;—AE- ")(——T ———-2 Inqa,) !

i=0

(4.13)

We can represent Eqgs. (4.10) and (4.11) approxi-
mately in a simple analytical form by dividing the whole
system of levels into separate groups for which some
given mechanism dominates the population. We can use
concrete expressions like (2.5) here for the transition
probabilities. Thus, for the lower levels in which
n < n*, ¢ ~ 1,'and as we should expect, (4.10) trans-
forms into the Treanor distribution (4.5). In the higher
levels where n > n**,

Pirg A exp[(%) - (%)],
Ao (1—) o ().
The distribution of (4.14) corresponds to a Boltzmann

distribution with a certain effective number of parti-
cles. For a non-radiative oscillator,

(4.14)

C = @A™ exp [ — () v0 (52) (0% — no) on 4 o 41) ]
4.15
4= (552) oo [(B) = (3)]: 1
The boundary levels n* and n** are determined by the
relations between the probabilities. For non-radiative

molecules in the frequently-encountered cases that
satisfy the inequality

w(ZE)i <20, wft —

one can find analytical expressions for n* and n**:
(4.16)

(ZAE) ]< 20 fOT j = n¥, nss,

Pl VAR Yo

3 In(ga) B D1 1
. —
vEY (T T,)

One can also get expressions for C, n**, and the distri-
bution over the intermediate levels under other condi-
tions: when T < T, for a molecular gas partially diluted
with an inert gas, and for systems of radiative oscilla-
tors.L2®]

A concrete calculation of the distributions for an en-
tire system of levels has been performed int®®% by
Egs. (4.10)—(4.12), and by direct solution on computers
of a system like (4.7) in(®%%°%2)  pigyre 4 shows
some of the data from the calculatlons In Fig. 4b and
hereinafter in the text, T, ,, is the ‘‘vibrational tem-

X/

Y/

Vad

Vi

FIG. 4. a) Population distribution functions over the vibrational
levels in a one-component N, gas under non-equilibrium conditions: T,
= 3000°K, T = 800°(1), 900° (2), 1000°K (3); [®%} b) relation of the
effective temperatures ©; and Ty, to the level number n for HI in a mix-
ture 0.5 Torr HI + 5 Torr N, + 5 Torr He under non-equilibrium condi-
tions (T, = 2400°K, T = 380°K; [®7] the dotted curves are the tempera-
ture values for the distributions (4.5) and (4.6)).
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perature’’ of the levels n + 1 and n as determined by the
- . -1
relationship T, = (E,,, — Ep) In"" (x,, /%, )-
The approximate analytical solution of the system
(4.7) treated above for times t > Tt'ib is based on intro-

ducing the quasi-equilibrium distribution x}(N, T, T).
Apart from the overall density of molecules, the latter
depends only on the two parameters T, and T. Solution
of (4.7) in the next approximation makes it possible to
account for the effect on the distribution of the rate
dT/dt.t%®*%) The numerical calculation of the system
(4.7) performed in"**J under the above-stated physical
assumptions (but without linearizing the equations)
showed rapid convergence of the initial approximations
to the exact solution.

A somewhat different approach to finding the distri-
bution function x,, of the molecules over the vibrational
levels in a one-component system of anharmonic os-
cillators was used int*P?, There the problem was
solved analytically in the classical approximation, i.e.,
under the assumption of a continuous energy spectrum
of vibrations. The previous treatment was limited to
accounting only for one-quantum energy transitions
during exchange. For an anharmonic oscillator, the
vibrational-energy difference AEn,n— =Eqn—Eq,
declines with increasing level number. Hence, a level
n~ E;/4AE will show the two-quantum resonance
AEp,, n +AEy ; ,~ Ei. The level n~ Ei/3AE will
show the three-quantum resonance AEn+2’n+1 +AEp. 0

+ AEn,n-l ~ E,. Naturally, the probabilities of two-
and many-quantum transitions in exchange with a low
quantum level can increase sharply here, and one must
generally take them into account. The distribution
function has been calculated under these conditions for
the steady-state case for the CO molecule in-*J, 1t
was shown there that if the probabilities of two-quantum
exchange satisfy the inequality

QL et > Qlo, o oxp [~ (Ey—28E-n)/ T ],

then the ‘‘vibrational temperature’” @, , is determined
by Eq. (4.13), but in contrast to (4.11), the functions
¢n ., have a more complex form:
E 1/2
#1"}

1 , E
‘p"“:QT {WnH‘T‘ [Wﬁ+1+4QE+1QQL, n—1 €XP (T—:——
1

(4.17)

where
Wris=Qpht, ntPrst,n exp [(E/Ty) — (Ey/T)], (4.18)
Q1= Popy, Q0L L H 00 Ly (4.19)

As Egs. (4.17)—(4.19) imply, whenever we must ac-
count for two-quantum exchange processes, the latter
can substantially change the distribution function in the
region of the level n ~ E,/4AE. However, we must
note here the difficulties in reliable calculation of
probabilities of two- and many-quantum processes. The
results of calculation depend substantially both on the
intermolecular interaction radius and on the chosen
molecular model (e.g., on using the wave functions of
either a Morse oscillator or a harmonic oscillator).

d) The effect of exchange processes on relaxation of
vibrational energy. The quasi-steady-state distribution
of (4.10) and (4.11) that is established in the system of
anharmonic oscillators by the first fast stage in a time

vl
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~ r*_ then evolves through the V—T and radiative
processes. While the slow process of relaxation of the
vibrational energy maintains the form of the distribu-
tion of (4.10) and (4.11), the parameter T, in it varies,
and it approaches a value that corresponds to a state of
equilibrium or to some steady state, if we consider
radiative processes and pumping. Here the rates of
variation of the vibrational energy Ey;p, and the ‘‘tem-
perature’’ T, can differ considerably from the values
obtained for the harmonic-oscillator model.t
Anharmonicity affects both the probabilities Py, , n and
the distribution function x, . We discussed the role of
the first of these two factors in Sec. a of this clapter,
where we used a Boltzmann distribution. However, when
T, > T, the distribution function can differ greatly
from a Boltzmann distribution. Hence the vibrational
relaxation is determined by processes in the upper
levels where the probabilities of V—T processes are
great enough and the populations are large. £%2] When
the amount of pumping is not too great, these levels lie
below n* (see (4.16)). Then the condition T:; K TR
which is necessary for the above-discussed varlant of
the analytical solution of the system (4. 7), usually re-
mains in force. The relaxation time 7210 of the vibra-
tional energy in a system of anharmonic oscillators has
been calculated inl®%%:85:88:89] " paple T and Fig. 5 give
values of Thar/’ranh and the parameters

$ = (dT, /dt) oh /(dT, /dt) ., for Ty = 3000°K and various

values of T for the one-component gases CO and N;.-®

We note that the time course of T; affects not only
the variation of the vibrational energy, but also that of
the gas temperature.t®® Thus, T, decreases when
the gas temperature is decreased, owing to pumping of
energy into the upper levels. We note that the vibra-
tional energy in anharmonic oscillators can vary even
when the supply of vibrational quanta is held invariant:
€ = const, if dT/dt # 0. Just as when T, is varied, this
is caused by redistribution of the quanta over the levels,
and moreover, by their decreased energy for the upper
states. According to the calculations of **J, the contri-
bution of this mechanism to the overall rate of energy
relaxation for the CO molecule proved to be inconse-
quential.

We see from Table I and Fig. 5 that the rate of relax-
ation increases considerably when T,/ T = 3. Such con-
ditions are realized in expanding gas flows, when vibra-
tions are excited by electron impact, and in chemically
reacting mixtures in which the reacting products are
vibrationally-excited molecules. Experiments on vibra-
tional relaxation in expanding gas flowst®*7 are pre-
cisely where the measured relaxation rates were ob-
served to deviate appreciably from the data obtained,
e.g., with shock tubes, where one always has T,/T < 1.

Table I
=]
800 1000 1500 2000
b | co |80.8]2.061.59 | 1.45
tgah | Ny | 393 | 2.45 | 1.63 | 1.48
CO | 45.1 | 1.57 | 1.37 | 1.32
¥ Ny | 207 | 1.67 | 1.41 | 1.35
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FIG. 5. The parameter y = (dT,/
4 dt)ann (AT, /dt)par] ™! for dT/dt =
0 as a function of the ratio T/T, for

nr 7,=3000% various T, values for a one-compo-
nent gas of N, molecules as repre-
2700 . X
sented by anharmonic oscillators.
2000 [%]
/ 1 I |
a3 74 7/]/‘ 45

One of the important reasons for this is precisely the
effects of anharmonicity and non-resonance exchange.
Another reason involves, in particular, the effect on re-
laxation of uncontrolled dissociating impurities.[®®
The latter do not play such a role in shock-tube experi-
ments, since vibrational relaxation here usually has
ceased before the onset of dissociation of these impuri-
ties.

