VIBRATIONAL-KINETICS METHODS AND THEIR APPLICATIONS TO MOLECULAR
LASERS AND LASER CHEMISTRY*

Sh. S. Mamedov

The vibrational kinetics of molecules simulated by anharmonic oscillators is
developed under essentially nonequilibrium conditions. Analytic expressions

are obtained for the vibrational distribution function, the relaxation time, and
the dependence of the vibrational energy on the pump power; the limiting capacity
of the energy reservoir of the anharmonic molecules is estimated. Vibrational
kinetics is investigated in mixtures and a redistribution of the vibrational
energy among the modes is observed as a function of the component concentration.
The singularities of vibrational relaxation in liquids and molecular crystals,
due to collective interactions, are studied. A number of concrete applications
are considered: the rate of nonequilibrium dissociation is calculated, an
analytic model is developed for the CO laser, isotope separation in chemical
reactions of vibrationally excited molecules is investigated, and a new type of
lasers based on intramolecular transitioms in liquids and molecular crystals is
proposed.

INTRODUCTION

The last decade has seen a very rapid development of vibrational kinetics, which is
the basis of a large number of practical applications, including questions of chemical
kinetics and the physics of the atmosphere, gasdynamics and rocket technology, molecular
lasers and laser chemistry. By the early 1970s it was recognized that the model of harmonic
oscillators and the concept of vibrational kinetics have limitations. For a number of pro-
cesses, the functional role of the anharmonic molecules was clarified, since it is precisely
the system of anharmonic oscillators, which simulates a set of different molecules (diatomic
and monatomic), that describes correctly the behavior of real gases in a wide range of non-
equilibrium conditions. After the discovery of the new type of population distribution of
the vibrational levels (the Treanor distribution), which depends not only on the reserve of
vibrational energy but also on the gas temperature and is due to the anharmonicity of the
molecules, other quasiequilibrium population distributions were also obtained, valid for
nonequilibrium conditions in definite time intervals or for definite level groups. The use
of these distributions has made it possible to replace the system of balance equations for
many dozens of levels by equations for two or three parameters, made it possible to under-
stand the generation mechanisms of a number of molecular lasers, and to investigate certain
aspects of the action of laser radiation on matter. In particular, it made it possible to
analyze, for certain regimes, the processes of stimulating a nonequilibrium dissociation
chemical reaction with IR radiation.

At the same time, practical needs have raised new important problems of vibrational
kinetics, connected with the recently noted three basic trends in the development of the
physics of molecular lasers and in the investigation of the interaction of resonant IR
laser radiation with molecules:
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First, the use of intense mechanisms for pumping energy into the vibrational degrees
of freedom; this use calls for analysis of the vibrational kinetics under conditions of
strong deviation from equilibrium, when the temperature of the medium is low, and the non-
equilibrium reserve of vibrational energy substantially exceeds the equilibrium volume.

Second, the use of mixtures of molecular gases and gases of polyatomic molecules in
the experiments; this requires a theoretical investigation of vibrational relaxation in
such systems.

Third, the use of high working gas pressures in pulsed lasers on vibrational—rotational
transitions, which raises the question of the possibility of using liquids and molecular
crystals as active laser media. It becomes necessary then to study the vibrational re-
laxation in these media.

The present paper is devoted to the development of these most vital trends of vibra-
tional kinetics. Their analysis yields important information on the electrical, optical,
thermal, and other types of action on the molecular systems, and on the use of such systems
for laser generation in chemical reactions.

Much attention is being paid in the article to applications of the developed theory
of vibrational relaxation to the analysis of concrete physical and physicochemical problems.
These problems deal with stimulation of the dissociation reaction, investigation of pro-~
cesses in a CO molecular laser, and the study of the question of isotope separation in
chemical reactions of vibrationally excited molecules. The general premises obtained in the
paper have made it possible to consider not only the qualitative but also the quantitative
aspects of these phenomena.

In Chap. I is developed the theory of vibrational relaxation in a single-component
mixture of anharmonic oscillators at strong deviations from equilibrium. The vibrational
distribution is considered, the relaxation time of anharmonic oscillators is calculated,
and the dependence of the vibrational energy and of the temperature on the pumping proba-
bility is investigated. ’

In Chap. II questions of vibrational kinetics in gas mixtures are considered. The
distribution of the vibrational energy among the modes and the vibrational distribution
functions inside the modes are obtained for different ratios of the vibrational-process
times; the relaxation rates in the presence of two relaxation channels and the rate of
energy exchange in the binary mixture of anharmonic oscillators are calculated; the influ-
ence of the concentrations of individual components on the distribution of the vibrational
energy in the mixture is investigated.

Chapter III considers various applications of the developed theory of vibrational re-
laxation to concrete physical problems, namely, the analysis of nonequilibrium dissociation
of diatomic molecules and the dissociation in a mixture, calculation of the coefficient of
isotope separation in chemical reactions, and investigation of physical processes in an
electric~discharge CO laser.

In Chap. IV the probabilities of the vibrational processes in liquids and molecular
crystals are calculated; the possibility of developing lasers based on intramolecular vi-
brational transitions in these media, when pumped with a high-power electron beam, is in-
vestigated. Also considered is the possibility of stimulating laser-chemical reactions in
the liquid phase.

SURVEY OF THE LITERATURE ON VIBRATIONAL KINETICS
AND ITS APPLICATIONS

The main stages in the development of vibrational kinetics up to the early 1970s were
considered in [1l]. 1In this review the role of various vibrational processes is analyzed
(VV — vibrational exchange within a given oscillator, VV' — vibrational exchange between
different oscillators, VI — vibrational—transitional exchange). The harmonic approximation
and the role of anharmonicity are also discussed in detail., An analysis is presented of
the mechanisms of population inversion and lasing on vibrational—rotational transitions
of molecules. We mentioned below only the published data dealing with the new trends in the
development of vibrational kinetics, and only directly related to the results of the present
paper.
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The importance of a consistent allowance for the anharmonicity of molecules in vibra-
tional kinetics has already been noted in the Introduction. We consider first papers deal-
ing with the relaxation of a single-component mixture of anharmonic oscillators. As shown
in the basic paper of Treanor, Rich, and Rem {2], under nonequilibrium conditions, in con=-
trast to the harmonic model, the distribution of the populations of the vibrational levels
in a system of anharmonic oscillators (even if the distorting action of the sources is
neglected) differs substantially from a Boltzmann distribution. In the cited paper they
solved the kinetic equations for the populations of the vibrational levels under the assump-
tion that the VV processes play the dominant role, and obtained the following expression for
the vibrational distribution function f(n) in a single-component system of anharmonic os-
cillators:

fin) = @ exp{—n[-2-— -1 ] 0.1)
Here n is the number of the vibrational level; E, and AE, values of the lower vibrational
quantum and the anharmonicity of the oscillator (°K); T, gas temperature; and T,, 'vibra-
tional temperature' of the first level:

Ti = E/In [f 0)/f (Y1 (0.2)

Distribution (0.1), later called the Treanor distribution, is characterized already
not by one but by two parameters (T, and T), and its difference from a Boltzmamm distribu-
tion is larger the greater the difference between T and T; and the larger AE. At T, > T,
repopulation of the upper vibrational levels takes place, and starting with the level

n*:%ﬁ%Jro.a (0.3)

absolute calculation inversion between the vibrational levels is realized.

Kuznetsov [3] derived distribution (0.1) from the detailed balancing principle and
from the grand canonical distribution of a system of anharmonic oscillators in energy and
in particle number, and calculated the rate of the quasistationary thermal dissociation.
For real molecular systems, the Treanor distribution, obtained without allowance for the
VT and radiation processes, and positive and negative molecule sources, is valid only for
sufficiently low vibrational levels. To take into account these processes, a number of
numerical calculations were made to determine the quasistationary [4-13] or nonstationary
[14] distribution functions for individual molecules under concrete conditions.

Vibrational relaxation in molecules (anharmonic oscillators) that constitute a small
admixture in a gas of structureless particles (i.e.,, in the case when there are no VV pro-
cesses) was theoretically investigated in [15-18). Frequently, however, great practical
interest is attached to molecular systems in which the dominant role is played by VV pro-
cesses, at least for the group of lower vibrational levels. For such systems, in the par-
ticular case of weak deviation from equilibrium, the problem of finding the vibrational
distribution function for the entire vibrational spectrum was analytically solved in the
papers of Gordiets, Osipov, and Shelepin [19-21], and also in the papers of Savva [22].

The lucid solutions they obtained for the kinetic equations show that when account is taken
of the vibrational—translational processes, the distribution on the intermediate vibrational
levels is neither Boltzmann nor Treanor. Using the analytic form of the vibrational dis-
tribution function, the authors of [21] estimated the rate of nonequilibrium dissociation
that takes place at low gas temperature.

The influence of two-quantum VV transitions (i.e., transitions in which one quantum
of one oscillator is exchanged for two quanta of another oscillator) and the vibrational
distribution function were investigated in [19]. This function is determined on different
sections of the vibrational spectrum by the competition between the probabilities of the
single-quantum and two-quantum exchanges and of the VT process. In each of these sections,
an analytic expression was obtained for the populations.

The investigations reported in [19-21] are valid for weak deviations from equilibrium.
In the case of strong deviations, when the margin of the vibrational energy greatly exceeds
the equilibrium value, the upper vibrational levels are noticeably populated. In additionm,
besides the other processes, a significant role is assumed by resonant exchange of vibra-
tional quanta, i.e., as a result of the strong dependence of the exchange probability on the
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transition-energy deficit, an important role is assumed in the kinetic equations by the
terms that describe exchange with neighboring levels of colliding molecules. For these
conditions, Brau [23] obtained in a classical approximation a kinetic equation for the
distribution function and found its solution for a bounded region of the spectrum. This
equation, however, is unsuitable for the case of practical importance, that of low gas tem-
peratures T << E,.,

Besides the analysis of the distribution function of the populations for a one-com-
ponent system of anharmonic oscillators, some studies [2, 4, 5, 24] investigated
the characteristic times tyT of the VT processes in anharmonic oscillators. The strong de-~
pendence of the probabilities on the transition energy leads in such oscillators to a
deviation of the time tyT from the classical Landau-Teller expression tyr ~ Prs, where
P,o is the probability of deactivation of the first vibrational level. This difference is
illustrated in the papers of Treanor et al. [2] and Bray [4, 5]. We note that the calcula-
tion was carried out in these papers by numerical methods for certain concrete cases. For
this reason, it is difficult to analyze the calculation and to draw generalizing conclu-
sions.

Losev, Shatalov, and Yalovik [24] obtained an analytic expression for f%?; taking into
account the exponential dependence of the probabilities of the VT process on the number of
the level. However, owing to the proposed Boltzmann type of distribution function of the
populations, the result (which agrees qualitatively with experiments in shock waves) is
only approximate at low T.

A number of studies [25-33] were made of the dependence of the reserve of vibrational
energy € (or T:) on the pump power ("external' positive source). Artamonova, Platonenko,
and Khokhlov [25] obtained such a dependence in the harmonic model also for the case where
the pump acts on the O—1 transition. The maximum value of T,/E, was determined in this
case by the expression vVQ:o/Pio where Q.o and P,o are the probabilities of VV and VT proces-
ses for the lower levels. The nonequilibrium kinetics of molecules in resonant radiation
(of any multiplicity) and in a cascade mechanism was considered in general for a harmonic
model in [26-30], and for an anharmonic model, assuming the VV processes to play the dominant
role, in [33].

It is thus seen from the brief survey of the works on single~component systems of an-
harmonic oscillators that whereas the case of weak deviation from equilibrium has been in-
vestigated quite satisfactorily, the case of strong deviation from equilibrium has hardly
been developed, although the practical need for it is great. The analysis of the vibra-
tional distributions, the investigation of characteristic times, and the questions dealing
with the pumping are therefore most vital problems for this regime.

Vibrational relaxation in gas mixtures, connected with the analysis of multicomponent
oscillator systems, has a more complicated character and was much less investigated than
relaxation in single~component systems. Principal attention was paid here to the study of
the distribution of the energy among the modes as a result of VV' processes of vibrational
nonresonant exchange., The quasiresonant distribution among two modes in single-quantum non-
resonant VV' exchange was first determined by Osipov [34]. It was shown in [2] for this
case that the vibrational temperatures Ty and Tp of two harmonic oscillators A and B are
connected by the relations

EpT s = Eg/Ty — (Eg — Ea)/T. (0.4)

Here Ep and Ep are the values of the vibrational quanta for the oscillators A and B, re-—
spectively. It is seen that at Tp, Tg > T a redistribution of the vibrational levels of
the oscillator with the smaller quantum takes place. This result was qualitatively con-
firmed in experiment [35]. Expression (0.4) was subsequently generalized to include the
case of one-quantum exchange with participation of arbitrary vibrational modes [36], two—
quantum exchange with participation of two oscillators [19], and multiquantum exchange be-
tween oscillators [37]. Biryukov and Gordiets [38] obtained in the harmonic approximation
the most general kinetic equations for a multicomponent mixture, and generalized expression
(0.4) to include multiquantum VV' exchange with participation of an arbitrary number of
modes. The distribution functions and the dependence of the vibrational energy of the
modes on the probability of the excitation of the vibration were obtained in [30] for a two-
component system of harmonic oscillators with different rates of the VT processes in both

modes.,
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The distribution function in a two~-component system of anharmonic oscillators was in-
vestigated only in particular cases: in VV' exchange [39], and with allowance for VT pro-
cesses with weak deviation from equilibrium [21].

We note that expression (0.4) describes a rigid connection between the temperatures of
the individual vibrational modes and is valid if the following relation holds between the
characteristic times of the VV, VV', and VT processes:

vy, Ty <L Tvr. (0.5)

It is thus seen from the foregoing discussion that the investigation of vibrational
kinetics in gas mixtures is far from complete. For many practical applicatioms it is im-~
portant to lift restriction (0.5) and to investigate the case Tyy' ~ TyT, and to determine
Tyy' with account taken of the anharmonicity. It is also very important to analyze the
distribution functions of multicomponent systems of anharmonic oscillators in the case of
strong deviation from equilibrium,

Vibrational relaxation in dense gases and liquids can differ strongly from the relaxa-
tion in gases of moderate density. We note here that the vibrational kinetics of liquids
is in any case in the initial stage of development at present. The reason is that besides
binary collisions, which determine in practice the vibrational processes in gases, it is
necessary to take into account in liquids the collective actions of neighboring molecules.
(For superdense gases it is necessary to take into account multiple collisions [40~42].)