The effects of exchange and anharmonicity play a
special role in molecular lasers, which use all three
of the above-cited types of pumping, and where the ratio
T./T can be considerably greater than three. Thus,
T,/T 2 10 in a continuous-wave electrically-pumped
CO laser. In such cases, the harmonic-oscillator model
can prove inapplicable, not only in analyzing the distri-
bution function, but also in calculating the overall rate
of relaxation of the vibrational energy.

e) Vibrational relaxation in gas mixtures. Study of
vibrational kinetics in gas mixtures is very important
in applications. However, owing to its complexity, only
binary mixtures of diatomic molecules have been stud-
ied relatively well. The system of equations (3.1) with
non-zero values of the first four terms on the right-
hand side describes vibrational relaxation in a mixture
of the molecules A and B. It contains the differing
characteristic times: TW(A), Tyv(B)s TVT(A), TyT(B),
and (AVATD Generally these times have different orders
of magnitude, but two special cases are most wide-
spread:

1) vy (A), Tvy (B) € tyyr, Ty (A), Twr (B),

(4.20)

2) Tyv (A)y vy (B), Tyv: & Tyr (A), Tyr (B).

If we can neglect V— V' processes, i.e., if VY’
> 1yr(A), Typ(B), then the system (3.1) breaks down

into two independent systems of equations describing
vibrational relaxation in each of the components A and
B separately. Here the vibrational relaxation of each of
the components occurs as though the molecules of the
other component lacked internal degrees of freedom.
Inclusion of the V— V’ processes mixes the vibrational
energies of the individual components. However, the
total number of vibrational quanta in the gas mixture
will not vary as a result of one-quantum transitions.
Then, if case 2) of (4.20) holds, the V— V' process es-
tablishes a quasi-steady-state distribution in the mix-
ture. It can be obtained by setting the fourth term on
the right-hand side of (3.1) equal to zero. This may re-
quire existence of dynamic equilibrium for each of the
two groups of molecules YoXn., and y, %, involved
in the V— V' process. Then the equations for deter-
mining the quasi-steady-state distribution for a one-
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quantum V- V' process can be written in the form

QR T 5 (AB) ymZar1 — Qnl I (AB) ympizn—0.  (4-21)
In a mixture of harmonic oscillators having quanta
of sizes E‘lA and EP, the vibrational temperatures Tp
and Ty with account taken only of V — V processes are
determined by the total supply of vibrational energy of
each of the components, and they do not depend on one
another. Inclusion of V— V' processes relates T, to Ty
by the condition (4.21). Here one can derive the rela-
tionship[#2»10°]

(EYIT8)— (EL/Ta) = (EX—E$)/T. (4.22)

Equation (4.22) implies that when EB > EA with Ty

> T, then T, > Tgx. This means that a state can exist
in which V- V'’ processes overheat the vibrational de-
grees of freedom having the smaller vibrational quanta.
The physical reason for the elevated temperature Ty is
the same as that for the overpopulation of the upper
levels in a system of anharmonic oscillators (see Sec.
b). Experimentally, a separation between the vibra-
tional temperatures T, and Tg has been observed in a
mixture of CO and N: upon non-equilibrium expansion
in a supersonic nozzle.- '] However, if Ty, Tg<T
(conditions that are realized, e.g., behind a shock-wave
front), then the V — V' processes overheat the vibra-
tional degrees of freedom of the harmonic oscillators
having the larger vibrational quanta. This effect has not
yet been studied experimentally.

The relationship (4.22) was derived under the as-
sumption of one-quantum transitions. However, if
ElB - Ef‘ ~ Ef‘, then the one-quantum transitions can
coexist with V— V'’ processes in which two quanta of
oscillator A are transformed into one quantum of os-
cillator B. This case has been analyzed in detail
in[83,102] )

A real molecule is always anharmonic. Let us
briefly discuss V— V and V— V' processes in a mixture
of two groups of anharmonic oscillators. The system of
lower levels where the V— V and V - V’ processes are
separated in time from the V— T processes will be
limited to one-quantum exchange for the sake of sim-
plicity. Then, if we consider only the V— V processes,
each of the groups A and B will have a Treanor distri-
bution (4.4) with the constants yp and y 5, which are de-
termined by the total supply of vibrational energy of
each of the components. Combined treatment of V-V
and V— V’ processes leads to formation of a quasi-
steady-state distribution in which y A and yp are no
longer independent. They are determined by the condi-
tions that the Treanor functions for each of the oscilla-
tors will be a solution of 4.2102. This requirement leads
to the condition y , = v, 82,103] 4r in terms of the
vibrational temperature ®, (see (4.6)),

(ER10%)— (ER/OR) = (EE —EMT.

This expression is a generalization of (4.22) to the case
of a mixture of anharmonic oscillators.

Energy exchange between the vibrational and transla-
tional degrees of freedom in the binary mixture of di-
atomic molecules completes the evolution of the sys-
tem, and it establishes full thermodynamic equilibrium.
If VT > vy Ty’ then this process passes through
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a continuous sequence of quasi-steady-state distribu-
tions (of the Boltzmann type for a mixture of harmonic
oscillators or of the Treanor type for anharmonic os-
cillators) that are determined by the V- V and V— V'
processes. Here the V— V' processes can change the
relaxation time substantially, as comgared with a pure
gas or a gas in an inert diluent.'®®’***J Thus, when
(4.20) is satisfied in a binary mixture of the diatomic
gases A and B, the equation for the vibrational energy
ib (A) of one of the components (e.g., A) for the case

Ey;p(AYEAN, <1 has the following form (#0543 i

stead of (3.3):

E vib (A 1
Lo ) —Eviy (8)— ENiy (M) gz —
Ny expl(E}—EDYT) 1 EB—E* gp
— [Evib (A)_ vnb (A)] NB P (B)i — Eyip (A) % 1Tz ! o
k=1-+exp[(Et ~—EL)/T] Nu/Ny. (4.23)

We see by comparing (3.3) and (4.23) that the effective
relaxation time of the vibrational energy of the A mole-
cules in a mixture of molecular gases will differ from
that in a one-component system. The coefficient k in
the first term on the right-hand side of Eq. (4.23) char-
acterizes the change in the intrinsic vibrational relaxa-
tion time of the A molecules arising from the extra
reservoir of vibrational energy in the form of excited B
molecules. The second term involves the appearance
of an extra channel of relaxation of the energy of A
molecules via B molecules. Moreover, the effective
relaxation time can vary when the gas temperature
varies (the last term on the right-hand side of (4.23)).
Here the rate of variation of T affects the relaxation
only when the vibrational quanta of the molecules differ.
This involves the fact that the V— V' processes bring
about a distribution of the type of (4.22), with energy
pumped from one vibrational mode to another when the
gas temperature T varies and differs from TA and TB'
Increasing the effective energy-relaxation time in a gas
mixture can prove to be very useful for optimizing the
operation of a number of molecular lasers (in particu-
lar, in a CO;—N: mixture with an electric discharge).
Moreover, a knowledge of the kinetic laws of non-
resonance exchange opens up a number of possibilities
for gas-dynamic lasers (using a variation in T).

Above we have treated non-resonance one-quantum
exchange in a binary mixture. Expressions like (4.22)
also figure in fast many-quantum exchange,l7:%8%]
However, in this case establishment of quasiequilibrium
requires that this exchange between different oscillators
follows only one channel. For example, when n quanta
of the harmonic oscillator A are exchanged for m quanta
of the oscillator B, we get the following equation instead
of (4.22):

(mEYITe) — (nE}/TA) = (mE} —nE)/T. (4.24)

In fast non-resonance exchange, we can generalize Eq.
(4.24) also to the case of a mixture of three or more
oscillators.t ™) The case is also of interest in which the
V-V’ and V- T processes have comparable rates.

The distribution functions of the vibrational energy
among the components that arise in these cases sub-
stantially differ from those discussed above in that they
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depend on the relative concentrations of these compon-
ents,L®]

5. VIBRATIONAL RELAXATION IN THE PRESENCE
OF SOURCES OF MOLECULES

a) The harmonic approximation. Dissociation and
recombination. In the previous sections we have treated
processes establishing equilibrium in a system with
arbitrary initial conditions, and in equations like (3.1),
we have not considered terms describing sources of
vibrationally-excited molecules. Here we have actually
assumed that these sources acted over a time consider-
ably shorter than the characteristic relaxation times.
Below we shall study vibrational relaxation in systems
having sources and sinks of vibrationally-excited mole-
cules in the case in which the characteristic time
Tgource ©f variation of the source is much longer than
some of the characteristic relaxation times. For con-
stant or slowly varying sources, we can refer to a proc-
ess of establishment of a steady-state or quasi-steady-
state distribution, and to the quasi-steady- state distri-
bution itself. Such sources can include chemical reac-
tions (e.g., dissociation and recombination) and various
types of external agents that produce vibrationally-
excited molecules (electric discharges and radiation).
A number of the problems involved in slowly-varying
sources have been studied inl ®1#:1%:1%>1] | Thyg, for
example, a detailed analysis was made int**"} of the
problem of distortion of the distribution function of the
molecules over the levels by sources of vibrationally-
excited particles in a system constituting a small ad-
mixture in a thermostatic inert gas.

Let us consider the effect of certain types of sources
on the overall supply of vibrational energy and on the
form of the distribution function over the levels in a
system of identical molecules, i.e., in cases in which
V — V processes are essential. First, we shall elucidate
the role of sources with the example of dissociation
(a sink) and recombination (a source) of diatomic mole-
cules as represented by a model of truncated harmonic
oscillators.

By solving the gas-Kinetic equations describing the
populatlons of the vibrational levels, the process was
analyzed int!'®J of thermal dissociation (with charac-
teristic time 7p) of diatomic molecules at high tem-
peratures, i.e., under the conditions 7yy < 1yT, TD-

It was shown that one can refer in the zero-order ap-
proximation to a Boltzmann distribution having the tem-
perature T ;,. Owing to the appreciable loss of vibra-
tional energy from the system due to dissociation,

< T. This has a considerable effect on the rate of
dissociation, T, < T. This has a considerable effect
on the rate of dissociation. Moreover, dissociation dis-
torts the Boltzmann distribution appreciably in the
levels close to the dissociation boundary. One can also
analyze approximately the T, / T relation and the
variation of the dissociation rate constant K™(Ty ;) with
respect to its equilibrium value K(T) in a rapldly-
heated dissociating gas by solving the system of equa-
tions for the total supply € of vibrational quanta and the

degree of dissociation;[1°®1]
de &30 D v 1 da
dt Tyr (E, —8)—(1—7!—’
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do/dt= —aK™ (Tyip) (N +No)+4 (1 —a)? K* (N + No) [N + (No/2);
(5.1)

Here « is the ratio of the total number of molecules to
their number in the undissociated gas, K* is the rate
constant for recombination, and N and N_ are the densi-
ties of molecules and atoms, respectiveﬁr. The manner
of writing (5.1) assumes that a Boltzmann distribution
exists over the levels, and it takes no account of distor-
tion of this distribution. The dependence of the ratio

K (Tyip)/K(T) on Tyjp and T has the form

K- (Tvip) ., T Tiib)]'

E-(T 7 Tviv
The relation of K(Ty;,)/ K (T) and Ty;,/T to D/T was
derived in"'** by using the expression for 7y and
K*(T). This permitted estimating the deviations of
K (Tyj) and Ty, from the equilibrium values in the dis-

oo [ (3

(5.2)

sociation of various molecules. Figure 6 gives the calcu-

lated data.''®) We see that an appreciable deviation
from the equilibrium values sets in at T 2 D/20.

By using the system of equations (5.1), we can also
analyze the effect of recombination on the rate of vibra-
tional relaxation when a heated gas flows from a noz-
zle.['"") When the instant of time topm of onset of
chemical quenching (i.e., recombination ceases, owing
to the decrease in density of the particles upon expan-
sion) comes later than the instant t;. of freezing of the
vibrational temperature (tyspory; > tfr), the recombina-
tion process increases the effective vibrational relaxa-
tion time by a factor of approximately
1 + (D/T)*[(1 - a)/a). This quantity can be of the order
of 10° and higher. Of course, in fast chemical quench-
ing, when tehem < tgn, Do energy will be pumped into
the vibrational degree of freedom by recombination, and
vibrational relaxation will not be retarded. The effect
of retardation of vibrational relaxation when the condi-
tion topoy > tep i fulfilled can be used in gas-dynamic

lasers.t1i2:1113]

b) Action of infrared resonance radiation on mole-
cules. Among the problems involving sources of mole-
cules, the action of resonance laser radiation on some
particular degree of freedom of a molécule has recently
attracted especial attention. Here we should distinguish
two sets of problems. The first of them is to analyze
vibrational and rotational relaxation in systems that are
used as optical filters in Q-modulated lasers having a
passive shutter,[11%115]

The other set involves studying the possibility of
control of chemical reactions by selective heating of a
vibrational mode by resonance laser radiation, [8%1-119]
The conditions for pumping of a large supply of vibra-
tional energy upon absorption of radiation are analyzed
int!®], If we assume that the radiation frequency ex-
actly coincides only with the frequency of the transition
from the leveln =0, j = jotothe level n=1, j =i,
(where jo and j, are rotational quantum numbers), then
the action of the radiation on the vibrational mode is
described by adding to the right-hand side of (3.11) the

following terms for the levels 0 and 1:
£ Wouzo — Wi.o1), (5.22)

Here the plus sign is taken for the level 1, and the
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FIG. 6. The relation of the ratios
Tyib/ T and K (Tyib)/K (T) to the para-
meter D/T in dissociation of a one-com-
ponent diatomic gas. ['9%]

K{(T,1,)/K(T)
a5 vib

22

IR

& 14

p/l]. 25

minus sign for the level 0. Here Wo; and W, o are the
corresponding transition probabilities, which are pro-
portional to the radiation intensity J. The system of
equations derived thus can be analyzed in two special
cases.

The duration Tpuls e

shorter than 7yy. In this case, a Boltzmann distribu-
tion is established in the system ina time t > 7

> Toulser The maximum temperature T"ﬁ%x that can be

attained is

of the light pulse is considerably

max
vib =~ 0.9E1.

The radiation intensity required to attain T“fi%x is very
great. For example, according to the estimates oft**J,
it amounts to several tens of kilowatts per square centi-
meter at atmospheric pressure for CO: (E: = 3380°K)
and N:O (E; = 3210°K).

The duration of the light pulse considerably exceeds
the characteristic time for the V — T processes: Tpulse

>ty ~ 1/ZP1o. In this case, the steady-state solution
of (3.11) with the terms (5.2a) has the form

Tnzg = Ty €Xp ["‘(”"‘1)E1/Tvib]v
22 [e (W o/ ZOP)] (1 -+ 8+ (W 1.0/ 205 o,
exp [—ET )~ e(l+e);

Here € = (x;/N)[1 — exp (- E,/T ;)| . We see from
(5.3) that, at any radiation intensity, the distribution in
the levels above the first is a Boltzmann distribution
with the vibrational temperature TVi , as determined by
the total supply € of vibrational quanta. However, at
radiation intensities such that Wi/ ZQ% < ¢, the dis-
tribution will be a Boltzmann distribution with the tem-
perature Ty, in all levels including the levels 0 and 1.
Then the relation between the radiation intensity and
the obtained vibrational temperature Tv. can be de-
termined directly from the equation for ]tl?le vibrational
energy. For low enough gas temperatures

¢ B/T < 1, we have
Wi & ZP1,0exp (—Ei/Tyip) [1 — exp (—Ey/ Ty )12

(5.3)

When Wi o~ ZP,; o, Ty ® 0.8 E;. According to the
estimates ofl*'®J relatively small radiation densities
(~ 3 x 107 watt-cm™ Torr™ for the v; vibration of the
CO: and N:O molecules, and ~ 2 x 10™ watt . cm™ Torr™
for CO) are required to attain such a vibrational tem-
perature. Such intensities can easily be attained now
and there are a number of recent experiments 12o-1257 4
which various chemical reactions have been carried out
by the action of laser radiation on molecular systems.
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While in a number of cases the harmonic-oscillator
model can be used successfully for determining the
supply of vibrational energy of the molecules, we must
note that one should apply the harmonic model cau-
tiously in calculating the rate of a reaction that involves
highly-excited molecules. Thus, the model of truncated
harmonic oscillators is not suitable for estimating the
rate of dissociation under highly non-equilibrium condi-
tions when T,/T > 1 (see below and!®*®). In this case,
the anharmonicity of the vibrations plays an essential
role in the population of the upper levels. It is also im-
portant to take account of anharmonicity in calculating
the non-equilibrium supply of vibrational energy when-
ever this supply depends substantially on the reaction
rate itself.

¢) The anharmonic approximation. Non-equilibrium
dissociation of diatomic molecules. The rate of dis-
sociation in a one-component diatomic gas represented
by the model of a system of anharmonic oscillators has
been calculated inl®7 for the non-equilibrium case in
which T;/T < 1. The analysis was based on treating
the system (5.1), with the harmonic- oscillator model
(see (3.4)) used for calculating the relaxation time 7y,
but with anharmonicity taken into account only in cal-
culating the constant K*(T;) for the non-equilibrium rate
of dissociation. In finding K (T,), a quasiequilibrium
distribution of the molecules over the levels was used.
It was a Treanor distribution for the levels of numbers
n < n* (see (4.16)) and a Boltzmann distribution for
n > n*. The distorting effect of dissociation on the form
of the distribution was not taken into account., The found
values of the ratios K(T,;)/K(T) and T,/T as functions
of the parameter D/ T proved to be close to the data for
the truncated harmonic-oscillator model (see Fig. 6).
This is explained by the fact that anharmonicity is not
very important in the population of the highly-excited
states from which dissociation occurs when T,/T < 1
for relatively large gas temperatures, as we see from
(4.5) and (4.10). However, the situation differs at low
gas temperatures and when T,/T > 1.