Various model assumptions were made in [43, 44] to estimate the probabilities of
vibrational—translational transitions of molecules in liquids. The probability of VT pro-
cesses under conditions when the action of neighboring molecules is simulated by the effect
of an external periodic force on a selected molecule was estimated by Ismailov [44], but
he did not specify the connection of the amplitude and frequency of this force with the
parameters of the liquid. Herzfeld [43] simulated the nearest environment by a sphere whose
action on a molecule situated at its center is given by a Lennard-Jones potential. He also
calculated the relaxation time due to collective interaction of neighboring molecules for
a particular case (see also [41]) and showed that it is several dozen times larger than the
experimental values. It was therefore concluded in [41, 54] that the mechanism of vibra-
tional relaxation in nonassociated and weakly associated liquids is due principally to
binary collisions. It was shown in [45, 46] that there exist a number of liquids for which
explanation of the experimental data calls for the assumption that two or more relaxation
times are present.

The question of vibrational relaxation in molecular crystals have been studied even
less. Notice should be taken here of the work of Ovchinnikov and Zel'dovich [47, 48]. 1In
[47] estimates are made of the times of VV exchange of a highly excited quantum of an an-
harmonic oscillator with the lowest quantum, and it is shown that these times can be quite
long as a result of the large energy defect. Vibrational kinetics in molecular crystals,
which were simulated by anharmonic oscillators, was investigated in [48], where a distribu~-
tion function was found similar to the distribution function in gases at weak deviation from
equilibrium [21]. On the whole, the general situation for liquids in molecular crystals in
this region is such that, in contrast to gases, it is necessary above all to analyze the
foundations of the vibrational relaxation, i.e., to estimate the characteristic times of the
vibrational processes.

Various aspects of the application of vibrational kinetics, particularly to dissocia~
tion, molecular lasers, and chemical kinetics, were considered in [1, 49-61]. A new recent
trend is the focusing of attention on the important problem of the action of infrared (IR)
radiation on matter.

Artamonov, Platonenko, and Khokhlov [25] were the first to consider the possibility
of controlling a chemical reaction by acting on a selected vibrational mode of the molecule
with coherent IR radiation. The estimated laser power turned out to be quite sufficient
for an effective "heating" of the vibrations. Chemical reactions induced by IR laser radia-
tion were experimentally investigated in [62-64].

Theoretical investigations of the chemical reactions induced by resonant IR lasers are
the subject of [21, 26, 27, 65-72]. 1In [21] the dissociation rate constant is calculated,
and in [65] the dissociation rate and the energy reserve in a one-component system of
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harmonic oscillators is calculated, under the assumption that the energy dissociates via a
dissociation channel. In [69], similar calculations were carried out for anharmonic os-
cillators. The dissociation rate in the case of cascaded multiphoton excitation of oscilla-
tions by laser radiation with participation of VV and VT processes, for the harmonic and
anharmonic models of truncated oscillators, was calculated in [26, 27, 66]. 1In [67, 70]
the problem of dissociation of truncated harmonic oscillators in the case when high-power laser
radiation "chases" the molecules to the dissociation limit was considered. Quasistationary
adiabatic dissociation is considered in [71], where it is shown that the gas can be cooled
as a result of an endothermic dissociation reaction.

We note, however, that dissociation in the most intensive regime of strong deviation
from equilibrium and in molecule mixtures has hardly been considered. Since monatomic gases
and molecular mixtures are used in the experiments, and a very large amount of energy is
fed to the vibrational degrees of freedom when laser radiation acts on the substance, while
the temperature of the gas of the medium usually remains low, an analysis of this problem
under the indicated conditions is becoming vital.

A new field of application of vibrational kinetics is isotope separation in chemical
reactions of highly excited molecules. This possibility was first pointed out in [73],
where the isotope-separation coefficient was calculated under the assumption that each com-
ponent of the isotopic molecules has a Boltzmann distribution. Soon afterwards, Basov et
al. [74, 75] obtained an experimental confirmation of this phenomenon. On the other hand,
a quantitative study of this problem is possible only on the basis of the development of
the theory of vibrational kinetics in mixtures.

As emphasized in [1], one of the most important applications of vibrational relaxation
is the investigation of the operation of molecular lasers. A detailed analysis of the wvi-
brational kinetics of anharmonic oscillators has demonstrated the need for taking into
account the influence of the anharmonicity of the molecule on the physical processes that
take place in the laser medium. In the case of lasers based on vibrational—rotational
transitions of diatomic molecules (e.g., CO lasers), it turned out to be even impossible
to explain the lasing mechanism without invoking the anharmonicity of the working-gas mole-
cules. The theoretical investigations, however, were made in this case on the basis of a
numerical solution of a large number (from 20 to 80) population-balance equations [6-11,
52-54]. Tt is obvious that while this approach is indeed capable, in principle, of pro-
viding the necessary accuracy, its practical use is restricted.

The applied problems considered above are, in our opinion, the most vital. Therefore,
besides developing methods of vibrational kinetics on their basis, we have also carried out
a quantitative and qualitative analysis of the indicated applied problems.

CHAPTER 1

VIBRATIONAL KINETICS OF A SINGLE-COMPONENT SYSTEM
OF ANHARMONIC OSCILLATORS

A theory of vibrational relaxation is developed for a single-component system of an-
harmonic oscillators. An approximation based on a stong deviation from equilibrium is pro-
posed and obtained. Analytic expressions are derived for the distribution functions of the
populations and for the relaxation rates of the vibrational energy. The dependence of the
reserve of the vibrational energy and of the '"vibrational temperature' on the pump is in-
vestigated. The results of this chapter are based on [76-80].

1. Vibrational Distribution Function

A single-component system of anharmonic oscillators that simulate the gas of diatomic
molecules can have, under nonequilibrium conditions, a vibrational-level population dis-
tribution that differs substantially from a Boltzmann distribution. For the group of lower
levels there is realized the Treanor distribution (0.1), obtained under the assumption that
the only process in this system isVVexchange. Inreal systems, however, an import?nt role
is played for the highly excited states by the VT processes, by radiative transitions (for
radiating molecules), and by chemical reactions (e.g., dissociation). In the general case,
therefore, the vibrational distribution function should be obtained by solving a nonlinear
system containing a large number of population-balance equations (up to several dozen). On

246



the other hand, the known analytic distribution functions [19-23] describe only cases of
relatively small deviations of the vibrational energy from the equilibrium, when the princi-
pal role among the VV processes is played by nonresonant vibrational—vibrational exchange

of highly excited states with the lower quanta. The only exception is [23], but the

kinetic equations obtained there are not suitable for the case of greatest interest, that

of low gas temperatures, and the distribution function was obtained for a limited number

of vibrational levels.

To find the population distribution of the vibrational levels under nonequilibrium
conditions we shall use, following [22, 23], the diffusion approximation and assume a smooth
variation of the populations on going from level to level, In the derivation of the equa-
tion for the corresponding vibrational distribution function, however, we shall start from
the usual system of balance equations for the populations N of the vibrational levels n:

dN 1
n o2 § t , mil f 1 S ! y M+l »
dt ~ N (Q'rTHT?:; NmNnH - Qr?,t‘tlﬂm m+1’Nn) - “_‘N ( Q;n,nT; NmNn - Olznjll,r’tnNmHNn-I) _[‘
m m

+ (Pn+1.nNn+I - Pn,n+1Nn) - (Pn,n—an - Pn—l,n n—1) '+‘
+ Ansy, nNpsr — Anyny N, + Foy n=0,1,2,...,k. (1.1)

Here N is the density of the molecules; QE’?’ probability (in sec ') of the vibrational
»

exchange when a transition to the levels q and j takes place as a result of collision of
molecules located on the levels p and i; P;jj and Ajj, probabilities (in sec *) of the
collisional and spontaneous radiative transitions i=>j; Fp, a term describing the change

of the population of the n~th level on account of external actions (its form will be
specified later for electric and optical pumping); and k, total number of vibrational levels
of the molecule. Equation (1.1) takes into account only single=-quantum transitions, which
play the principal role in the population of the levels.

Transferring Fp in (1.1) to the left-hand side and summing over n from 0 to i, we ob-
tain

IN
2 < S Fn) = % Z(QﬁﬂHNmNHI — QU "N oparlVi) + Pisy,ilVisg — Pi,indVi + Aivy,ilV i1 (1.2)

dt

n=0

The physical meaning of (1.2) is quite simple: in energy space this is the total flux
of molecules through an arbitrary cross section between the energy levels i + 1 and i. The
probabilities of direct and inverse transitions in (1.1) and (1.2) are connected by the
usual relations:

QIiL™ = QT exp [— 2AE (m — i)/T], (1.3)
Pisy = Py expl— (E1 — 2AED/T]. (1.4)

Here T is the gas temperature (in °K) and E, and AE are, respectively, the values of the
lower vibrational quantum of the molecule and its anharmonicity (in °K).

We shall assume hereafter that the gas temperature is substantially lower than the
characteristic value (i.e., T <€ E.), and shall be interested in the populations of the
levels i such that

E, — 2AEi>T. 1.5)

In addition, we shall assume that exchange of vibrational quanta can influence the
level populations only when the resonance defect 2AE(m — 1) is such that

2AE |m — i| < T. (1.6)

If the populations vary slowly with changing number of the level, then the term
Pi,i+1Ni in (1.2) can be neglected if (1.5) is satisfied. We note also that condition
(1.6) is not stringent and is usually satisfied in a wide range of temperatures.

It is now convenient to change from (1.2) to the diffusion approximation. Considering,
for simplicity, a quasistationary regime and assuming that the external perturbations take
place only for the very lowest levels, we can set the left-hand side of (1.2) equal to zero.
We introduce a continuous vibrational distribution function f(i) such that
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, di
N =Nf(@), N = Ni(i) [1 + ﬂj (1.7)
Form (l.7) presupposes a smooth variation of the populations on going from level to
level, i.e., satisfaction of the relation
d In f(i)/di < 1. (1.8)

Expanding the exponential in (1.3) in a series of substituting (1.3) and (1.7) in
(1.2), we obtain, after replacing the summation by integration,

- Am,m dl ] dl | 2AE
\omme fom [ L — L8LE) o 278 0 )] am et Piyi - A s =0 (1.9)

. Relation (1.9) is an integrodifferential equation for the vibrational distribution
function £(i) in the quasistationary regime, and is valid if the relations (1.5), (1.6),
(1.8) are satisfied, i.e., under the conditions of interest to us. The main difference be-
tween (1.9) and the analogous equations of [22, 23] lies in the expression for the term
that describes the vibrational—translational relaxation, inasmuch as it was included in
(1.9) with relations (1.4), (1.5), and (1.8) taken into account. If we put Pjy4,,1i =0
in (1.9), then its solution is, as expected, the Treanor distribution function [2]

frp () = f O exp{— i[F-— ZE ¢ — 1))} (1.10)

where T, = E;/1n[£(0)/£(1)] is the "vibrational temperature'" of the first level, determined
from the overall nonequilibrium reserve of the vibrational energy of the system.

To solve (1.9) we must know the dependence of the probabilities on the number of the
vibrational levels. We shall henceforth use, for simplicity, mainly probabilities, where
the anharmonic effects are taken into account only in calculations of the exponential fac-
tors that give the most significant dependence on the energy, and consequently also on the
anharmonicity AE. If in this case, when determining the exchange probabilities, we take
into account only the short-range interaction forces of the collldlng molecules, we get
(1, 81, 82]:

3 1 .
{Zif'zﬂz(m—l—ﬂ(i—{—1)Qloexp(—6vv\i-—m|)[—2‘ —TGXP(—évvll—ml)],

. . , . (1.11)
Piy,i= (i + 1) Proexp Ovri),  Ain,i=({+ 1) Ar-
Here 8yy = 0.427V/u/TAE/a, u is the reduced mass of the colliding particles (in a.u,), «
is the constant in the exponential potential of the intermolecular interaction (in A). The
expression for dyp is similar, but u and o can be different if the VT processes are deter-
mined by collisions with the impurity gas.

An analytic solution of (1.9) with allowance for the last two terms can be obtained
only under certain approximations. Let us examine these approximations, transforming
(1.9) to differential form.

We discuss first the case of "weak" deviation from equilibrium. By this term we
designate a regime in which the principal processes for highly excited molecules are colli-~
sions with molecules in low vibrational states (this regime is analogous to that considered
in [19-21] in the discrete approximation). The main contribution to the integral in (1.9)
is then made by terms with small m. Substituting, therefore, function (1.10) in place of
f(m) as a first approximation, and integrating approximately, we obtain for f(i) the dif-
ferential equation

1 df __ Ex 2AEi AE 2 i_ 2 { Py R NS
T e (BB B e (=) g exp [y + dvn) ) )} (1.12)
This equation has a simple solution
E AE E. 2
10 =10 exp{— 1|2 — 520 — 0] — F(F —dwy) (1.13)
[ Py {exp [(5vv+‘5vq‘) ij—1} Ay [exp (dyyi) — 1] ]}
Quof (0) Byy + dyr) Quof (0) dyy

It can be shown that under conditions when (1.12) and (1.13) are applicable £(0) =
E,/T,. On the lower levels, owing to the low values of P;4/Q,0 and A;0/Qi0, expression (1.13)
is close to (1.10), as expected. We note that in distribution (1.13), at certain values
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of the parameters T, T;, P;o, Q:0, and A;o, absolute inversion of the population of the vi-
brational levels is possible. This inversion can exist only for states above the level
corresponding to the minimum of function (1.10). The number n* of this level is

. E T 1

It is necessary to bear in mind, however, that if i > n*, the terms containing P, and
A;o in (1.13) remain considerably smaller than the first term in the argument of exponen-
tial, then Eq. (1.13) cannot be used to calculate the distribution function. Indeed, in
this case, owing to the appreciable absolute inversion, the populations of the levels i >
n* will be comparable with the populations of the lower states, and the principal role among
the VV processes will be played not by exchange with the lower vibrational quanta (this was
assumed in the derivation of (1.13)), but by collisions of two highly excited molecules with
a small resonance defect in the quantum exchange. This situation takes place usually at the
strongest deviations of the vibrational energy from the equilibrium value, i.e., at low gas
temperatures and high values of T,. This will hereafter be called the regime of "strong"
deviation from equilibrium.