Let us consider a dissociation process in a one-
component system of anharmonic oscillators for the
arbitrary non-equilibrium case T,/T # 1.£%%) The
variation in the number N of molecules per unit volume
is determined by the relationship

dN/dt = —v -+ (dN/dH¥,

ve=ZPnaxn —ZP N3, (dN/dt)'ZZ (B,'-—Ci.‘ci); (5'4)

Here v is the rate of dissociation of the molecules, and
B; and C;x; are, respectively, the rates of formation
and loss of molecules in the level i owing to extraneous
sources. We assume that dissociation occurs because
of transition of molecules (with probability Py4) to the
continuous spectrum from some boundary level k that
lies near the dissociation limit (at a distance of the
order of T from D). The term ZPyyN; describes the
rate of recombination to the level k by triple collisions
(N, is the number density of atoms arising from de-
composition of molecules). In order to find v, we must
calculate the population xj in terms of the probabilities,
the molecular density, and the vibrational energy Ey;p
by solving a system of the type of (4.7) (with the sources
accounted for as well.) Just as in Sec. ¢ of Chap. 4, we
can find an approximate analytical solution here by as-

vk

773

suming that the relaxation time of the populations of
the vibrational levels 73;, (see (4.8)) is much shorter
than the dissociation time 1 and the characteristic
times for variation of the gas temperature 7, of the
vibrational energy rg, and for variation in the number
of molecules owing to extraneous sources 7ox. The in-
stants of time t > Thip aTe essential in determining the
rate of dissociation. I!fence we can seek a solution in
the form of (4.9), taking into account in a first approxi-
mation the additional dependence of x;, on the rate v and
on (dN/dt)*. In the zero-order approximation, the solu-
tion of the system is the function (4.10), which can differ
substantially from a Boltzmann distribution when T, # T.
In the next, or first-order, approximation, which takes
account of the distorting effect of dissociation and of
extraneous sources, the approximate solution has the
form®
-1 m m
g D w [ v (B ] S B - S @i}, (5.5)
i=0

=0

3
]
1

%0 =0, Wm=1(r)n+1[ﬁQ(vjr3+1'm+Pm+1.m+ (Amsr, m/Z)); (5.6)
and x° is the function (4.10) of the zero-order approxi-
mation. The quantities Xp can easily be found, even
when yo # 0. Then yo must be determined from the
normalization conditions.

In their structure, Egs. (5.5) and (5.6) resemble the
expressions derived inl®4:1%:1%-1%3 ' However it is im-
portant to emphasize that the quasi-equilibrium popula-
tions entering into (5.5) and (5.6) are essentially not
Boltzmann distributions, in contrast to %% 1% e
can easily find from (5.4)—(5.6) a general expression for
v or for the dissociation rate constant K™ (T:) under non-
equilibrium conditions (cf. (5.2)):

K~ (T}) = Coxp | n**E, (%—%)] O g~ (1);]

Ty (5.7

Here Q(T) and Q(T,) are the partition functions of the
oscillator at the temperatures T and T,. The level n**
is defined by a relationship like (4.16), while the con-
stant C (cf. (4.15)) differs appreciably from unity. For
the group of intermediate levels n* < n < n**, it char-
acterizes the deviation, both from the Treanor distribu-
tion (4.5) and from the Boltzmann distribution.

When T; > T, the coefficient of K(T) in (5.7) can
substantially increase the rate of dissociation. Never-
theless, it is difficult to get appreciable dissociation
rates of diatomic molecules under non-equilibrium con-
ditions at low temperatures (of the order of room tem-
perature) and with large stores of vibrational energy,
owing to the very small value of K°(T). Physically this
is because the relative population of the upper levels is
determined mainly by the gas temperature through the
V - T processes, which predominate for these levels in
anharmonic oscillators, in spite of the large supply of
energy. Hence, their relative population declines sharply
with increasing level number at low T. We emphasize
that application of the harmonic model in such cases can
lead to a considerable overestimation of the calculated
rate of non-equilibrium dissociation (by many orders of
magnitude).

d) Non-equilibrium dissociation of polyatomic
molecules. The treatment given above for the rate of
non-equilibrium dissociation pertained to diatomic
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molecules. Evidently, when the vibrational modes inter-
act weakly, all of the above discussion can be applied
also to polyatomic molecules in treating the individual
type of vibration that has the minimum dissociation en-
ergy limit D ;,,. However, when one uses a polyatomic
molecule and pumps a large supply of vibrational energy
into a type of vibration that has a dissociation energy
limit D larger than D, ;,, the situation changes sub-
stantially. In this case, the molecule can decompose by
predissociation, i.e., transition of the molecule to the
continuum from a vibrational level lying above the mini-
mum dissociation energy. Owing to interaction of dif-
ferent vibrations of the molecule in the upper levels,
the rate of such a transition is usually high.> '*** Under
these conditions, the rate of dissociation will be deter-
mined by the probability of supply of molecules to the
level k + 1 and by the population of the level k, whose
level number is determined by the condition Ex = Dnin
< Ey,,- If the level k lies near the level n* (see (4.16)),
or even if k < n*, then V~ T processes or radiative
decay of this level can affect its population weakly.
With large enough supplies of vibrational energy, its
population can be considerable and this can bring about
a high dissociation rate. As usual, one can obtain the
non-equilibrium energy supply here by various methods:
by optical, thermal, chemical, and electrical pumping,
or by vibrational exchange with another molecular sys-
tem that has a non-equilibrium energy supply.

In the case k < n*, with dT, /dt = dT/dt = 0 and
C, = B, = 0, we have for large nted
K~(T)) % Z g Q3 exp( —in )eXP[kEaj(—;——%i—‘%)J (A4 T3

AT \U2 D (T | 3 B \2
Tw=0T) (p) e (7t =5 k) )

x{1-o[(7)"(H+I—*) ]}
(5.8)

One can also easily derive a formula for K(T;) like
(5.8) for the case k > n*. The expression (5.8) has two
essential differences from the analogous expression
(5.7) for the non-equilibrium rate of dissociation of di-
atomic molecules. The first feature is that the rate of
non-equilibrium dissociation of polyatomic molecules
can be large, even at low gas temperatures T (of the
order of room temperature), in contrast to diatomic
molecules. As we can easily see from (5.8), this can be
attained at relatively small T, > T. In this regard, we
should notel*) | where they found an appreciable rate
of dissociation at room temperature when energy was
pumped by CO:-laser radiation into one of the types of
vibration of the BCls molecule (see alsol?*71?%:127]),
The second important distinction consists in a possi-
ble anomalous temperature-dependence of the dissocia-
tion rate of a polyatomic molecule under non-equilibrium
conditions in which T # T;. As we see from (5.8), when
there is a constant supply of vibrational energy (at con-
stant T;) and T < T;, K(T,) does not increase with T,
but falls, in contrast to the usual Arrhenius relation.
The strong dependence of K¥(T,) on T and T, permits
one to control dissociation by varying both the supply
of vibrational energy and the gas temperature. We must
emphasize that the generation of high concentrations of

31n addition to predissociation among the vibrations, one can also
consider predissociation due to crossing with another electronic term. -
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free atoms by non-equilibrium dissociation at low gas
temperatures has led to a marked increase in the power
of chemical lasers (see Sec. ¢ of Chap. 6).

Dissociation and recombination are special cases of
chemical reactions. The non-equilibrium nature of most
chemical reactions in the gas phase-*®*J opens up a
number of possibilities of influencing their kinetics, in-
cluding the stage of branching of energy chains. Here,
in addition to laser radiation acting on molecules, one
can in principle control chemical reactions with non-
equilibrium streams of the reacting gases.t®®

6. VIBRATIONAL RELAXATION AND MOLECULAR
LASERS

a) On the combined treatment of vibrational relaxa-
tion with other processes. The process of vibrational
relaxation in molecular gases depends on such param-
eters as the gas temperature, the concentrations of the
components, and the power and duration of action of
sources, etc. In general, the characteristic times for
variation of these parameters (which are determined
by the external conditions) can be comparable with one
of the vibrational-relaxation times. In such cases, one
can no longer treat the vibrational system in isolation
(e.g., with equations like (3.1)) in making a valid de-
scription of the relaxation. It becomes necessary to
analyze the vibrational relaxation jointly with the proc-
esses that change the external conditions and disturb
the equilibrium between the vibrational and translational
degrees of freedom of the molecules. One must also
perform such an analysis in order to concretize the
quantities B; and C; (see (3.1)). The latter are the
parameters for sources and sinks of vibrationally-exci-
ted molecules, and they only formally characterize the
effect of external agents on the vibrational relaxation.
The concrete features of solving such problems involve
the locations of the characteristic times for variation
of the parameters on the scale of relaxation times
(Tvv, T:;ib’ VvV’ TR VT etc.) Thus, in the absence
of sources, there is a very simple case of relaxation in
which the density and temperature of the gas change
rapidly within a time shorter than 7y, and they remain
constant thereafter. This case is described by equa-
tions like (3.1) with B; = C; = 0 and with the given initial
conditions. For times greater than TW(T;*,ib), one can
often use the vibrational temperatures T}, or distribu-
tions like (4.10) or (5.5) in solving the system of equa-
tions.