For the indicated case, Eq. (1.12) is not valid, and (1.9) can be transformed to dif-
ferential form in a different manner, by recognizing that at low gas temperatures the param-
eter 8yy (see (1.11)) is such that the exchange probability Q?;T+i has a sharp maximum at

m = i. This means that the main contribution to the integral in (1.9) is made by the
vicinity of the point i, where function f(m) can be expressed in terms of f(i) by expansion
in powers of (m — i) [23]:

. df (i . 1 d¥ (i .
Fomy= )+ LD m— iy 4 LD g (1.15)
Substituting (1.11) and (1.15) in (1.9) and integrating with respect to m, we obtain
one more form of the differential equation for the vibrational distribution function £(i):

R0 o+ 00 (25— S |+ Pu 4+ DT A+ 1) /=0, (1.16)

3
‘SVV di

Thus, the system with a large number of equations, of the type (1.l1), is replaced by
a single nonlinear differential equation of the third order. Even this circumstance alone
greatly simplifies the problem of finding the distribution function. Unfortunately, Eq.
(1.16) does not have a clear analytic solution. It is possible, however, to obtain an
approximate analytic solution for the levels i > n*, by recognizing that for a wide range
of the parameters T, T,, Qios Pio, Aio in the region i = n#*+

d?1n f/di? << 2AE/T. (1.17)
Under condition (1.17), the solution of (1.16) takes the form

i 183
P, T8y VT 4, T8y

. c s
10 =31 — @ TEsyy 171 0, AE L= (1.18)

Following [23], we determine the integration constant C from the boundary condition at
the point i = n¥*: )

10%) = 057 @) exp {—n* [F- — (0¥ — ) |} = 1O exp [ — ZF (n7y — 0.5 ] (1.19)

In this case it can be assumed with good accuracy that on the levels i < n* the dis-
tribution function takes the form (1.10). Only in a small vicinity of the point n* at i <
n* will the exact solution of (1.,16) differ from the Treanor solution (1.10) and go over
smoothly into (1.18).

One frequently uses in the calculations, besides (1.11), also probabilities in which
the anharmonic effects are taken into account approximately also when the preexponential

factors are calculated. In this case the probabilities Q?;T’i, Pit,,i and Az, ¢ in (1.11)

must be multiplied, respectively, by the factors

tWhen solving (1.16) it was assumed in [76, 77] that d® 1n f/di® = —4AE/T. A correction
factor must be introduced in the corresponding formulas of [76, 77] if the more accurate
condition (1.17) is used.
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Fig. 1. Dependence of the populations of the CO
vibrational levels, on the number i of the level,
in a mixture 0.2 torr CO + 6 torr He at various
gas temperatures (a) and in mixtures 0.2 torr CO +
p torr He (b) at an exciting-electron density
2.5-10° cm=°. 1) Present results, 2) numerical
calculation by Rich [6], 3) the Treanor distri-
bution [2] at T, = 1950 K, T = 150 K (a) and T, =
2050 K, T = 175 K {b).
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Equations (1.12) and (1.16) are also correspondingly modified, and the solution that
takes the place of (1.18) has the form

3 183
Nl Pu TV sypi . Ay T8y B 2AE \41 1—AEE, . 4
1@ = [C O 128B8y; ¢ T Qi 12AE BAE (1 A L) ] T t=>nh (1.20)

From the form of solutions (1.18) and (1.20) it is clear that they have no physical
meaning for the group of levels where f(i) < 0. This restriction on the domain of the
solution is due to the use of relation (1.17) in the derivation of (1.18) and (1.20), and
also to the fact that Eq. (1.16) itself is valid only for levels where (1.5) is satisfied.
We note, however, that the level populations for which (1.18) and (1.20) yield negative £(i)

are quite small and make no contribution to the overall reserve of the nonequilibrium vi-
brational energy.

Figure 1 shows a comparison of the distribution function calculated from formulas
(1.10), (1.19), (1.20) with exact calculations made in [6] by numerically solving 80 non-
linear balance equations. It is seen that the agreement is good for a large group of
levels. For levels i < n* the distribution is of the Treanor type (1.10), and at i > n*
no inversion of the vibrational levels is produced and the distribution takes the form of
a gently sloping plateau, this being due to the predominant role of the first terms in
(1.18) and (1.20). With increasing i, an ever-increasing role is assumed by the second terms
of (1.18) and (1.20), causing in the final analysis an abrupt decrease of the populations.
The number n** of the level corresponding to this sharp inflection in the distribution func-
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tion can be approximately determined from the condition f(n**) = 0. For nonradiating
oscillators we have

QIU 1ZA‘EﬁvT — GVTTL* +(n*+ ) QIO E(SVT

VTV
PyT8y T8,

f(0)ex [ E(n*P-—(l5]- (1.21)

Knowledge of the inflection point n** is important for the determination of the re-
laxation rate of the vibrational energy under strong nonequilibrium conditions. Thus, when
the conditions (1.5), (1.6), (1.8) are satisfied, the functions (1.10), (1.13), (1.18) and
(1.20) are the vibrational distribution functions, respectively, for the conditions of
"weak' and "strong' deviation from equilibrium. It is clear that with increasing reserve
of vibrational energy and with decreasing gas temperature, function (1.13) should be gradu-
ally transformed into (1.10), (1.18), and (1.20). The values of T, and T corresponding to
this change of regimes can be approximately determined from the condition that for functions
(1.10), (1.18), and (1.20) the particle flux through the level n* due to the nonresonant
vibrational exchange with the lower quanta is equal to the flux due to the quasiresonant
collisions with the mclecules on the levels n > n*:

n¥—-1

3 OmERI e = 3 OFIH ()] () (1.22)

Substituting in the left-hand side of (1.22) the function (1.10), and in the right-hand
side the expression

AE
14ﬂy—aﬂ,

1
Fom) = =1 =1 (0) exp [—
we obtain after approximate summation

B N e RS

The dependences of T,/E, on AE/T, satisfying the condition (1.23) at various 8yy, are
shown in Fig. 2. The obtained curves divide the plane of the points (T,/E,, AE/T) into two
regions corresponding to the regimes of "strong' and "weak' deviations from equilibrium.
The upper region, where the right-hand side of (1.23) becomes larger than the left-~hand
side, corresponds to the 'strong' deviation from equilibrium, and the vibrational distribu-
tion function is determined in this case by expressions (1.10), (1.18), and (1.20). For
the points (T,/E,, AE/T) from the lower region, the inequality is reversed, meaning a weak
deviation from equilibrium and a distribution function either in the form (1.13) (for
T,/E,>1) or in the form obtained in [19, 21] (at arbitrary T,/E,).

The entire preceding analy51s %flthe distribution functions is based on the assumption
that the exchange probabilities Q1+_ i are determined only by the short-range interaction

forces of the colliding molecules. However, for molecules having a nonzero dipole moment,
in collisional exchange of quanta with a small resonance defect, an important contribution
to the exchange probablllty can be made by a long-range interaction force [14, 82-84]., 1In

this case, the quantity Q m+; is equal to the sum of the probabilities calculated with
+1,

account taken of short—range and long-range forces. If the anharmonicity is taken into
account here only in the calculation of the exponential factors, then we can write in place
of (1.11) [14]

ATt = (m -+ ) (i + 1) {0% exp (—dvv [i—ml)
[—3— — %exp (— Oyv]|i— m]):l + Qlyexp[— Avv (i — m)2]} , (1.24)

2
where Q?o and Q%o are the probabilities of resonant exchange for the lowest levels O and 1,
calculated with account taken respectively of only the short-range and long-range forces,
and Ayy is a parameter determined by the temperature of the gas, by the masses of the
colliding particles, and by the character of the long~range forces.

When (1.24) is used in place of (1.11), analytic expressions can be obtained also for
the vibratiocnal distribution function at "strong" deviation from equilibrium. In this
case, the calculation is perfectly analogous to that considered above and reduces in final
analysis to replacement in (1.16) and in Eqs. (1.18), (1.20), and (1.21) of the quantity
Q1o by %an where the factor x is calculated from the equation
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2. Vibrational-Energy Relaxation Time

The concrete form of the distribution function obtained in the preceding section is
determined by the deviation of the vibrational energy of the molecules from the equilibrium
value. In a system of harmonic oscillators, the relaxation time of this energy does not
depend on its magnitude, and in accordance with the well-known Landau—-Teller expression, is
determined only by the probability P,, of deactivation of the first vibrational level. On
the other hand, for anharmonic oscillators under nonequilibrium conditions, owing to the
repopulation of the upper levels, where the deactivation probabilities are large, the re-
laxation time can be substantially decreased and, furthermore, depends on the reserve of
vibrational energy. An exact calculation of this time, just as in the case of the dis-
tribution function, can be made only numerically, is very cumbersome, and has so far been
performed only for individual cases [2, 4, 5]. On the other hand, the analytic expressions
obtained in [24] are mainly purely qualitative in character and can be used in practice
only for a "weak'' deviation from equilibrium.

We turn now to finding an analytic expression for the relaxation time of the vibra-
tional energy in a system of anharmonic oscillators at an arbitrary deviation of this energy
from equilibrium. We carry out the analysis for a single-component system, or else for a
diatomic molecular gas partially diluted by a gas of structureless particles. Multiplying
(1.1) by n/N and summing over all n, we obtain an equation for the rate of change of the

k
average reserve of quanta e = (2, nNﬂ) /N per molecule:
n=>0 /
3 L k 1
1 L
___‘f;t = —— Y PrainlNon + 5 'n.E_—:o Pu nilNo — 5

n=0

tvjw

n

I

k
4
Ansa, nﬂ*WE nky. (1.26)
Py}

0

In this section we are not interested in the last term of (1.26), which describes the
energy pumped into the vibrational degree of freedom from external sources, and consider
only the change of the reserve of quanta on account of vibrational—translational energy ex-
change (the first two terms) and spontaneous radiative transitions (third term).

For a harmonic oscillator, relation (1.26) assumes after summation the known Landau—
Teller form. For low gas temperatures T < E, and for large deviations from equilibrium,

we have in this case
har

deldt = — el — Ay, Tvr = PLi. (1.27)

For an anharmonic oscillator, if the probabilities are chosen in form (1.1l), the
radiative relaxation e, as can be easily seen from (1.26), does not depend on the form of
the distribution function and, just as in the case of the harmonic model, is described by
the second term in (1.27). However, the rate of vibrational—translational energy exchange
can depend substantially on the form of the vibrational distribution function and, as will
be shown below, exceeds (by up to several orders of magnitude) the rate given by (1.27). To
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find this relaxation rate, we start from the distribution functions (1.10) and (1.18).
Changing in (1.26) from summation to integration, and taking (1.5) and (1.21) into account,
we obtain for nonradiative oscillators

K

d S By g 30 R ] Qy,-6AE

T“;z—z)m&zeéwf(z)dlz—Pm[Swﬁ‘TfTr()d P"pll:m (n* 1+ 1) 2 (n¥), (1.28)
0 0

where fr,.(i), n*, f(n*) are defined by (1.10), (1.14), and (1.19). It was taken into
account in (1.28) that the populations of the levels i > n** are low and do not influence
the relaxation rate.

To represent the relaxation rate de/dt in form (1.27), we calculate also the value of

% nEk n*
R PRI S if (i) di = S i (0) di + (0% + 1) ] (n%) (0% — 0¥ — &%), (1.29)
TN == 0 0

Further transformations connected with the calculation of the integrals in Egs. (1.28)
and (1.29) are more conveniently carried out for different values of the parameters

VAE/T|n* — 1 + SyrT/2AE|. Usually this parameter exceed unity. In this case £(0) =~ E,/T,,
and approximate integration in (1.29) yields

ex~f (0) —§— f @*) (=¥ + 1) (n**— n* — Ov%). (1.30)

Calculating now the integral in (1.28) and using (1.30), we obtain a general expression
for the VT relaxation time

TiT — Py {(% —dvr) " %) [ (4 4 Syrn®) exp (Byzn* 4 0.5) +

(1.3L)

2
Qu 6AE o x  1yaf2(n* /[i n*1 1 ) (n** __p*— 8711
B e U || 00 D1 )] -
The calculation (tyTP,¢) ' in accordance with Eq. (1.31) for pure CO gas in the mix~
ture 3.27% CO + 96.87% He at different parameter T, and T is shown in Fig. 3. It is seen that,
with increasing T/T,, the relaxation rate for the anharmonic model begins, starting with
a certain instant of time, to exceed substantially the corresponding value for the harmonic
model,

Expression (1.31) can be substantially simplified by considering various relations be-
tween the reserve of vibrational quanta on the levels i < n* and n* {1  n¥**, If T,
and T are such that the entire energy is concentrated mainly on the levels n* < i < n*#
(case of large deviation from equilibrium), then the first term in (1.30) and in the factors
in (1.31) can be neglected, and we have for TyT

6AE (n* + 1) _
rr = QT ) (¥t ), (1.32)
or, taking (1.19) into account, we get
1 6AE B, n*1 _BE o
= e B [ o] 0.3

Equations (1.32) and (1.33) clearly illustrate the fact that in the case of strong
deviation from equilibrium the vibrational—translational energy exchange in a system of an-
harmonic oscillators is produced mainly via levels that are close to the level n**, where
the populations are still relatively high, and the probabilities considerably exceed (by a
factor exp(Sypn " for the level n**) the corresponding values for the harmonic model.

It is also seen from (1.33) that, in the limit, the relaxation rate can be determined
not by the value of P,, but by the probability of the vibrational exchange Q:,. Physically
this is explained by the fact that in the case of rapid deactivation on the levels in the

e . f% 1! " P . .
vicinity of n the role of the ''bottleneck'" for the transition of the vibrational energy
to the translational degrees of freedom is assumed by the rate, governed by the vibrational
exchange, of supply of molecules to these levels. It is of interest to note that in this
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Fig. 3. Dependence of the quantities 1/1yTP,o (curves 1-3) and
1/7y7Qi0 (curve 4) on T/T, for the mixture 3.2% CO + 96.87 He
(curves 1 and 2) and for pure CO gas (curves 3 and 4) (1 — T, =
1850 K, 2-4 — T, = 3000 K).

Fig. 4. Dependence of 1/tyTQ,o on the He pressure in the mixture
0.2 torr CO+ptorrHeat T,; = 3000 K and at a temperature T equal
to 300 (curve 1), 400 (curve 2), and 500°K (curve 3).

case the dependence of tyT on the gas temperature T can differ greatly from the usual law
TN exp(A/T‘/s) and has a nonmonotonic character. The dependence on the gas pressure can
also be unusual. Thus, in a gas mixture, when the probability P,, in the investigated gas
is determined by collisions with the impurity gas (e.g., in typical laser mixtures CO + He),
the time tyrT may nonetheless not be inversely proportional to the concentration of this
impurity, and can change only very little (see (1.33)). The dependences of 1yT on the
temperature and on the pressure of the impurity gas under strong nonequilibrium conditions
are illustrated by curve 4 of Fig. 3 and by Fig. 4, respectively.

Expression (1.31) becomes simpler also when the vibrational energy is concentrated in
the lower levels i < n*. If at the same time the principal role in (1.28) is played by
the second term in the right-hand side, then we obtain for typ

q 6AEE?
= Qu :

Ty T8%y T}

(v + e exp| — 2F oy —1]. (1.34)

Finally, in the case when the vibrational—translational energy exchange takes place
on the levels i < n¥*, we have

1 T,\~2 2AE AE
For = Pro {(1 — vy _E"i") +— (* — 0.5)" exp [— — (*) + ‘SVTn*] 1+ Svrn*)} . (1.35)

In many practical cases, the second term of (1.35) can be neglected; this indicates that the
n*
integral g iexp (Syri)fp, ({)di 1is insensitive to the upper integration limit. Then (1.35)
0
coincides with the expression obtained in [24]. The relation (1.35) can be used to calcu-
late the relaxation rate of e also in the case when the distribution function is of the
form (1.13).

We note that the value f(0) = E,/T, and expressions (1.30) and (1.35) were obtained

n#
under the assumption that for the level group 0 < 1 < n* the sums of the type 3 f (),
i=0

n¥ n¥
D iexp(Bvri)f(i), and Nif(i) can be replaced by integrals. Such a replacement is possible
i=0 i=0

if E,/T, < 1. However, the fact that the integrals turned out to be insensitive to the
upper limit of integration makes possible a direct approximate summation of the indicated
expressions, and hence a generalization of the results to the case of low temperatures
E;/T; > 1. Indeed, when the vibrational temperature T, is decreased to values at which
E,/T, > 1, the population of the level n* decreases and consequently the sums, just as the
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integrals become insensitive to the upper summation limit. This means that the energy for
the level group 0 < i <{ n* is concentrated mainly in the very lowest states i <€ n¥,
Since the anharmonicity is still not strongly manifested here, it follows that, by using in
the summation in the region 0 < i < n* a Boltzmann distribution with the temperature T,,
we obtain for £(0), € and tyr in place of (1.30) and (1.31)

F(0) = 1 — exp (—Eu/Tv),
o = o B + 1 (%) (0 - 1) (% —n* — 67),

1 —exp (— EYTy
exp (— £y/Ty) 62E |t & 1) F (n*)2. (1.36)

6 1
TWJ—HJ@M—ﬂN—&WﬁAWW+Qmm%

Thus, expressions (1.36) together with (1.19), (1.14), and (1.21), which determine
the values of f(n*), n* and n**, yield for the anharmonic-oscillator model analytic de-
pendences of £(0), of the reserve of vibrational quanta e, and of the relaxation time TyT
on the vibrational temperature in a large interval of values of T,. They clearly illustrate
the difference between the anharmonic and harmonic models. This difference is largest in
the case of "strong" deviation from equilibrium. In the case of "weak' deviation equi-
librium, from n** =~ n¥*, the expression for the quantum reserve ¢ is the same for both
models, and tyr coincides in this case with the value given in [24].

Equations (1.30)-(1.36) were obtained under the assumption that the parameter
VAE/TIn* -1+ GVTT/ZAEI > 1. It can be shown that if the inverse inequality holds, prac-
tically the entire vibrational energy is concentrated on the levels i > n*. To calculate
the relaxation rate in this case, we can therefore use Eqs. (1.30) and (1.33), but we must
remember that f£(0) is no longer equal to 1 — exp(~E,;/T,;) but, as can be easily shown, is
determined from the relation

F(0) = [n*e™3 In (n¥*/n*)|7 (1.37)
We note, however, that this case is very rarely realized in practice.

To conclude this section, we present at the value of the parameter YAE/T|n* — 1 +
SyTT/2AE| > 1 equations for £(0), e, tyr and for the time 1R of the radiative relaxation of
€, obtained on the basis of the distribution function (1.20) as well as allowance for the
anharmonic effects in the preexponential factors for the probabilities of the processes:

£(0y =1 — exp (—E+/Th), (1.38)
E=1 ?Eﬂc(;)_—(fl‘—g;;’l) + C(n**—n*) — 5:; lexp (Syrn**) — exp (Syrn*)] +
b Ay [P (0%) — P (), (1.39)
2 = P (LA BB Cfexp (dvrn™) — exp (bvrn®)] —
—-2;3T[exp(26VTn**)——exp(26VTn*ﬂ + 63; [&Xn**)exp(avrn**)"~§1(ﬂ*)exp(5VTn*ﬂ}, (1.40)
T Aol TR ATy O It ) — )
— o [ (1) exp (Svan*™) — & (1%) exp (Syrn®)] + 4 kI (%) — m* (*¥)1} (14D
We have introduced here the notation
C = e FO)exp [ — S (0 — 0.5 ] —Aan (n¥) -+ Poexp (dvrn),
Po=%1—2?%—;, A0=-gi"’——f§:ﬂé—%, n(n) =1 —njk,
B ) = 16 () + e (1) F ey ) Gy 1)+ e
Ba ) = 0°(0) + e W () + s 1)+ (s (1.42)

The quantity k is the total number of vibrational levels of the oscillator, and their
values n* and n** are determined from (1.14) and from the condition that the function
(1.20) vanish:
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Poexp (8,,0%%) = C 4+ At (n*¥). (1.43)

The first terms in the right-hand sides of (1.39)-(1.41) yield e, e/tyr , and e/1R for
"weak' deviation from equilibrium. The presence of terms containing P, and A, is due to
allowance, in the course of the calculation of the quantum reserve and of the relaxation
times, for the second and the third terms in the right-hand side of expression (1.20) for
the distribution function. In many cases these terms can be neglected. Expressions (1.39)
and (1.40) then become close to (1.36), thus indicating that the quantities e and e/Tyr are
insensitive to anharmonic effects in the preexponential factors for the probabilities. Only
the radiative relaxation time tp becomes a weak function of T;, if the probabilities are
chosen in the form Ay« = 4 1) 4y (1 —ﬁEE—nY/ (1 ——-AEE—-n) , and differs from TR ~ Aje.

1 1

3, Dependence of the Vibrational Energy and of the "Temperature"

T, on the Excitation Probability

One of the important aspects in the study of selective "heating" of oscillations is an
analysis of the nonequilibrium reserve of vibrational energy (or of the parameter T,) on the
pumping probability. By determining these dependences we ascertain the external-source
power necessary to obtain one degree of "heating' or another, and what the limiting 'heat-
ing" can be at all, i.e., the energy capacity of the investigated vibrational degree of
freedom in the saturation regime.

This question has been recently considered in a number of papers [25-32, 66], using
for the analysis either the harmonic model [25-32] or the model of truncated anharmonic
oscillators with the assumption of a weak deviation from equilibrium [66]. However, as
will be shown in the present section, for real molecular systems, in many cases at low gas
temperatures the dependence of the vibrational energy on the pump and its limiting values
can differ substantially from those obtained in [25-32, 66].

To solve this problem it is necessary at first to obtain the definite form of the terms
Fp (see (1.1), (1.2), (1.26)) that describe the pump. For simplicity, we assume hereafter
that the pump does not change total number of particles and acts only on the vibrational
levels 0 and 1.* In this case the last term of (1.26) takes the simple form

(W oN1 — WaulVy)/N, (1.44)

where Wo; and W,o are the probabilities (in sec ') of excitation and deactivation of the
first vibrational level under the influence of the external action. In the experiments
this action is usually either electron impact (e.g., in an electric-discharge CO-molecule
laser) or absorption of infrared laser radiation (e.g., in experiments on initiation of
chemical reactions by laser radiation). In excitation by electron impact

Wop = < 61V > R, (1.45)

where 0o; is the cross section for the excitation of the first vibrational levels by the
electrons, and ng and v are the density and velocity of the electrons, respectively; the
averaging is over the electron distribution function. 1In the case of a Maxwellian distribu-
tion with temperature Te, the values of Wo, and W, are connected by the usual relation

Wy = Wi exp(— Ei/T,).

In optical excitation, the probability Wo: is proportional to the intensity J of the
absorbed laser radiation, and is given by
6-1021g. 4,

(1.46)
Ain

Wi, secmt==

Here Av is the width of the absorption line (in sec '); q, fraction of the radiation-absorb-
ing molecules on the vibrational level: J, expressed in W/em?; Ao, Sec . and E,, °K. It
can frequently be assumed with good accuracy that W,o = Wo:.

We turn now to a determination of the dependence of ¢ and of T, on W;o. For the
stationary case, with allowance for (l.44) and for the relation between Wio and Wo,, Eq.
(1.26) can be written in the form

*The generalization to other cases is not a fundamental problem and can be easily realized.
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e/tyr + e/t = Wref (0) lexp (— EvT,) — f(1)if (O)1. (1.47)

In the case of optical pumping we must put Tg = = in (1.47). In a regime far from
saturation, f(1)/£(0) = exp(—E,/T;). However, in order for the balance equation (1.47) to
describe also the saturation regime, it is necessary to take into account also the possible
distortion of the distribution function (i.e., of the value of £(1)) by the pump. For this
purpose, taking the pump into account, as well as the fact that Ajo, Pyo << Qi0, will ob~
tain the ratio £(1)/£(0) from Eq. (1.1) written out for n = 0. Substituting its value in
(1.47), we obtain

k k
exp (— EyT,) D) Qfp ™ (m)— ¥ QF™f (m + 1)
m=o

g £

+ = = Wif (0) = - (1.48)
v Tr > m, m+1 ¢
W 10 —L 2 ng, 7 (m)
m==0
Owing to the decrease of Qrf(’,m-!"1 and f(m) with increasing m, the main contribution

to the sum in (1.48) is made by terms with small m, for which the distribution is still
close to the Boltzmann distribution. Taking this into account, we obtain after approximate
summation

k
éo 10 mﬂf(””) = Q19,
¢ = [1 — exp(— Ey/T)/[1 — exp (— EyT1 — 8yv)I*. (1.49)

Substituting now (1.49) in (1.48), we obtain a final expression, which jointly with
(1.36) (or (1.38)-(1.43)) determines the dependence of T, and of ¢ on Wy, in a wide range
of values of W,o*:

Wi _ (e/Tyr +&/TR) P
Qi Quof (0) [exp (— EyT,) —exp (— Ey/T1)| ¢ — &/Tyr — &/Tg )

(1.50)

By way of illustration, the T:(W:0) and c(w.o) dependences were obtained by a numer-
ical method from (1.50) and (1-38)-(1.43) at various temperatures and pressures of the
gas, for the pure gases CO and HCl, as well as for the mixture CO + He. The results of the
calculation are shown in Fig. 5. For comparison, this figure shows the analogous depen-
dences for the harmonic as well as for the anharmonic model, but considering only 'weak"
deviation from equilibrium (this corresponds to inclusion of only the first terms in ex-
pressions (1.39)-(1.41)). It is seen from the figure that at relatively low pump proba-
bilities, when T,/E, << 0.4-0.7, ¢ << (1-3)+10 !, the harmonic and anharmonic models give
identical results. But further increase of W;6/Q;0, however, for the harmonic model and con-
sideration of only the 'weak" deviation from equilibrium yield for e, and particularly for
Ty, substantially overestimated (by several orders of magnitude) values. Thus, the emergy
capacity of a reservoir of real anharmonic molecules-oscillators under strong nonequilibrium
conditions turns out to be considerably smaller than predicted on the basis of the simplest
molecular models. The physical reason is that in a system of anharmonic oscillators, in
selective "heating" of the oscillations, the regime changes from "weak" to "strong" devia-
tion from equilibrium. As a result, owing to the repopulation of the highly excited states,
the relaxation rate of the vibrational energy increases, and this leads to a sharp decrease
in the growth rates of € and T, with increasing pump.

From a comparison of curves 4 and 4' in Fig. 5c it follows that whereas for radiating
molecules at low pressure and with "weak" deviation from equilibrium the values of ¢ and T,
are determined by the radiative decay of the levels (initial section of curve 4'), in the
regime of "strong" deviation from equilibrium the vibrational relaxation has a purely
collisional character (curve 4 and 4' merge into omne). Physically, this is due to the fact
that in this case the dissipation of the vibrational energy proceeds via the upper levels,
where even at low pressures the collisional probabilities for the VT processes exceed the
radiative probabilities.