An approach based on analyzing the vibrational-
relaxation times with account taken of the characteris-
tic times for the external parameters permits one to
reject inessential aspects of the phenomena and to con-
struct adequate models of the physical processes in
various molecular systems. A typical example of such
systems is molecular optical lasers based on vibra-
tional-rotational transitions. Study of the processes in
these lasers belongs to the class of relaxation problems
that are characterized by treating vibrational relaxation
jointly with chemical reactions, electronic or optical
excitation of vibrations, and processes of variation of
the gas temperature and density.

We shall discuss in this section the operating mech-
anisms of lasers based on polyatomic and diatomic
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molecules. There are currently very many studies on
this topic (see, e.g., the reviews and mono-
graphs[¥#®11])  However, the purpose of the treatment
below is not to review in detail these largely experi-
mental studies, but to discuss the models of the physical
processes in lasers that have been constructed on the
basis of vibrational kinetics. For simplicity, we shall
not analyze the operation of lasers in an oscillation
mode, but we shall study the mechanisms of creation

of an inverted population of levels. The treatment be-
gins with optical lasers based on polyatomic molecules,
since one can conduct the theoretical analysis here
mainly within the framework of the harmonic-oscillator
model.

b) Lasers based on polyatomic molecules. In most
lasers based on vibrational-rotational transitions in
polyatomic molecules, laser action occurs between low-
lying levels belonging to different vibrational modes.
We can characterize the populations of these levels by
using the harmonic-oscillator model and introducing
the vibrational temperatures T; of the different modes
(Sec. e of Chap. 3). In order to obtain an absolute in-
verted population in the states having the vibrational
numbers (vVi, ..., Vi; o) vy) and (W, .., Wi, .oey W)

(L is the number of modes in the molecule), the follow-
ing relationship must be satisfied:
L

L L
(- B G 2o~ 320 s, FegRO<o

i={ i= i=1

according to which the T; must differ. Divergence
among the T can occur only if there is a non-equili-
brium supply of the total vibrational energy of the
molecule, and it can be produced by various mechan-
isms of pumping: excitation of vibrations of electron
impact, by resonance infrared radiation, by chemical
means (in which vibrationally-excited molecules are
formed by a reaction), by thermal means (with abrupt
heating or cooling of a gas), by energy transfer from
other molecules that have been excited in some way,
etc.

In order to create a divergence between the Tj, it is
convenient to use molecules having different relaxation
times for different modes.. ™"} However, under non-
equilibrium conditions one can get laser action even
with molecules having a single relaxation time. Owing
to fast V— V' processes, the temperatures of the modes
will be connected here by relationships like (4.22) and
(4.24). Then we can easily find from (4.24) and (6.1) the
divergence of Ty from T needed for inversion between
the level v of mode A and level w of mode B:

B> afor @ - (v 2 —w) |

Thus it is easier to get an inverted population at low
gas temperatures and with upper levels. However, the
absolute populations decline on the upper levels. Hence,
in concrete treatment of the possibilities of laser ac-
tion, we must also know the density of the molecules
and the probabilities of radiative transitions in addition
to T;. At present, laser action has been obtained ex-
perimentally, both in the infrared and in the submilli-
meter regions of the spectrum by using various mole-
cules including: N.O,t**71441 g0, [145] (g, [146:147]
COS’[MS] Csz’[ms] HCN,[“’O] ICN,[“’U Hzo,[lal,xszj
BCl,,'**] CH;F, and CH,0H!'**] (see also the re-
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views! ¥4y Here thermalt'**’ and opticall!!®»1%%]
pumping have been used in a number of cases, in addi-
tion to the electric discharge that is usually applied to
excite molecules.

Analysis of the processes and choice of best condi-
tions for laser action has much in common for different
lasers based on polyatomic molecules, and in essence,
it is one of the problems of vibrational kinetics.*'L 7"
Hence, we can conveniently study the fundamental quali-
tative features of these lasers with a concrete example.
Below we shall mainly analyze the CO; laser. Optical
lasers based on the CO:; molecule (wavelength 10.6 ym,
00°1 — 10°% transition) are currently very widely used.
They are characterized by record-breaking power in
the continuous-wave mode and by application of various
pumping mechanisms. A simplified system of equations
that describes vibrational relaxation, e.g., in a CO:—Nz
mixture, has the form:

deyJdt = WysNeo, (25 — &),
% =~ Wy, (Ea— ) _% Wish [g, (2 +§2)3__e—500/TE; 1+, (6.2)
Lk 20 o 3 WA (B (282 — e=590/Te3 (1 4 B)] — WiolV (B— ).
Here we have used the same notation as in Sec. e of
Chap. 3, with the subscript 4 referring to the N> mole-
cule, and 1, 2, and 3, respectively, to the symmetric,
bending, and asymmetric types of vibrations of CO,.
The equations (6.2) are derived from the overall ex-
pression (3.14) with the simplifying assumptions:
expl— (E1(2)/ T2)] € 1, Ey(1) = 2E,(2), E4(3) = E,(4). We
shall consider the two channels (3.15a) and (3.15b) of
relaxation of €; and €, having the overall probability
W5, W and Wy; are, respectively, the probabilities of
vibrational-translational relaxation for the bending
mode of CO; and of vibrational exchange between N: and
the asymmetric mode of CO.. Very complete data for
these probabilities are given as graphic material in the
review.[%") Table II gives analytical formulas for the
probabilities (in cm®/sec) for vibrational relaxation in
CO:; upon collision with various molecules (the tempera-
ture interval T in °K is given in brackets) as obtained
by reduction of the data of-*»***’_ In the presence of
external agents (e.g., excitation of vibrations by elec-
tron impact), we must add terms to the right-hand sides
of (6.2) that describe the change in the vibrational en-
ergy of the mode arising from this agent. We shall
briefly analyze the different ways of forming an inver-
ted population of the 00°1—10° levels in the CO, laser.
1) The electrical continuous-wave CO; laser. The

experimental studies on electrically-pumped CO: lasers
are reviewed inl¥#®1B30:137 B9 phe mechanism of
formation of an inverted population has been well
studied,[5®%%1545T] I ap electric discharge in a
CO;—N:—He mixture, vibrations of the molecules N,
CO (which is formed by dissociation of CO; in the dis-
charge), and CO; are excited by electron impact.
Vibrational energy is transferred from N: and CO by
resonance transfer to the 00% levels of the CO; mole-
cule, and then by molecular collisions along the chan-
nels (3.15) to the bending and symmetric modes. A

DIn a number of cases, one must also consider rotational relaxation,
whose rate for dipole molecules can prove to be comparable with the
tate of vibrational relaxation.
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Table I
Molecules
Probabili-
ties COg Nz He Hp H30
Wiz 1.31.10710 29710710 x |1.1.10-12 T1/2 »|4 8. 10-13 7172 « | 4. 40-15 7
w exp (~22:75.Y |« exp (= 13:48Y | oy {5882 22.22 \ | (300—600)
7173 173 PA\TT1/3 X“p(_?u—a)
(300—2000) (300—2000) (300—1000) (300—1000)
Wa o 1.6.107M x £.7-1071 x 4.8-10-11x
X exp (—l) X exp (——2—) X exp (—40‘63)
Ti/3 ri/3 T3 )1 5.3 10-11 7~1/2{3.9. 10-077-1
(300—3000) (300—3000) 300—1000) (300—1000) | (300—1000)
W34 (COp — Np) = 4.2 10-14 71/2 €Xp [10-3 T (8.84- 10-4 T — 2_07)]

quasi-equilibrium distribution is established in the
latter by fast vibrational exchange. The vibrational en-
ergy is dissipated into the translational degrees of free-
dom by V — T processes, mainly involving the bending
type of vibrations. At low pressures (~ 1 Torr), diffu-
sion of excited molecules out of the volume with deac-
tivation on the walls of the discharge tube is also im-
portant.

Vibrational relaxation in adischarge ina CO,—N:—He
mixture in a through-flowing system (in which we can
neglect the decomposition of COz) is described by the
system (6.2) with terms added to the right-hand side
that take account of pumping of vibrational energy by
electron impact, and also of decomposition of excited
molecules that have diffused to the vessel wall. How-
ever, the system (6.2) still does not adequately describe
the processes in the CO: laser, since the characteristic
time for cooling of the gas by heat conduction is com-
parable with the times of the V- T processes, and
consequently it becomes heated. Since the gas tem-
perature determines the probabilities of the processes
and the populations of the levels, it becomés necessary
to solve simultaneously the equations of (6.2) and the
heat-conduction equation (seel®%1%-1%),

For sealed systems and for relatively low rates of
through-pumping of gas, we must supplement this sys-
tem with an equation for vibrational relaxation of CO
molecules. The latter are formed by decomposition of
CO: in the discharge, and since they have a large cross-
section for excitation of vibrations by electron impact,
they can act as an additional channel for pumping of
energy by vibrational exchange with the asymmetric
mode of COz.L***1*"] Simultaneous solution of this sys-
tem of equations, which describes the physical proces-
ses in the electrical CO: laser, gives the values of the
vibrational and gas temperatures, the inverted popula-
tion, and the amplification coefficient as functions of
the relative concentrations of COz, Nz, and He, of the
overall pressure, of the density of free electrons, and
of the radius and temperature of the walls of the dis-
charge tube.[89:15¢:157:15%] Thege functions are not
monotonic, a fact that involves competition of various
factors that increase or decrease the inversion. Thus,
for example, adding helium to the working mixture
lowers the temperature by increasing the heat conduc-
tivity. This implies a decrease in the rate of dissipation
of the energy Eyip(3) of the asymmetric mode. This in-
creases the inversion. A density of helium 5-7 times
greater than that of the CO. molecules proves to be opt-
imal. Figure 7 shows a typical example of the relation
of the inverted population AN to the pressure.*” The

2

AN, 10" em™

7 2 4

PN,» Torr

FIG. 7. Relation of the inverted population AN (1, 2) and the gas
temperature T (3) to the nitrogen pressure in a mixture of 2 Torr CO, +
p Torr N,. Current 30 mA; curve 1—experiment, 2—theory (from the
data of [!57)).

rate of pumping of energy into the asymmetric mode
increases with the partial pressure of nitrogen. This
facilitates the growth of inversion, but the gas temper-
ature also rises, and this decreases AN, In the last
analysis, the increase in gas temperature is precisely
the main factor limiting the gain in power of the
continuous-wave electrical CO, laser. (This conclusion
also holds for most other types of molecular lasers.)
We note in addition a series of studies that have treated
the thermal pattern and properties of the elctric dis-
charge in CO,.'%°7 %] The most effective way to lessen
the overheating of the gas in molecular lasers has been
to use high velocities of through-flow of gas and to use a
transverse discharge. The characteristic time for heat
removal by through-flow must here be shorter than the
corresponding time for heat consuction. The heat pattern
for cylindrical systems with an arbitrary rate of through-
flow has been analyzed in[**°!, and the relation of various
characteristics of the laser (including the inverted popu-
lation) to the rate of through-flow, the total pressure, and
the partial pressure of CO; has been calculated in***2
for a system with transverse flow. The processes in lasers
having a transverse discharge and an ultrasonic rate of
through-flow were studied in"®b!, Simple formulas that
permit one to estimate the energy parameters of through-
flow (and also pulsed) lasers are given in!'®"!, In order to
analyze the processes in a laser with transverse flow,
one can actually use the model of a pulsed laser (see
below), but with the time t replaced with I/v (v is the
flow rate, and [ is the distance from the beginning of the
discharge zone), and the pulse duration Tpy)ge by
1*/v (I* is the length of the electrodes), C?lrrently, lasers
with fast transverse gas flow and discharge are the most
powerful continuous-wave lasers, and they operate at
pressures close to atmospheric {see, e.g., the review
2) The pulsed CO, laser with electrical pumping. In

[139])
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analyzing the operation of the pulsed CO: laser, we
shall restrict our treatment to the case in which the
pulse duration Tpy)se > Tyy- Hence, we can speak of
partial vibrational temperatures Tj. In order to find
the Tj, we must solve simultaneously a system like
(6.2) for the non-steady-state case (dei/dt # 0,

dT/ dt # 0) with an external agent that is a function
of the time.

The physical processes in the pulsed laser have
been analyzed theoretically in'"**"**™"°!, When Tpyge
TE(3)s T» the results are analogous to a steady-state
system. Here the gas temperature can rise appreciably
and restrict the population inversion. However, if one
uses relatively short pulses with Tpy)ge < TE(3) the
situation changes substantially. Then the maximum
population of the 00°1 level, and hence also the max-
imum inversion, does not dependadn the relaxation
time TE(3)» but is determined by the total supply of
vibrational energy Ey,(3) obtained from the elec-
trons. If we keep the current in the pulse constant,
this supply will increase approximately linearly
with the pressure. Hence, the use of high pressures
and Tpylge <TE(3) can substantially increase the in-
verted population and the laser energy per pulse. More-
over, temperature effects play a smaller role here, and
some decline in inversion with increasing temperature
can occur only because of increase in the equilibrium
population of the lower level laser 10°. In pulsed elec-
tron excitation, the characteristic parameter that de-
termines the pulse energy, the supply of vibrational
energy acquired by the molecules, the maximum
inversion ANy ax, the gas temperature, and the
degree of dissociation is the product NeTpulse.
Figure 8 shows the relation of AN, to Tpulse
constant values of N equal to 10" and

for

Tpulse
3 x 107 sec/cm®, and for varying partial pressures
Pco, = 1 and 10 Torr.t™) We see that when Toulse 18
small enough, the inversion does not depend on 7

pulse’
but is determined by the quantity N, Tpulse- When

Tpulse > TR 3y AN .. begins to fall with increasing

current pulse duration, owing to loss of molecules from
the upper laser level by relaxation processes during the
time of action of the current. The increase in this case
of the relaxation rate with increasjng pressure gives
rise to an optimum CO: pressure. However, this effect
can be compensated by a corresponding decrease in

Tpulse’

Thus, by working with pulses shorter than the re-
laxation time of the energy of the asymmetric mode of
CO:z, and by using high pressures pcg, ~ 10° Torr and
high currents (N ~ 10*~10" ¢m™), one can get con-
siderable (~107° J/cm®) specific laser energies per
pulse. Here the laser power can amount to '
~ 10° watt/cm®, One can increase this power by 2—3
orders of magnitude further by shortening the pulse
duration by working on a Q-switched mode, since the
lines are considerably broadened at high pressures by
an impact mechanism (2 10° sec™ at 1 atm). Laser
instruments have already been built that operate at
pressures of the order of atmospheric and higher. Here
one uses transverse discharges with a short distance
between electrodes in order to cause breakdown of the

(3

711

0L

FIG. 8. Relation of the maxi-
mum inversion ANmax to the dura-
tion Tpyjse Of the current pulse with f:
Ne Tpuise = const. at different CO, il
pressures. Ne T%ulse =107 (1, 3), or =
3 X 107 sec/fem?® (2, 4); pco, = 1
Torr (1, 2) or 10 Torr (3, 4) (mix-
ture with CO,: He = 1:3). [11?]
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FIG. 9. Typical values of the inversion AN, the temperatures T; and
T, for CO,, and the gas temperature T at a distance / from the critical
cross-section in flow of gases from a nozzle (the mixture is 10% CO,,
89% N,, 1% H,0, P, = 15 atm, T, = 2000°K). [!®"]

gas and other special devices (see the reviews!*71%]

and alsol 197177y,

People have also used organic additives (xylene,
benzene, toluene, etc.) in order to get a uniform high-
pressure discharge.'*™’

3) The gas-dynamic laser. In addition to the electric
discharge, one can also bring about a separation between
the vibrational temperatures T; and create an inverted
population by thermal pumping. *™’*™] The possibility
of getting an inverted population of the 00°1—10°0 levels
of CO; molecules in a CO.—N; mixture by cooling the
gas by flow from a nozzle was first examined int'"3,
(Using gas-dynamic expansion to attain an inverted
population in electronic levels was proposed int!™17J)
Relaxation of an inverted population in a supersonic
flow of gas from a nozzle has been analyzed in detail
ink7217-181] Cand for free gas-dynamic expansion

int**®!82)  Chemical and vibrational relaxatioxtl in]
183

supersonic CO: flows has also been studied in

The main point in analyzing vibrational relaxation in
a rapidly-expanding molecular gas is the fact that the
characteristic times for change in the density and tem-
perature of the gas, 7, and 7, are comparable with the
relaxation times TE(i) of the vibrational energies. Here
one must solve simultaneously vibrational-relaxation
equations like (6.2) and the gas-dynamic equations.
Figure 9 gives typical time-dependences of the tem-
peratures T, Ts, and T, and of the inversion AN, as ob-
tained by such a simultaneous solution."***} The condi-
tion (6.1) for inverted population is realized when the
following inequalities are satisfied:

TE@) = TryTrd,2)
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At a distance ~ 9 ¢m from the critical cross-section,
the rate of cooling and the density are such as to satisfy
these inequalities, and a deviation of the temperature T;
from T and T, sets in that suffices to produce an inver-
sion. People usually use a CO;—N; mixture in order to
increase TE(3)" Here the nitrogen serves as an addi-

tional reservoir of vibrational energy, and it effectively
retards the relaxation of E ;,(3) (see (4.23)) by vibra-
tional exchange with the asymmetric mode of COz. One
uses He and small admixtures (~ 3% of the total con-
centration) of water vapor to decrease TE(1, 2)’ It has

also been suggested to use sputtered microparticles for
this purpose.t*®3] We note that laser action has re-
cently been obtained"®PJ i a mixture having a large
amount of water vapor (up to 20%). This substantially
simplifies the practical use of lasers of this type. Just
like the electrical laser, the gas-dynamic laser has
optimal parameters (composition of mixture, stagnation
pressure and temperature, and characteristic dimen-
sions of the nozzle or orifice) that give maximum values
of the inverted population and laser power. Thus, for
example, when the gas flows through a slit according to
a free-expansion model, the optimum composition of the
mixture is CO: : N; = 1:3, the initial gas temperature
is ~ 1200—2000°K, and the initial partial pressure of
CO; ~ 4—12 atm, and the dimension of the slit is
~2 mm.'"®) Similar values of the optimal parameters
have also been obtained in supersonic flow from a noz-
zle.L™) In a pure mixture of CO, and N; in the absence
of such impurities as H:O and H;, which sharply in-
crease the rate of relaxation of the vibrational energy
of Nz and of the asymmetric mode of CO:, we note that
the pressure optimum can shift into the region of higher
pressures, up to 10* atm, owing to a decrease in the
relative concentration of CO,. "¢} This possibility in-
volves the decrease in the rate of relaxation of the sys-
tem N; + asymmetric mode of CO; with decrease in the
relative concentration of COz, since these two types of
vibrations relax mainly by way of CO.. Just as in the
electrically-pumped laser, the existencé of optima is
due to competition of opposing factors. Thus, for exam-
ple, as the initial gas temperature increases, on the one
hand, the number of vibrationally-excited molecules and
the initial rate of cooling increase, but on the other
hand, the relaxation time 1p 3y decreases.