*We note that in the saturation regime f£(1)/£(0) = exp (—E,/Tg). Therefore, in the case of
saturation the quantity T, contained in (1.36), (1.38), (1.43), (1.48), (1.49) should be
taken to mean the vibrational temperature for the levels 1 and 2, i.e., T, = E,/In[f(1)/

£(2) 1.
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Fig. 5. Dependence of the reserve of vibrational quanta e (a)
and T;/E; (b, c) on the pump power W,o6/Q:o without allowance
(ay, b) and with allowance (c¢) for the radiative transitions
for the different molecules. Curves 1-3) CO in a mixture 0.2
torr CO + 6 torr He; 4, 5) pure CO (pressure 0.2 and 1 torr,
respectively); 6) pure HCl at various gas temperatures (curve
1 - 150, 2 — 200, 3-6 — 300 K). a) Continuous lines — an~
harmonic model, dash—dot lines — harmonic, b) dashed lines —
calculation for anharmonic model in the approximation of only
"weak'" deviation from equilibrium, ¢) curve &' — calculation
for pure CO and T = 300°K without allowance for radiative
transitions.
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parameters dyy.
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When He gas is added to CO as an admixture, owing to the strong increase in the rates
of VT processes, the values of T, (curves1l-3on Fig. 5b) and & (curves 1-3 on Fig. 5a) de-
crease substantially in the regime of "weak" deviation from equilibrium. In the case of
"strong'" deviation, however, the temperature T, is insensitive and e is little sensitive
to the pressure of the admixture gas. The reason is that the time 1TyT is determined in
this regime mainly by the rate of supply of molecules to the upper vibrational levels, i.e.,
by the probability Q,o (see the preceding section).

It is seen from Fig. 5 that at W;0/Qi0 = 1 the values of ¢ and T, saturate. The
saturation regime follows directly from expression (1.50) if its denominator is equated to
zero. Physically, however, the presence of this regime is due to the fact that the energy
input to the system is limited by the rate of its spreading over the entire vibrational
spectrum, i.e., by the exchange probability Q,, [26, 27].

An analytic expression can be obtained for T§4t in the saturation regime in the case
of "strong" deviation from equilibrium. Neglecting in (1.50) the terms that describe the
radiative relaxation, and equating the denominator to zero, we obtain for optical pumping
at saturation

ety = 12 (0) ¢Qup- (1.51)

If we use for ¢ and tyy in (1.51) the 31mp11f1ed expressions (1.36) with "strong"
deviation from equilibrium, we obtain for TSa

sat -1 ’
N 7Y 2.2..———”‘"*’2] _ AT (1.52)
E, T 763, % T J

with the factor (n*)?/¢ in (1.52) a function of Tfat. Since, however, Tfat depends weakly
on (n*/p, we can put (n*)¥¢ =~ T%*(2AE)® in the practical calculations; this corresponds to
a value T, =~ E;.

Thus, as follows from (1.52), in the saturation regime T,S8t does not depend on the
probabilities of the processes and is determined only by the parameters dyy and AE/T. This
conclusion differs qualitatively from the results obtained in the analysis of the harmonic
model, where T$8Y/E; = VQ,0/P;0 [25-27]. The independence of TS2t of the probabilities
for the anharmonic model is explained by the fact that in the saturation regime, at a
"strong" deviation from equilibrium, both the rate of energy input into the system and the
rate of energy dissipation are determined by the same probability Q,o. The dependence of
Tsa /E, on AE/T at different values of 8yy is shown in Fig. 6.

Equation (1.50) makes it possible to obtain the analytic T, (W,o) dependence even ahead
of the saturation regime. At low pump probabilities, when the harmonic and anharmonic
models yield identical results at Tl/El < 1, we have [26, 27]

Pn—rA|
7 =1 (P (1.53)

For "strong" deviation from equilibrium, using (1.36), we obtain

T, 20E | Ty Qu AE@HE]  AE -1
= {l/ mL e T } T} . (1.54)

It is seen from a comparison of (1.52) and (1.54) that the saturation regime is reached
at Wi/Qyp = ¢ (T )

On the whole, the results obtained in this chapter indicate that the vibrational re-
laxation in the case of "strong" deviation from equilibrium differs qualitatively from the
relaxation at low pump intensities. These data can serve as a basis for the analysis of
high-power lasers operating on vibrational—rotational molecule transitions and for the in-
vestigation of the action of laser radiation on matter.

CHAPTER II

VIBRATIONAL RELAXATION IN MOLECULAR MIXTURES

Vibrational relaxation is investigated in binary and ternary gas mixtures. The dis-
tributions of the vibrational energy among the components, the relaxation channels of this
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energy, the rate of vibrational exchange, and the vibrational distribution functions in

each of the components are studied. The results of this chapter are based on [76, 80, 85-
87].

1. Quasistationary Distribution in the Presence of Two VV' Channels

In contrast to a single~component oscillator system, the vibrational relaxation in a
mixture has not yet been sufficiently fully studied even within the framework of the model
of harmonic oscillators. It is therefore useful to study some interesting features of the
vibrational kinetics of molecular gas mixtures on the basis of the simpler harmonic model
in the present section and in the next two. The analysis for the anharmonic model will be
carried out later on. :

We shall show that in contrast to the previously considered cases [2, 20, 34, 36, 37]
in which a nonstationary distribution existed with one channel for the exchanges of quanta
between different modes, such a distribution can occur also in the presence of two and more
relaxation channels for processes of this type.

We consider a binary mixture of gases of diatomic molecules A and B, simulated by
harmonic oscillators, with molecule densities Njp and N and with vibrational-quantum ener-~
gies Ep and Eg. Let Ep > Ep, and let single-quantum and two-quantum exchange be possible
between the oscillators A and B. In two-quantum exchange, two quanta of the oscillator B
go over into a single quantum of oscillator A (the generalization to the case of exchange
of a larger number of quanta is obvious). Assuming a fast VV' process which leads to es-
tablishment of Boltzmann distributions with temperatures Tp and T between the modes A and
B, the relaxation equations for the average number of vibrational quanta ep and €p per
molecule can be written in the form

= VR [en 1+ ) — a0+ em)oxp (AT [ 4 M0 [ (1 e a1+ emrexp (AR )]

E, oo
L (NAPA + NoPA®y [1 — exp <~ _15_)] (% — ea) + NLA n\‘;‘, nd 2, (2.1a)
d :f E, —E E,—2Eg\T
D NaQi[eh (1 + o) — ea (1 empexp (A7 )| — 2NAQR [eh(1 + ) — e (1 + entexp (A )

E ; x
+ (NAP + NoPil) [1 —exp(— —TB—)] (eh —es) + 35— )" nJ7, (2.1b)
n==0¢

where €5 = [exp(Ep/TA) — 1]7%, ep = [exp(Ep/Tg) — 1]°*, €4 and ef are the equilibrium (at
the gas temperature T) values of ep and eg. The first two brackets in each of the equations
of (2.1) describe, respectivelX single- and two-quantum exchange with probabilities Qs?,
Q3% (per molecule), and P44, P;% and P24, PBB are the probabilities (per molecule) of the
VT processes for the deactivation of the first vibrational level of molecules A and B when
they collide with molecules A and B. The last terms in (2.1) describe the pumping pro-
cesses, with JpA and JnB the rates of formation of the molecules A and B on the n-th vibra-

tional level.

Since Ejp > Ep, we shall assume hereafter for simplicity that the vibrational—transla-

tional relaxation is effected only through molecules B (i.e., we put Pé% = Py = 0).

We consider first the case of energy pumping into the vibrational degrees of the mole-
cules by means of short pulses of duration Tpyl << tyT, TVv'. The vibrational relaxation
process in such a system is described by system (2.1) without sources, but with nonequi-
librium initial conditions. Let Tyv' <€ tyT, then for instants of time t such that tyy' <
t << 1yT, the solution of (2.1) in the zeroth approximation can be obtained by putting
PBA = PEB = 0. As seen from (2.1), in this case a stationary solution at Ty, TR 7 T (mean-
ing the existence of a quasistationary distribution) is possible only when there is only
one channel for the VV' processes with exchange, e.g., of m quanta of oscillator A for n
quanta of oscillator B. (In the considered example m = 1 and n = 1 or elsen = 2,) The
quantity

neaNa -+ megNp = const (2.2)

is conserved, and the temperatures Tp, Tp, T are connected by the relation
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mELTy — nEp/Ty = (MEy — nEg)/T. (2.3)

This relation was obtained in a different manner in [37] and is a generalization of
Eq. (0.4) to the case of multiquantum exchange of two oscillators.

In the presence of several channels for the VV' processes, there is no stationary
solution (2.1) with Tp, Tg = T at P?% = P§§ = 0. Even here, however, one can speak in a
number of cases of a definite relation between the densities Np and Np of a quasistationary
distribution. Let, e.g., the probabilities Q5% and Q2% in (2.1) be of the same order, and
let Ng > Nj. Then, considering times t > 1z ~ (NpQsl) ', (NgQ3%)~ ', we can assume with
good accuracy that in Eq. (2.la) we have e = const, and the connection between T, Tg, and
T can be obtained from the condition

dea/dt = 0. (2.4)

0f course, in this case deg/dt 7 0, but the time variation of ep in (2.la) can be
neglected if the increment of the vibrational energy in B within a time on the order of Ty
is small compared with the energy itself, i.e.,

|dep/dt | T4 << €. (2.5)

-1

This equation, with allowance for (2.1b), can be written at 1z ~ (NpQ3$% in the form

g EA—ZEB>

N
e (1 4+ ) — 2 (1 en)? oxp (A (2.6)

Inequality (2.6) yields the necessary relation between the densities, at which a quasi-~
stationary distribution of the vibrational energies of the components is possible as a re-
sult of the VV' processes that take place simultaneously through two channels (single- and
two-quantum exchanges). The time 1, is the characteristic time for the establishment of
this distribution. An expression connecting in this case the temperature Tp with Tg and T
was obtained in {20]. The result is of interest primarily because the distribution of the
energy between the different modes in VV' processes that proceed effectively through two
and more channels, in contrast to the case of a single channel, turn out to depend on the
relative densities of the components. :

At a constant pump (Tpyl > TyT, Tyy') a stationary solution of (2.1) with Tp, Tg # T
always exists. In the general case, Tp and Tg are connected not only through the gas tem-
perature T, but also through the concentrations of the components and the source power.
Let, e.g., the excitation of the molecular vibrations be effected by collision with the
electrons of molecules located at the zeroth vibrational level (0-»n transitions). In this

case
T{;ié\n - [1——exp(——jﬁ—:—)}E[Won——Wnoexp<__%A_)]ne_ (2.7)

n=g n=0

Here ngWopn and ngWpo are the probabilities (in sec™ ') of the excitation and deactivation of
the n-th vibrational level of the molecule A, and n, is the electron density. A similar
expression holds also for the molecule B.

It follows from (2.1) and (2.7) that Tp and Tp are determined by the relation between
Na, Np, and ng. At large values of Np the pump in (2.la) can be neglected, and the remain-
ing parts of (2.la) are connected only with Tp, T, and T. This connection, with the VT
processes neglected, is given by expressions cited in [20].

2. Relaxation of Vibrational Energy in VV' Processes

As seen from (2.1), in a mixture of molecular gases, in the presence of several
channels for the exchange of vibrational quanta between different species of molecules in
the absence of sources and of VT processes, the only stationary solution of a system of type
(2.1) is a solution corresponding to the equilibrium state for which Tp = Tz = T. This
means that in such a system, at an initial nonequilibrium value of the total vibrational
energy, relaxation will take place to an equilibrium energy even in the absence of the
usual vibrational—translational exchange. In the considered case of a binary mixture of
gases A and B (Ep > Ep), the mechanism of establishment of complete statistical equilibrium
via only VV' processes includes exchange of energies between the vibrational and transla-
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tional degrees of freedom, which takes place, e.g., when two quanta of molecule B go over
into one quantum of molecule A, followed by a transition of a quantum of molecule A into

a quantum of molecule B (i.e., in accordance with the scheme 2Eg+Ep-~Eg). In this process
the number of quanta ep and ep (or a certain combination of them of the type (2.2)) is not
conserved, and the difference of the vibrational energy between the initial and final states
is compensated by the change of the translational energy.

Let us ascertain under which conditions and in which molecular mixtures can the rate
of relaxation of energy via the VV' process exceed the corresponding rate for the ordinary
VT processes. For a binary mixture with close molecular masses and concentrations N, the
characteristic time 1yy of the energy relaxation on account of the VV' processes is on the
order of .

tyy: ~ LN min (Qx1, Qh)l,
therefore the highest rate of relaxation via the indicated channel takes place in a molecu-
lar gas mixture for which

Q1 =~ Q- (2.8)

To estimate the probabilities, we shall use Herzfeld's expressions [41], and take into
account in them only the most significant expomential dependence on the energy:

Py~ CiVhexp (— 3a*EY + Eg/2T),
Q¥ =~ CoViViexp [— 3a*/s(Ex — Eg) + (Es — Ep)/2T], (2.9)
Qo= CsViVhexp [— 3¢’ (2Ep — Eay/> 4 (2B — E)/2T).

Here g = 0.32vnu/T/a, @ is a parameter in the exponential potential of the intermolecular
interaction exp(—c¢r) (in K“), p is the reduced collision mass (in a.u.); T, Ep, ER are ex-
pressed in °K. The squares of the matrix elements VK, Vﬁ and the factors C;, C2, Cs depend
relatively weakly on the quantum energy, so that we can assume that C; = C; = Cs, V; ~
V3.
Practical interest attaches to the variant
. (2.10)
Ex = (1.5 + ) Ep,

where n < 1, inasmuch as only in this case can we expect satisfaction of (2.8), meaning
also of the condition P, <€ Qo%, Q39. Substituting (2.10) in (2.9), expanding the arguments
of the exponential in powers of n and retaining only first-order terms in n, we obtain

n=(nVi)(Ep/T — 5.05a’HE¥). (2.11)
At this value of n, the ratio
Qul/P1o ~ tyr/Tvy

is maximal:
(Qo1/P1o)max = Vi exp (1.14a*EY* — Ep/4T). (2.12)

Expressions (2.11) and (2.12) were obtained for the case when ¢Ep, a(Ep — Ep), a(2Ep —
Ep) > 20. When the inverse inequality is satisfied, we can use in place of (2.9) a simpler
(linear in the argument of the exponential) dependence of the probabilities on the energy
defect [21, 81]. In this case we obtain in place of (2.11) and (2.12)

—~ 2 ) 4 ' a 2 aliy Ep
'Y]N(IHVB) /(T_TaEB>, ( Pm_>max~VB GXP( 5 T AT ) . (2‘13)

It follows from (2.12) and (2.13) that at typical values of Vg, Ep, u, anda the condi~
tion Tyr > 1yv', which corresponds to predominant relaxation of the energy via the VV' pro-
cesses, is as a rule not satisfied for a binary mixture. It can take place only at low gas
temperatures T < 300°K and for molecules with large values of the vibrational quanta Ep =
3000°K (it is necessary here, of course, to choose mixtures for which the condition (2.8)
would be satisfied).