The maximum value of the population inversion of
the levels 00°1—10°0 of CO: can be greater than
~ 10" cm™. Here the total concentration of CO. mole-
cules amounts to ~ 10" em™, It is hard to get a higher
density of active molecules when using an ordinary sys-
tem of adiabatic cooling of a preheated mixture of the
gases CO; and N;, since the actually attainable rates of
cooling of the gas are such that the inequality TE(3)
> 7 holds only when NC?2 < 10* em™. Nevertheless,
in spite of the relatively low efficiency ~ 1% (as com-
pared with the electrical CO; laser),’ ™! the laser
power per unit volume can be considerable
(~ 3 watts/cm®).['®®) An advantage of gas-dynamic
lasers is also the relatively easy way of creating large
volumes containing active molecules.

Experimentally, laser action in CO: has been ob-
tained upon efflux of a gas mixture from a
nozzle 11857190 anq from a slit.t***!1%3) The powers
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that can be collected are at present record-breaking
for continuous-wave action (according to-'*3, this
power amounts to ~ 60 kilowatts).

4) Chemical and chemico-gas-dynamic lasers. In
addition to electrical and thermal pumping, one can also
use chemical reactions to create an inverted population
in polyatomic molecules.!™"**) Here the separation be-
tween the vibrational and gas temperatures can arise
either from direct chemical pumping, in which the re-
action products are vibrationally-excited polyatomic
molecules, or from processes of non-resonance ex-
change with highly-excited diatomic molecules obtained
in a chemical reaction. If the V— V' process is fast
and the vibrational quantum of the diatomic molecule
is larger than that of the chosen mode of the polyatomic
molecule, then one can get a high vibrational tempera-
ture in the stated mode (cf. (4.22), (4.23)) by energy
redistribution. An example is a laser based on a
CO: + DF mixture in which the DF is produced by a
chemical reaction, while laser action arises from the
00°1—~10° levels of CO: (a CO: + HF mixture is less
effective because of slow pumping of energy into the
asymmetric mode of CO; due to a large difference be-
tween the vibrational quanta).

Without taking up the concrete features of lasers
based on pumping from exothermic bimolecular replace-
ment reactions, which have been treated in detailed re-
views, 1*%%%%] we shall briefly discuss the possibility of
using a recombination reaction that occurs in triple
collisions'**J for laser pumping:

A+B+M—>AB* M.

The rate of such a reaction strongly depends on the gas
density. It can proceed efficiently at low gas tempera-
tures, and usually almost all the energy of the reaction,
which is equal to the dissociation energy, is liberated
as vibrational energy. If the initial concentration (Al
> [Bly, so that [A] & const. = [A]; as the reaction pro-
ceeds, then the variation in the concentrations [AB[J) and
[B] is described by the equation

d [ABVdt = —d {Bl/dt = K* [A], [M] [B] = (Tchem )~ [Bl. (6.3)
We must solve (6.3) simultaneously with the heat-con-
duction equation and an equation like (5.1) for vibra-
tional relaxation, with account taken for pumping of
energy into the vibrational degree of freedom by re-
combination. The vibrational energy E (i) calculated
from this model, which determines the absolute inverted
population and the laser power, is a non-monotonic
function of the time. Its maximum value for T = const.
is

B ()= D [Blo (x— 1) !0 =5/ =9 (6.4)

Here D is the dissociation energy, and k = T chem’ " E(i)

is the ratio of the time for the chemical recombination
reaction to the vibrational-relaxation time. If we in-
crease the total concentration of particles, i.e., de-
crease T, and k, we can in principle get large values
of EMAX({) "and hence, get large specific laser powers
(there is a limitation here that involves increased re-
quirements on the rate of preparation of the initial
mixture). A calculation was performed int***J for re-
combination of CO to give CO. under the assumption of
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equal efficiencies of recombination in the different
vibrational modes of CQ.. It showed that one can get a
considerable inversion (~ 10'7 ¢m™) without very rigid
conditions of preparation of the recombining mixture of
gases (one can make such a mixture by combining
streams of cold CO gas with a lesser amount of hot,
dissociated oxygen in the absence of water vapor).

There is another mechanism in three-particle re-
combination that gives rise to a population ratio
x, . /%y for a series of vibrational levels that is close
to unity, or even to an absolute population inversion.
This is the effect of recombination as a source of
highly-excited particles (see Sec. ¢ of Chap. 5). Such a
source, combined with the downward flow of molecules
through the vibrational levels among the group of
highly-excited states belonging to a particular type of
vibration, creates conditions favorable for laser action,
even with a small supply of vibrational energy. Such a
type of recombination laser based on vibrational tran-
sitions has been treated int***”], where it was shown
that the amplification coefficient suffices for laser ac-
tion, given typical molecular parameters, a pressure
P 2 50 Torr, and a non-equilibrium degree of dissocia-
tion @ = 0.01. A virtue of this system is that one can
get a considerable specific power and a relatively high
efficiency (owing to amplification of the radiation
simultaneously by many transitions). Here the laser-
action power increases in proportion to the cube of the
pressure, while the amplification coefficient is propor-
tional to either the square (when p < 10 Torr) or the
first power of the pressure (when p < 10 Torr). One
can get the degree of dissociation of the gas exceeding
the equilibrium value that is required for laser action
in various ways: photodissociation, dissociation of
molecules in collisions with electrons or heavy parti-
cles (atoms, ions, or neutrons), and by rapid cooling of
a very hot, partly dissociated gas. Recombination mole-
cular lasers of the two types have not yet been built ex-
perimentally.

It is also of considerable interest to combine the
chemical and gas-dynamic methods for laser pumping:
chemico-gas-dynamic lasers.! "] Thus, for exam-
ple, according tot**!J in the expansion of the molecules
of a dissociated gas, recombination under certain con-
ditions can substantially hinder vibrational relaxation
and bring about a separation between the vibrational
temperature and the gas temperature and formation of
an inversion. Such a situation can also happen in bi-
molecular reactions. Gas-dynamic effects can also
play a role in continuous-wave chemical lasers of the
DF* + CO: type that operate with mixing of gas
streams. In such cases, the model describing the phys-
ical processes must include a relaxation equation, a
gas-dynamic equation, and a chemical kinetic equation.
The currently most efficient lasers are those based on
CO: that operate by expansion of a mixture of gases ob-
tained by burning a fuel.'**®'®*”] The chemical reaction
of combustion is characterized by a high energy yield,
and it can provide considerable pumping into the vibra-
tional degrees of freedom. However, the role of the
chemical processes in the expansion stage in these
lasers has not yet been elucidated. Besides burning
coalt'®] to create an inversion, one can burn petroleum
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products’ %11 or natural gas, or detonate a solidt**2]
ete.

¢) Lasers based on diatomic molecules. Formation
of an inverted population of the vibrational-rotational
levels of a given mode is based on creating a separation
between the temperature T, of the rotational degrees
of freedom and the effective vibrational temperature
T, ., of the vibrational levels n + 1 and n being

treated. '®®] For the transition (n + 1, j;) — (n, jz)
(n is the vibrational and j is the rotational quantum
number), this condition has the form!5:1%¢1;

(Ents — En)iToss < [Bufy (p + 1) — Bniafi (i + O/ Ty (6.5)

here B, ,, and B are the rotational constants of levels
n + 1 and n. Equation (6.5) implies that when T,, <0
(i.e., when there is an absolute population inversion of
the vibrational levels), amplification is possible in the
P, Q, and R branches of the vibrational-rotational tran-
sition. However, when T, > 0, it can occur only when
j = j1 + 1, i.e., only in the P branch. In order that (6.5)
be satisfied for relatively low vibrational levels where
the populations might still suffice for getting an ap-
preciable coefficient, Ty, ,, must considerably exceed

T ot Since usually T ¢ coincides with the gas tem-
perature, (6.5) can be satisfied only when the supply of
vibrational energy exceeds the equilibrium value. Just
as with polyatomic molecules, one can get such a supply
by using various pumping mechanisms. The most wide-
spread of these have been chemical and electrical pump-
ing with molecules of the hydrogen halides and CO as
the active media.