The situation can change significantly, however, in the presence of three and more
vibrational modes with quantum energies Ej satisfying, e.g., the condition
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E1<E2<E3<...<Ek<2E1' (2.14)

Condition (2.14) is quite typical of vibrational modes of a polyatomic molecule. In
this case, owing to the relatively small energy defects 2E; ~— Ex, Ex - Ek~1, ««.y E2 — E;
the rate of the summary VV' process, which follows the scheme

2E1 —*Ek—éEk_l' ... -—)El, (2-15)

can be high enough. Confining ourselves to the case aA& <20 (A€ is the maximum defect of
the vibrational energy in collisions in accordance with the scheme (2.15)), and assuming
that Q35 (2E;»Ex) =~ Q3Y(Ex*Ek-1) =~ «+. ~ Q53(Ez»E,), we obtain for a mixture of k vibra-
tional modes

. kE—1
Tvr \ PR op [El (a — __21T ) — ] . (2.16)
TVV', max
It is seen from a comparison of (2.13) and (2.16) that the condition Tyt > tyy' in a
multicomponent mixture of oscillators can be satisfied for a much larger class than in
binary mixtures.

Thus, the process of establishment of complete statistical equilibrium on account of
VV' processes alone, in accordance with the scheme of (2.15), may turn out to be decisive
in polyatomic systems in a number of cases. Naturally, such a mechanism can play in this
case a role in the relaxation of systems where the vibrational temperatures T{ = T. In
the opposite case, the equilibrium will always be established as a result of VT processes.

3. Energy Distribution in Gas Mixtures at tyy' ~ 1yT. Role

of Concentrations

We consider a three-component mixture of diatomic gases A, B, and C. The vibrational
relaxation in such a system, simulated by a mixture of harmonic oscillators with vibra-
tional-quantum energies Ep, EB, Eg, is described in the single-quantum transition approxi-
mation by the equations

(PlANA+ P Ng + P NC)[l——exp<————>](eA._sA)+
- QIAB) Ny [en (t + e2) — ea (1 + enyexp (227 72)] +

X

QRO Nesot + ea) —ea (1 £ ec)exp (27 )| + - Y it

=)

de Ey
2 = PRV + PRy 4+ PN 1 —exp(— =) eh — en) — 2.17)

— Qu(AB) Na [SB (1 4 ea) —ea (1 + en) exp <—-:T-E—->] + Q8 (BC) N¢ [30 (1 + es) — ep (1 - ec) exp (__—_EE_)] ,
o (PN + P Vot P NG) |1 —exp (— 3_)] (&% — ec) —

— QN (AC) V4 [a, (1 +ea) —8a (1 -+ ec)exp (—————)-l — Qs (BC)Ng [sc (1 4 es) — e (1 -+ &¢) exp (____Eg-)] .

The notation here is similar to that in (2.1), and the pump is included for simplicity
only in the equation for ep. The stationary (but not equilibrium) distribution of the vi-
brational energy in all three components A, B, and C is determined from the solution of
system (2.17) at

dep/dt = degldt =.dec/dt = 0.

Just as before, it is necessary to assume that T is constant, i.e., that the energy
flux due to pumping into the translational degrees of freedom should be offset by the out-
flow of heat from the system.

Equations (2.17) contain the concentrations of the components, so that in the general
case the relation between the vibrational temperatures Tp, Tg, Tc will change with changing
Na, N, Ng. Only in the particular cases 1tyy < Tyt << 1yy' and 1yy, 1yv' << tyT will there
be no such dependence. If 1yy £ 1yr £ 1VV', Wwe always have Tg = T¢ = T, and if tyy,

Tyv! <<€ 1yT the connection between Tp, TR, and I¢ is determined by the Treanor relations
[2], i.e., by formula (2.3) with m = n = 1., The purpose of the present section is to study
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the dependences of the vibrational temperatures on the concentrations for the case tyy' ~
TVT .

We consider the specific three~component system N;—0,—NO and its particular case, the
binary mixture Nz—02 (Ey, = 3357 K, Eg, = 2240 K, ENp = 2700 K). We assume that the pumping
is by electron collisions. Since the excitation cross section for collisions of an electron
with N, greatly exceeds the corresponding cross sections for O, and NO, we take into
account the pump only in N. (therefore the index A in (2.17) pertains only to N, B per~
tains to 0z, and C to NO).

The probabilities used in the calculations are given in [85]. They were taken from
the experimental papers (see the review [88]) or were calculated from the semiempirical
formula of Milliken and White [89]. We note that in accordance with the results of the pre-
ceding chapter, the energy relaxation rates can increase as a result of the VI processes
considerably at Tp, T, Tg > T because of the actually existing anharmonicity. Here, how-
ever, the calculation will be carried out only for the case of a relatively high temperature
T = 800 K. In this case the deviation from equilibrium is '"weak' and the change of the time
TyT can be taken into account in accordance with Sec. 2 of Chap. I by multiplying the
probability P,o by the factor [1 — exp(-Eoz/Toa)]z[l — exp(—Eg,/Tp, + Syr)] °. For the term
in (2.17), which describes the pumping by electron impact in N;, we used the expression

1 ©0 A . . . ENz\ _ *&
e ;;¢J,1~5 10 ne[1 exp<-— TNg )}[1 1.1exp( TNZH' (2.18)

The system of equations (2.17) for the stationary case dey,/dt = deg,/dt = deyo/dt = 0
were solved with a computer for Ty,, Tg,, TNo at ng = 10° cm™?, at different Ny.» No,s NNO
concentrations, and at a gas temperature T = 800 K.

Binary Mixture, The dependence of the vibrational temperatures Ty, and Tp, on the
nitrogen concentration Ny, at different values of Ng, is illustrated in Fig. 7. This de-
pendence can be understood from a qualitative analysis of system (2.17). At low concen-
trations Ny, the probability of transfer of vibrational quanta from N; to 0: is much less
than the probability for the VT processes in 0O:z:

Nyx,02(Ny— 0y) < P ONo, + NPy (2.19)

Since there is no pumping by electron impact for O; (J% = Q), To, = T, and the vibra-
tional temperature in N; is constant and is determined by the ratio of the rate of elec-
tronic pumping (meaning also n,) and the deactivation energy. The latter is determined at
NN, /Ng, < 0.1-1 by the VV' process, inasmuch as in this case

No.,Q¥ (N, — 05) > Py N, + P "No.. (2.20)

From the ratio of the pumping rates and deactivation rates it follows that at low Ny,
the constant value of Ty, is determined by the ratio ng/Np,. With increasing relative con-
centration Ny,/Np,, the flux of the quanta in O, on account of the VV' process increases,
inequality (2.9) no longer holds, and the vibrational temperature Tg, increases. However,
with further increase of Ny,, the VT processes on account of the collision of Nz and 0
with N, and 0; become predominant, and both vibrational temperatures begin to decrease.

Thus, allowance for the VT processes in the case of tyy' v TyT causes the simple re-
lation (2.3) between the vibrational temperatures of the components to be replaced by a
more complicated expression that depends on the concrete relations between the pumping rate,
the rate of the VT processes, and the rates of the VV' processes in the forward and
backward directions, which are determined in turn both by the gas temperature and by the
concentrations of the components.

The Three-~Component Mixture Np—0,—NO. Role of Impurities. The substantial dependence
of the vibrational temperatures on the component concentrations, which was demonstrated
with the binary mixture N,—O, as an example, is due primarily to the low rate of the VV'
processes. One can expect an increase of this rate, effected in some manner, to lead to a
redistribution of the energies amongthe vibrational modes, so that the relation between the
vibrational temperatures will approach (2.3). For a binary mixture of molecules with vi-
brational quanta Ep > Ep, Ep < 2Ep and one~quantum exchange between the different types of
oscillators, an increase in the rate of the VV' process between A and B can be realized by
introducing into the gas impurity molecules with vibrational quantum Egc such that Ejp > E¢ >
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Fig. 7. Dependence of the vibrational temperatures of nitrogen Ty,
(curves 1 and 2) and of oxygen Tp, (1', 2') on the concentration
NN, at different concentrations of 0.. 1, 1') Np, = 10*® cm 3

2, 2') No, = 10*7 em™®., T = 800 K, ng = 10° em™>.

Fig. 8. Dependence of Ty, (curves 1-3) and of Tp, (curves 1'-3') on
Nyo at different values of Ny, and No,. 1, 1') Ny, = No, = 10*°
em™®; 2, 2') Ny, = Ng, = 10*°"em™?; 3, 3") Ny, = Ng, = 10*7 em™,

T = 800 K, ng = 10° cm 2,

Eg. In this case the exchange Ejp 2Ep can proceed via impurity molecules, Ep=2Ec:2Ep, and
since the exchange probability satisfies usually in this case the relation Qg}(AB) <
Qs3(AC), Qi%(CB), the total rate of the VV' process for A and B can increase substantially.

An illustration of the foregoing is the mixture N,—0:~NO (Ey, > ENo > Eg,). Figure 8
shows the dependence of Ty,, Tp, on the concentration, calculated for different values of
No,, Ny, and NOg/NNa =1, It is seen from the figure that when NO is added, increase in
the rate of exchange between the O and N, causes the vibrational temperature of the oxy-
gen first to increase. The appearance of a maximum and the subsequent decrease of Tg, as
well as of TN, with further increase of the NO concentration are due to the increase in the
rate of the VT processes in the collisions.

It is important to mnote that a noticeable change of Tp,, as follows from Fig. 8, takes
place when small amounts of the impurity are added (on the order of several percent of the
total concentration). In the case of arbitrary mixtures, the sensitivity of the non-
equilibrium distributions of the vibrational energy to the impurity additions, which change
the ratio of the vibrational temperatures of the modes, making it closer to (2.3), will be
larger the greater the increase in the rate of the VV' processes upon addition of the im-
purities.

Thus, by changing the concentrations of the individual components in the molecular-gas
mixture and by introducing different impurities with corresponding choice of energies of the
vibrational quanta, it is possible, under equilibrium conditions, to alter judiciously the
distribution of the vibrational energy among the components. This is a very important cir-
cumstance since it uncovers a possibility of controlling various physicochemical processes
that depend substantially on the nonequilibrium energies of the vibrational modes, e.g.,
chemical reactions with participation of vibrationally excited molecules. Nor is it ex-
cluded that catalytic and inhibiting properties of impurities in a number of chemical re-
actions are due precisely to the action of these impurities on the relative reserves of the
vibrational energies of the molecules that participate in the reaction.

Another region where a practical application of the "controlling" action of the impuri-
ties is possible is chemical lasers, particularly lasers based on the mixture DF—CO. or
HF—CO0z. In these lasers, exothermic chemical reactions produce vibrationally excited DF or
HF molecules. As a result of the VV' processes the vibrational energy from these molecules
is transferred into the asymmetrical mode of CO;. This produces in CO, a gap between the
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vibrational temperatures of the asymmetrical and symmetrical modes, and the gap is suffi-~
cient to produce inverted population and lasing on the 00°1+10°Q transition.

Rough estimates, however, show that owing to the large energy defect in the nonresident
vibrational exchange DF—0;(vs), HF-CO,(vs) the rate of this exchange is comparable with the
rate of the VT processes, and this limits the favorable possibility of raising the tempera-
ture of the asymmetrical mode v; in CO; and the lasing power. Addition of DF-CO; of C
molecules with quantum energy Ecg, < Ec < Epp (e.g., HBr molecules) to the binary mixture
should apparently increase the rate of the VV' process and improve the operation of the
laser. At the present time, however, owing to the absence of reliable values of the
probabilities for a number of processes, a detailed analysis of the distribution of the
vibrational energy in a system of the DF—CO,—HBr type is impossible, and the performance
of an appropriate experiment is most useful here.

The high sensitivity of the partial vibrational temperatures to the concentration of
the impurities makes it also possible to raise the question of diagnostics of the decisive
stages of various chemical or physical processes, but this group of questions calls for
additional research.

4. Vibrational Distribution Function of Anharmonic Oscillators

in a Mixture with a Rapidly Relaxing Molecular Component

Besides the distribution of the total reserve of vibrational energy among the various
modes, which was analyzed in Secs. 1-3 of the present chapter for molecular mixtures, great
interest is attached also to the distribution functions of the populations within each of
the modes. For the model of harmonic oscillators in a quasistationary regime, these are
Boltzmann distribution functions [30]. For the anharmonic model the situation, of course,
is different but the distribution within the modes was analyzed only for two particular
cases: when the role of the VV' predominates [39] (the distribution function in this case
is of the Treanor type (0.1)) and with account taken of the VT processes, but for a regime
with a slight deviation from equilibrium [19]. The purpose of this and following sections
is to investigate the distribution functions in a binary mixture of gases of diatomic mole-
cules A and B under substantially nonequilibrium conditions.

To find these functions we add to the right-hand sides of the kinetic equations (1.1)
for the oscillator A terms that describe the quantum exchange between A and B

; (QREANEN Ry — OESMENR LN + g QL ENRLNA — QR HANEND), (2.21)

where ag’g  is the probability (in cm®*sec” ') of quantum exchange between molecules A and B;

*
N%,B are the population densities of the p-th level of the oscillators A and B; Ny and Np
are the total densities of oscillators A and B.

Equations (1.1), which take into account terms of the type (2.21), must be supple-
mented by a system of equations for the level populations of the oscillator B. In the
general case, it is difficult to solve such a system analytically. For a “strong' deviation
from equilibrium in both oscillators, this system can be reduced in principle to two coupled
nonlinear equations of third order (see the next section). Here, however, we consider the
case when the impurity oscillators B are rapidly relaxing, so that the populations in them
are at equilibrium and are described by a Boltzmann distribution with a gas temperature T.
This case is of practical interest when a study is made of relaxation in molecular mixtures
containing a gas of polar (and consequently rapidly relaxing) molecules.

Since we are considering only low temperatures T << Ep, Ep (Ep and Ep are the charac-
teristic temperatures for the lower quanta of the oscillators A and B), we can confine our-
selves, owing to the rapid decrease of the populations on the upper levels of the oscilla-
tors B, to allowance for the vibrational exchange between A and B with participation of only
the lowest quantum of the oscillator B, and can neglect the transfer of energy from B to A.
01 NE, .
ifFi1,1i, i+:

We note that the influence of the gas B on the vibrational relaxation in the oscilla-
tors A depends on the relation between Ep and Eg. Thus, if Ep < Ep, the probability

Y
After summing (2.21) from O to i we then obtain NEQ
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01+1 decreases because of the increase of the resonance defect with increasing i. It
follows therefore that the VV' processes influence in this case mainly the vibrational
temperature Tp of the oscillators A, without changing the form of the distribution in A.

If Ep > Ep the situation can be different. In this case the probabilities Q +1 i are
maximal at exact resonance, i.e., for me determined from the expression
Eg = Ejx — 2AE m,. (2.22)

The determination of the distribution function in the oscillators A is similar to this
case to that considered in Sec. 1 of Chap. I. It is then convenient to specify the ex-

change probabilities agiz,i in the simplest form, analogous to (1.11):

0 = Qi + 1) exp [8asmo — | 8aB (mo — 1) |1, (2.23)

V]
where Q,, is the probability (in cm®*sec” ') of the transfer of a quantum from A to B be-
tween the very lowest levels, Spg = O- 427V TAEA/a, and me is given by (2.22). Taking
(2.21) and (2.23) into account, 1t'lsnecessary to add in the right-hand side of (1.16) the
term .

N(?am exD (Mmedar — dap|mo — i) (I + 1) f(2). (2.24)

Under the condition me > n* the solution of such an equation i > n* for nonradiative
oscillators is of the form

B Qm exp (GABmo) 5:%/VT

C Py T8y exp (Byri) N
O TQuTIAES s G F D)

10 =757~ G TBE 8 G D) exp (Ban|mo — i) sign(mo —1).  (2,25)

The integration constant C, as before, is determined by joining together the Treanor
functions (1.10) and (2.25) at the point i = n*,

The last term in (2.25) describes in fact the influence of the rapidly relaxing im-
purity on the distribution function for the oscillators A in the case of a "strong" devia-
tion from equilibrium in A and under the condition me = n%. As seen from (2.25), the influ-~
ence can be very substantial in a number of cases.

5. Distribution Functions in a Mixture under Essentially

Nonequilibrium Conditions

We turn now to an analysis of the vibrational distribution functioms in a binary mix-
ture of molecular gases A and B for strong deviation from equilibrium. We obtain first for
this regime differential equations analogous to (1.16). If we add to Eq. (1.1l) the term
(2.21) which describes the VV' process, then, summing (1.1) over n from 0 to i, going over
to a continuous distribution function of the type (1.8), and replacing the summation by
integration, we obtain in place of (1.9) an integrodifferential equation for the distribu-
tion functions £(i) in the oscillator A. This equation differs from (1.9) by the presence
of additional terms

[dln]A(l) _ dinfg(m) E, — Ep—2AE i +-2AEgm i{dm " 26)
T - .

am

B P1+1 w‘i‘ N SQﬁlnl 1fB (m)

An equation for fg(i) can be written out also in analogy with (1.9) and (2.26). The
system of such simultaneous integrodifferential equations is very complicated to analyze.

,
But if it is recognized that at low temperatures of the gas the probabilities Q@;?TQ(AB)
have a sharp maximum at resonant VV and VV' energy exchange, then these equations can be
rewritten in a differential form similar to (1.16). For this purpose, specifying the proba-

+ +
bilities Qj}, i (AA) and 37T AB) in the form (1.11) and (2.23) and expanding £ (m)
in a series in the vicinity of the point m = i, and fg(m) in the vicinity of the point m =
mi = me + (6AB/SBA) we obtain after integrating in (1.9) with respect to m with account

taken of (2.26)

3QuNas 4 |,. 28E @2 1n /4 (i) ,
_;—AW{( ) f"& (l) [ di: }}—I—A P1+1 1fA(l) "\szlth(L)TAHl 'Lf&()
vv | (2.27)
2 d .
L 2 poawei )1 i) - ) o [ LR T
AB Iz
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A second equation that connects fp and fp can be obtained in similar fashion.

A system of such two nonlinear coupled differential equations has a lucid approximate
analytic solution if the concentration of one of the components greatly exceeds the con-
centration of the other. This case is also of practical interest, since it makes it pos-
sible to estimate the coefficient of separation of the isotopes in chemical reaction of
vibrationally excited isotopic molecules with a considerable excess of a definite isotope
in the initial mixture of molecules (see Chap. III).

Let, e.g., Np > Np. Then the system of equations of type (2.27) breaks up into two
independent equations. The distribution function fg(i) is formed in B—B collisions, and the
equations forit, as well as the approximate analytic solution, coincideswith (1.16) and
(1.10), (1.18). On the other hand, a simplified equation for fp is obtained if one neglects
in (2.27) the terms that contain N). The solution of such an equation with account taken
of (1.10) and (1.18) is ’

N AE, PAB 854 ¢ osp (8pampdm; | AEBAFA
fa(i) -C2{IB<HM-+’ AE, l) exp[—~ 5 2 S(mi+-ﬂfg(mﬁ J} ) (2.28)

The integration constant C; is determined from the normalization condition Eﬂﬁa@)==L
1

If the exponential factor in (2.28) is approximately equal to unity and AEB/AEA;zl, then
it is seen that f, "duplicates’ the function fg with a shift amounting to several levels.
Physically this is explained by the fact that fp(i) is formed in resonant processes of
quantum exchange between A and B.

6. Rate of Energy Exchange in a Binary Mixture of

Anharmonic Oscillators

It is clear that anharmonicity of the oscillations can exert an influence not only
on the distribution function, but also on the rate of exchange of vibrational quanta between
different modes. In the case of harmonic oscillators, the term responsible for the single-
quantum VV' processes in the relaxation equation (2.1) for the reserve of vibrational quanta
is the first term. To obtain an expression that replaces this term for the anharmonic
model, it is necessary, after specifying the probabilities of the processes, to calculate
the distribution functions fa(n) and fp(k), by multiplying Eq. (1.1) with allowance for the
added terms (2.21) by n, and sum over all the n. Since, however, in the general case it is
difficult to obtain analytic expressions for fa(n) and fp(k) in a gas mixture, we confine
ourselves below to weak deviation from equilibrium for both oscillators and to the case
when the impurity gas is rapidly relaxing. In the first case, as indicated above (see
Chap. I, Sec. 2, as well as [24]), it is possible to use Boltzmann distribution functions
in the summation and take the anharmonicity into account only in the expressions for the
probabilities.

We obtain, after specifying the probabilities of the VV' processes in the form (2.23),
the rate of energy exchange between anharmonic oscillators with Ep > Eg. If it is assumed
that me is relatively large, then upon summation in (1.1) the expression (2.23) for the ex-
change probability can be additionally simplified by leaving out the absolute-value sign.
We than obtain

(dea/dt)vy: = — QroNop (E/T A, — 048) @ (En/TB, 084) {exp (— Ea/Ts) — exp[— Es/Ts — (Es — En)/T1]}. (2.29)
The function ¢ (z, y) in (2,29) is defined in analogy with (1.49):
9z, y) = (1 —e/(1 — ™) (2.30)

It is seen from (2.29) that the presence of anharmonicity increases the rate of energy
exchange in oscillator A and decreases it in oscillator B. Physically, the reason is that
at Ep > Ep the exchange of the upper quanta in A with the lower quanta in B becomes more
effective in anharmonic oscillators om account of the improvement of the resonance condi-
tions. At the same time, in exchange of the upper quanta in B with the lower quanta in A,
owing to the increase of the resonance defect, the rate of exchanges decreases.

Expression (2.29) can be generalized also to the case of multiquantum exchange, if m
quanta of oscillator A are exchanged with n quanta of oscillator B when the molecules A and
B collide. 1In this case we obtain
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1 —exp(—E,/T,) ) 1 —exp (— Ep/Tg)
[1 —exp (— E, /Ty + mdp)]™** [t —exp(— Ep/Ty — mSBA)]"“

de,

(,T)VV’ = NB@% X

Eg mE, — nEy (2.31)
X [exp (— mEA/Ts)— exp (— nﬂ— — —f———)] .

It is easy to show that if Ej < Ep then the expression for (dep/dt)yy' takes the form
(2.29) or (2.31), but 6pp and 8ps have opposite signs.

In the case when the impurity gas B is rapidly relaxing, we can obtain an expression
for the rate of transfer of vibrational energy from A to B even without assuming a 'weak"
deviation from equilibrium in A. If at the same time we use for the distribution function
A expressions (1.10) and (2.25) (without taking the second and third terms in the right-
hand side of (2.25) into account), then after summation and integration in (2.21), we ob-
tain in the same manner as in Sec 2 of Chap. I

de ~ E E c
<d—f>w,z—zvaomcp (Ti’“‘”“)exp (” 73') T 5,y [6XP (Gapn™) —exp (Bapn®)] for  Ex>>Ep  (2.32a)

(dea/dtyvv- = — NuQ109 (Ea/T s, 8an) exp (— Ea/Ta) for  Ex<Eg. (2.32b)

The constant C in (2.32) is the same as in expression (2.25), while n* and n**% are de-
termined from (1.14) and from the condition that the right-hand side of (2.25) vanish.

To conclude this chapter, we note that the foregoing analysis of the vibrational relaxa-
tion in gas mixtures is to some degree fragmentary. However, although the equations of
vibrational kinetics for the mixture of anharmonic molecules cannot be solved in general
form, an analysis of concrete particular cases demonstrates the need for taking into account
the real anharmonicity in practical problems. At the same time, these results give grounds
for an analysis of the energy distributions that exert a substantial influence on the course
of the physical-chemical processes (e.g., on the rate of a chemical reaction) and on the
operation of various physical devices (e.g., chemical lasers), as well as for an analysis
of the possibilities of a judicious action on this distribution.

CHAPTER III

APPLICATIONS OF VIBRATIONAL GENETICS

We consider the applications of the analyzed vibrational-relaxation theory questions
to concrete problems such as the calculation of the rate of nonequilibrium dissociation in
a gas of diatomic molecules and in a mixture of molecular gases, the calculation of the iso-
tope separation coefficient in chemical reactions in which vibrationally excited molecules
particulate, as well as an investigation of processes in a carbon dioxide electric-dis-
charge laser.

1. Dissociation of Diatomic Anharmonic Molecules in Selective

"Heating" of the Oscillations

One of the most vital problems whose analysis is connected with the use of the results
of Chaps. I and II is the action of monochromatic radiation on matter and the possibili-
ties of stimulating and controlling chemical reactions in which infrared laser radiation is
absorbed by a gas.

The simplest chemical reaction whose rate can be calculated as a function of the power
absorbed in the vibrational transitions is the dissociation reaction. In this section we
investigate the dissociation of diatomic molecules in selective "heating' of the oscilla-
tions. (We note that selective "heating' can be produced not only by optical methods but
also, e.g., by electric pumping.) We consider here the case, not analyzed so far, of
"strong" deviation from equilibrium, which leads to the largest reaction rate and is con-
sequently of greatest interest for the problem of initiation of chemical reactions by laser
radiation.

We shall regard dissociation as motion of molecules upward in energy space over the
vibrational levels, followed by a transition of the levels from the boundary level k to the
continuous spectrum.
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For a Morse oscillator, the value of k is connected with the energy E, of the vibra-
tional quantum, the anharmonicity AE, and the dissociation energy D by the relation

= 2D/E1 =~ E1/2AE. (3.1)

The dissociation rate is proportional to the population of this level, and its calcu-~
lation calls for knowledge of the distribution function (up to the level k). Unfortunately,
at so "strong" a deviation from equilibrium it is difficult to obtain exact analytic ex-—
pressions for f£(i) in the entire vibrational spectrum range, and the function £(i) obtained
in Sec. 1 of Chap. I is suitable only when i < n**%, where n** is determined from expres-
sions of the type (1.21). The situation, however, is facilitated by the fact that at i >
n** the principal role is assumed in the formation of f(i) by VT processes and by dissocia-
tion. Therefore the distribution here should be close to a Boltzmann distribution with the
gas temperature T and is distorted by the dissociation process. Assuming that this dis-
tortion is the same as in the case of equilibrium dissociation, we can write for the rate
constant Kp(T;) of nonequilibrium dissociation

Kp (T)/Kp (T) = f ()/f (i,T) for i> n*¥*, (3.2)

where Kp(T) and £(i, T) are the rate constant of the dissociation and the distribution func-
tion at equilibrium with temperature T. The value of Kp(T) for the anharmonic-oscillator
model can be calculated by following [90]. If at the same time the probabilities of the
processes can be chosen in the form (1.11), then we obtain

Kp (T) = Pyokf (0, T)V 4AE/aT exp (— D/T + kSyr) [1 + @ ()17, (3.3)

where x = SypvI/4AE, &(x) is the error function. Since we are interested in the case T <<
E,, we have then £(0, T) = 1. The nonequilibrium function £(i) at the point i = n**, for
the case of "strong" deviation from equilibrium, can be approximately estimated by using
expression (1.18) and neglecting in it the terms that describe the influence of the radia-
tive and VT processes. Taking this into account and using a Boltzmann function for f(i, T),
we obtain from (3.2) and (3.3) the value of Kp(T,):

Ey— AEn®*

KD(Tl)zKD(T)%%—[i — exp (—— %)] exp[ 7 n** — ATE (n*)2—0.5]z

~ Puk (v + 1) )/ o [1 —exp (— ) (o> + D11 + O @7
><exp[—%—]—kﬁvrﬁ——g’——_—%—g—n-*iiz**——ATE(n*)"— 0.5], (3.4)

where n* and n** are calculated from relations (1.14) and (1.21).