1) Hydrogen halide lasers. Lasers with working
transitions between vibrational-rotational levels of
hydrogen halide molecules are currently the main type
of chemical lasers (see the reviews! ®*%%])  Use of
exothermic replacement reactions that form hydrogen
halides for chemical pumping is based on the fact that
vibrationally-excited molecules constitute an apprecia-
ble fraction of the products of these reactions. One
must analyze the kinetics and the conditions for forma-
tion of an inverted population in these lasers by simul-
taneous solution of the vibrational-relaxation equations
and the equation for the gas temperature and the chem-
ical-kinetic equation. For times shorter than 7y,y,, the
populations of the levels are determined by the rates of
formation of molecules in the individual vibrational
states. Here one can get an absolute population inver-
sion (the rigid time requirements are a defect).

In many cases, the relative rates of formation of
molecules in different vibrational levels in a reaction
process can be determined from the relationships found
inf1%P]_ The processes in the HCI chemical laser
have been analyzed int®7/13%:138:196,187) ' pioure 10 shows
a typical time course for this laser of the effective
vibrational temperatures T,, and the amplification co-
efficient. After a time of the order of Ty has elapsed
since the beginning of the reaction, a quasi-steady-state
distribution of the type of (4.5), (4.10) and (5.5) is es-
tablished over the vibrational levels. I here the reac-
tion imparts an appreciable energy into the vibrational
degree of freedom of the molecules, then amplification
of radiation can occur in the P-branch (see Fig. 10)
that does not depend on the relative rates of the reac-
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FIG. 10. A Typical time course of the effective vibrational tempera-
tures T}, (a) and of the amplification coefficient ky, for the transition
n - n-1 (b) for HCl during a chemical reaction. Original mixture: 1
Torr Cl, + 1 Torr H; + 10 Torr He. The solid and dotted curves in Fig. b)
are for models in which respectively ~40% or ~10% of the chemical
energy is converted to vibrational energy. [%7]

tions in the different excited states, but is determined
by the gas temperature and the total non-equilibrium
supply of vibrational energy. One can roughly estimate
this energy for a reaction that occurs with an excess of
one of the original components by using Egs. (6.3) and
(6.4) and taking 7.hopy, 85 the characteristic time of the
chemical reaction, and D as the reaction energy that is
imparted into the vibrational degree of freedom. When
the 7 are relatively large, one can get a considerable
density of excited molecules, and hence also considera-
ble laser power. (Often people have obtained laser ac-
tion from the levels of CO: in mixtures of HC1, DF, and
HC1 with CO:, rather than from the hydrogen halide
molecules.) We emphasize that in the system being
studied it is essential to take account of anharmonicity
of the vibrations of the molecules, since anharmonic-
oscillator processes increase the effective temperatures
T,, for the upper levels when T, > T, (see (4.5) and
(4.10)). This also makes it easier for these levels to
satisfy the condition (6.5) for forming an inverted popu-
lation.

A qualitative jump occurred in 1969 in the develop-
ment of chemical lasers. It involved invention of me-
thods of obtaining considerable concentrations of free
atoms, **®2%] and this led to a marked increase in
laser power. We can expect a further refinement of
chemical lasers along the line of influencing individual
steps of chemical reactions and by using high pressures
of the reacting gases. "

One can also use other ways besides chemical pump-
ing for exciting vibrations in the hydrogen halides. The
possibility of getting laser action in HC1 and HF from a
three-particle recombination reaction has been dis-
cussed in{*®P] (see also Sec. 4 of Part b). The possi-
bility of getting laser action under steady-state and
quasi-steady-state conditions in mixtures like
HCl1—N:—He and HI—N;—He in an electric discharge
has been analyzed int®}, Electrically-excited hydrogen
halide lasers can show a number of advantages involving
the large size of the rotational quanta (this makes it
easier to satisfy (6.5)) and the large anharmonicity of
the molecular vibrations (this makes it possible to at-
tain large temperatures T ). A defect of these systems
(as compared with the CO laser) is the high rate of re-
laxation of the vibrational energy, and apparently,
chemical instability in the discharge.

2) The CO laser. The electrical lagser based on the
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FIG. 11. Populations of vibrational #”*
levels in the CO molecule at various
gas temperatures T under typical con-
ditions of laser operation (the mix-
ture is 0.2 Torr CO + 6 Torr He, Ng =
2.5 X 10° cm3, T = 20,000 °K). [*'] #*

/”Iﬂ

CO molecule is one of the most powerful continuous-
wave lasers. Laser action in it occurs in the P-branch
and from several vibrational transitions n — n—1,
where n usually lies in the range 6—15.02%2%%2] Qpe
can also get laser action from higher levels up to

n = 37 in the Q-modulated pulsed mode.f 2°°3] The
studies on the CO laser are reviewed in the publica-
tionst*PJ Since the CO laser is a system in which the
supply of vibration energy substantially exceeds the
equilibrium value, and laser action occurs on the upper
levels, one must use an anharmonic molecular model to
describe correctly the kinetics of the processes, ac-
cording to Secs. b—d of Chap. 4. The probabilities of
the V-V and V- T transitions between the vibration-
ally-excited states of CO molecules have been calcula-
ted in{?°®)  and the probabilities were found experi-
mentally in-?%C), The processes in the steady-state CO
laser have been analyzed by treating a system of an-
harmonic Morse oscillators for a CO,—N; mixture
int®), and for a CO.—He mixture int*»*»%2] o]
the distribution function over the vibrational levels (of
the type of (4.10) and (5.5)) and the amplification coeffi-
cient for various n — n— 1 transitions were obtained as
functions of the discharge parameters (the temperature
and density of the electrons, the gas temperature T, and
the partial pressure of helium) by numerical solution of
a non-linear system of 80 equations like (4.7) (with ad-
dition of sources that describe excitation of levels by
electron impact). Figure 11 shows the distribution func-
tion for various values of T. We see that the effective
temperature T, is large for the levels 8 < n < 40, and
the conditions are most favorable for appearance of a
partial inversion with a sufficient amplification coeffi-
cient. On the whole, the analysis based on the an-
harmonic model gives satisfactory agreement with ex-
periment. We note that, at low gas temperatures and

in the absence of helium, which increases the rate of

V — T processes, two-quantum exchange (which was ig-
nored int®"®3Jy may prove to be essential. The latter
increases the effective temperature on a group of levels
above the 40th (see Sec. ¢ of Chap. 4). Therefore, a
second band of levels can exist here in which laser ac-
tion is possible.[®®) In order to get an appreciable
population on these levels and to attain the necessary
amplification coefficient, one apparently needs rela-
tively high pressures (2 20 Torr), intense cooling

(T ~_150°K), and a powerful pulsed discharge

(Ng 2 10" cm™).
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One can also get laser action from vibrational-
rotational transitions of CO molecules with other pump-
ing mechanisms: chemical’®°?%] and thermal.l **J In
a chemical laser based on the reaction CS + O — CO*

+ 8, the role of vibrational-exchange processes that
form an inverted population has not yet been elucidated.
Laser action is observed here in transitions from the
Tth up to the 13th level. Here, since amplification can
also occur in the R branch (which requires an inverted
population in the vibrational levels), it is assumed that
CO molecules in highly-excited states are formed by
the reaction, with the relative yield increasing with the
level number up to n = 13. The rates of the reaction

O + CS — S + CO + 75 keal /mole to produce CO mole-
cules in individual vibrational levels have been meas-
ured int?%3,

Recently laser action has been obtained from CO
transitions by rapid expansion of the gas mixture
N;—CO—Ar.t?") The relaxation processes in the gas-
dynamic CO laser have been analyzed in"® by simul-
taneous numerical solution of the system of equations
for the level populations and gas-dynamic equations.
They showed that addition of argon, which hardly affects
the rates of the V— T processes, permits a lower gas
temperature. As usual, nitrogen serves as an extra
reservoir of vibrational energy. Here, since the lowest
quantum of N; is larger than the quantum of CO, the
temperature T, for CO does not decline during the cool-
ing process, but it even rises, owing to non-resonance
vibrational exchange with N; (see (4.23)), and this
facilitates creation of an inverted population. Amplifi-
cation coefficients ~ 10™ cm™ are obtained for transi-
tions on levels 4—16, i.e., sufficient for laser action.

7. CONCLUSION

Analysis of the processes in molecular lasers is
only one of the examples of practical application of
vibrational kinetics. In general, one must encounter
vibrational-relaxation processes in all cases in which
the parameters of a molecular gas are altered. These
include both the field of gas-dynamic flow accompanied
by fast compression or expansion (shock waves, flow
through nozzles, etc.), and phenomena involved in the
behavior of a gas when acted on by constant or variable
generalized forces (temperature and pressure grad-
ients, pumping, etc.). It is also important to take ac-
count of vibrational non-equilibrinm in chemical kinetic
problems. As we know, chemical reactions mainly in-
volve active molecules. Vibrational excitation is one of
the forms of activation of molecules. Hence, the stage
of vibrational excitation or deactivation can be decisive
for an entire series of chemical processes. Within cer-
tain limits, a controlled influence on this stage makes
it possible to regulate the rate of the overall chemical
process. Currently, the field of application of vibra-
tional kinetics is continually expanding, and here we
can expect to obtain new and interesting results.
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