We note that expression (3.4) differs from the analogous formulas for Kp(T,), obtained
earlier in [3, 21]. This difference is due to the substantial difference between the vi-
brational function of the type (1.18) and the functions obtained in [3, 21] for the case of
"weak' deviation from equilibrium.

The dependence of the rate constant Kp on the pumping probability W,o and its value at
saturation can be easily obtained by using (3.4) and expressions (1.54) and (1.52) for
T,(Wy0) and T,S8t, It is clear, of course, that the result is valid if the dissociation
process itself does not influence the reserve of vibrational energy, since Eqs. (1.52) and
(1.54) were obtained for such a case.

In the more general case, the quantities T,(W,o) and T,53% must be calculated by adding
to the left-hand sides of (1.47) and (1.48) the term Kp(T,)D/E,, which describes the dissi-
pation of the vibrational energy by dissociation. However, since the time tyy of the energy
relaxation on account of the VT processes decreases considerably with increasing T,, the
existence of such a regime becomes difficult and is possible only at a definite relation
between the molecular parameters Q;o/Pio, AE/T, 8yy, SyT, and k. Let us obtain this rela-
tion, assuming that to overcome the energy dissipation due to dissociation it is necessary
to satisfy the condition

Kp (T)D/Ex > eltyr. (3.5)

Substituting here the expressions (3.4) and (1.36) for Kp(T,) and e/tyr, we obtain the
condition imposed on T, and necessary to satisfy (3.5):

7,  T% 4AE dyqT T 1o ))]‘/z AR
Ti—}—ELl-={[——T—-(]IIB1—6VT(]€—-W—VA_EIUBz - 4 (3-6)
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where

_ Qi 12AE -
= Fe g, o W[t (e
2281 Y AE/wT

b= =mmrom

We note that condition (3.6) is quite stringent and it can be far from always satis-
fied, since the temperature T,, which can be obtained by increasing the pump, cannot exceed
the value of T,52t given by Eq. (1.52). Thus, the regime 1n which the energy dissipation
is effected by dissociation is possible only if T,8at > T*. Substituting for these tem~
peratures their values (1.52) and (3.6), and assuming that k/n** = 1, [1 — exp(—E,/T,)]>/
[1 — exp(~E,/T, — Syy]® = 1, we obtain a relation between the parameters Qio/Pio, AE/T,
8yv, 6yr , and k at which the indicated regime is satisfied. For a pure gas, when SyT = Svyv,

we obtain
Qu . / 2AE T ST 2k6vv 5E 3
P—m‘/m%v»xp{aw [k ik (e )/ 5E) (3.7)

Figure 9 shows, on the plane of the points (k, Q,0/P;o) at different Syy and AE/T, the
"demarcation" lines obtained from (3.7) with the equality sign; they divide the plane into
two regions of values of k and Q;0/Pio. The inequality (3.7) is satisfied, and consequently
the dissipation of the energy from the system proceeds mainly via dissociation at values of
k and Q;0/P,o that lie in the lower right-hand region. Estimates carried out for the HCl
molecule at 300K (k =25, AE/T=0.25, Q:0/P.10=1.6-10% [91, 927, Syy =0.43 [93]) show that
the nonequilibrium dissociation of this molecule is slow and does not influence the energy
balance. On the other hand, for the CO molecule at T = 300 K the point (k, Q,;0/Pi0o) of
Fig. 9 will lie in a region where dissociation can exert an overwhelming influence on the
relaxation of the energy only if the long-range forces of molecule interaction are taken
into account in the calculation of Q,, (this leads to an increase of Q;¢).

The degree of selective action by laser radiation on the rate of a preferred chemical
reaction is determined also by the conditions for the maintenance of a low gas temperature
in the course of the reaction. It is clear that the transition of vibrational energy from
the vibrational mode "heated" by the radiation to the translational degrees of freedom
leads to a lowering of the selectivity. The most favorable regime must therefore be taken
to be the one in which the investigated chemical reaction takes place within a time shorter
than tyT.

Figure 10 shows for pure molecular gases CO and HCl the dependences of the parameter
Kp(T:)1yT, which determines the ratio of the rates of two competing processes (dissociation
and vibrational—translational relaxation) on the pumping probability. It is seen that even
in the saturation regime (at W;o/Q;0 > 1) it is impossible to produce dissociation within
times shorter than tyT. In the general case, on the other hand, the requirements imposed
on the parameters Q;o/P,o, AE/T, 8yv, SyT, k and needed for such a rapid dissociation are
also stringent, since it is clear that it is even more difficult to satisfy the condition
Kp(T:) > 1yt than relation (3.5).

The obtained conclusions pertain, of course, only to the dissociation reaction. It is
obvious that for other reactions, with account taken of vibrationally excited diatomic
molecules, large rate constants under nonequilibrium conditions are possible provided the
steric factor of the reaction is large enough, and the activation energy of the reaction
is such that in the saturation regime we have &,  <{n**[E1 — AE (n** — 1)].

2. Nonequilibrium Dissociation in a Mixture

As shown above, it is difficult to effect rapidly (within a time of the order of tyT)
nonequilibrium dissociation in a single-component system of diatomic molecules. This cir-
cumstance decreases considerably the possibility of controlling the dissociation process
by "heating' the oscillations by laser radiation, inasmuch as the radiation energy goes
over in this case to the translational degrees of freedom. More promising therefore is the
use of polyatomic molecules with selective heating of some preferred vibrational mode as the
chemically active components. Rapid dissociation becomes possible in this case if it is
due to predissociation of the molecules from such vibrational levels of this mode, for which
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Fig. 9. Demarcation lines that separate the values of the molecu-
lar parameters (k, Q:o/P;o0) at different Syy and AE(T into regioms
into which dissipation of vibrational energy via the dissociation
channel is possible (region to the right of the curves) and im-
possible (to the left of the curves). The dissociating molecular
gas is assumed to be diatomic and single-component (8yT = Syy).

1) AE/T = 0.25, 2) AE/T = 0.0625.

Fig. 10. Dependence of the parameter Kp(T;)tyT on the pump power
Wio/Qio for the molecules CO (curves 1-3) and HC1l (curve 4) at
different gas temperatures (1 — 500, 2, 2', 4 — 300, 3 — 200 K).
Curve 2' — calculation with allowance for the influence of the
long~range forces on the probability Q;o.

the VT processes do not yet influence the formation of the distribution function. This
conclusion is confirmed both by experiments [62, 63] and by theoretical analysis [21, 66].

In a number of cases, however, it may turn out that for one reason or another (e.g.,
for lack of a laser of the necessary wavelength) it is difficult to obtain a direct selec-
tive "heating" of a preferred vibrational mode. Interest is attached in this connection in
an investigation of dissociation with indirect "heating" of the vibrations in a mixture of
molecular gases, when the external source (e.g., laser radiation) excites one vibratiocmal
mode, and the "heating" and dissociation by a second mode are decreased by nonresonant vi-
brational exchange between the modes (VV' processes). One should note here one more im-
portant feature of chemically active molecular mixtures, which was indicated in Sec. 3 of
Chap. II. It consists in the fact that for a mixture, by varying the relative concentra-
tions of the molecular components, it is possible, by selective "heating' of the oscilla-
tions, to vary judiciously the distribution of the vibration energy among the modes, and
consequently to control chemical processes.

We investigate below nonequilibrium dissociation in a binary mixture of a diatomic gas
and a monatomic gas, when an external source pumps energy into the vibrations of the di-
atomic molecule, and the dissociation is produced as a result of predissociation from the
vibrational levels of one of the oscillation modes of the monatomic molecule.

In the analysis, following Sec. 1 of the present chapter, we shall neglect for the
diatomic molecules the dissipation channel of vibrational energy by dissociation. For the
investigated vibrational mode B of the polyatomic molecule, we choose the truncated anhar-
monic Morse oscillator model with m vibrational levels such that the VT processes in B still
do not influence the form of the distribution function, and can become important only for
the determination of the reserve of vibrational energy in B. For the oscillators A we shall
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consider an arbitrary degree of deviation from equilibrium, while for B we confine ourselves
to the assumption that only a '"weak" deviation takes place. Then, using for the expression
(dep/dtyy') of the single-quantum vibrational exchange between A and B the formula (2.29),
with optical pumping acting on the levels 0 and 1 of the oscillators A, we easily obtain a
system of equations for the reserves of the vibrational quanta ea and e in A and B. If we
disregard here the spontaneous radiative decay of the levels and neglect small equilibrium
values of €p and e, then we have

dSA €4 ’ EA EB ) EA EB EA—EB
= i) (5 (=) o)
E — E
+ Waafa O Ohia 0) ¢ (72 89v) + Moo (7 88 ) x

E E, —E E | ~ E -1
x [1 — exp (*‘7‘2— — —A—T——B—)]} [Wm + Qﬁ)@(ﬁ ) 6€’V) -+ NeQuno (‘T;B ) 63)] :

(3.8)

deg &g B o~ JE, Ey E, Ep E,—Ey
T = — TST —KD(m—-SB)—{—NAQIo(P('ﬁ-,——(SA) (p(vf?,(SB)[exp <— —TTA—)—EXI)(—,I—,B-—'———T———)] .

Here €4, T%T, and f4(0) are determined by relation (1.36), and the function ¢ (z, y) by Eq.

(2.30), while for ep and r%T we use the expressions that describe the "weak" deviation from
equilibrium (i.e., the first terms in Eqs. (1.36)). The second term in the right-hand side
of the second equation of (3.8) takes into account the dissipation of the vibrational
energy of the oscillators B as a result of their dissociation. The expression for the
dissociation rate constant Kp in a single-~component system of truncated anharmonic oscilla-
tors was investigated in [21, 66]. It can be easily generalized to include the case of a
binary mixture, and for single-quantum vibrational exchange between the oscillators it takes
the form

o noatn(5 ot S (B o)

i=1

720G exp (- %)q}(%—é}3> {'{j L oxps (i—i—u—n Ay 53)]}-1.
=]

N

Thus, the system (3.8) jointly with (3.9) determines the dependence of Tp, Tg, and KDB
on the pump probability W,, and on the relative concentrations Nj/Np for a binary mixture of
anharmonic oscillators, one of which is truncated. In the quasistationary regime we can
assume in the analysis of (3.8) that dep/dt = deg/dt = 0,

By way of illustration, Eqs. (3.8) under the conditions dep/dt = 0, deg/dt = O were
solved for the specific mixtures Nz;~N,0 and CO—N.0 at T = 300 K (in the case of N;—N;0 we
assumed not optical but electric pumping of N;). The calculation results are given in_Figs.
11 and 12, which show plots against W,o/Q%o and Nap/Np of the values of Tp/Ep, Tg/Ep, KD/Q]13°
and of the parameter § = mK%(eA/TeT + EB/TgT)-l. This parameter, which is the ratio of the

energy fluxes going into dissociation and into the translational degrees of freedom, just

as the parameter KptyT (see Sec. 1 of the present chapter), characterizes the selectivity

of the action of the absorbed radiation on the dissociation reaction. It is seen from the
figures that the vibrational temperatures Tp and Tp can depend strongly both on W;0 and on the rela-
tive concentrations of the components, and the connection between them isnot determined by the
known Treaner relation [2], when ER/Tp = EA/Tp — (Ep — Eg)/T (see curves 2 and 2')., The
reason is that the VV' processes are not dominant for the considered mixtures, and conse-
quently the quasiequilibrium between the oscillator, which is assumed in the Treanor rela-
tion, is not present.

A change of Tg/Eg leads, naturally, to substantial changes of Kg and of the ''selec~
tivity" coefficients S. It should be noted that in certain regimes one can obtain § > 1
and this, naturally, should lower the degree of heating of the gas. 1In a saturation region,
when W,0/Qi0 >> 1, high dissociation rates can be reached at large relative densities
NA/Ng > 1, but the value of S decreases in this case, owing to the increased role of the VT
processes for the oscillators A.
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On the whole, however, the results of the calculation of the nonequilibrium dissocia-
tion in a mixture of molecular gases make it possible to conclude that the use of mixtures
for a purposeful action on the rates of chemical reactions of laser radiation is promising,
for this extends the class of investigated substances and offers an additional possibility
of controlling the reactions by changing the relative concentrations of the moclecular com-
ponents.

3. 1Isotope Separation in Chemical Reactions of Vibrationally

Excited Molecules

One of the most important recent applied problems is isotope separation in chemical
reactions that take place at a low translational temperature with participation of mole-
cules in vibrationally excited states. This possibility of isotope separation by this
method and its high efficiency were pointed out in [73] and demonstrated experimentally
in [74, 75]. A theoretical analysis of this problem and, in particular, an estimate of the
isotope separation coefficient and of the absolute concentrations of the isotopes, obtained
after the separation, calls for a calculation of the vibrational distribution functions
in a mixture of molecular gases.

The purpose of the present section is to estimate, using the results of Chap. II, for
the case of low gas temperatures and large reserves of vibrational energy, which is of
greatest interest for applications, the isotope separation coefficient in the reactions that
take place in a mixture of vibrationally excited isotopic molecules A and B with a con-
siderable excess initial concentration of one of the isotopes.

We shall assume in the analysis, for simplicity, that the reaction takes place only
between molecules A and B that land on levels higher than the respective levels kp and kg
whose energy is equal to or larger than the activation energy &sct, Since the anharmonici-
ties of the isotopic molecules are close, and the quantum energies Ep and Ep differ insig-
nificantly (with the exception of hydrogen isotopes), it follows that ky =~ kg = k. During
the initial stage, when a small relative fraction of the molecules takes part in the reac-
tion, the separation coefficient is determined by the rate constants ys and yg of the reac-
tions with participation of A and B [73]: B = ya/yp — 1. Since yp(B) "V ZA(B)fA(B)(k), (Zp,
Zp are the steric factors of the reactions) we have

Zy fa (k)

b= T~ (3.10)

At relatively small Zp and Zg, the reactions do not distort the form of the distribu-
tion function. In this case at a concentration N > Nj, in accordance with Sec. 5 of Chap.
IL, we can use for fB(k) expressions (1.18), and for fp(i) Eq. (2.28). A particularly lucid
form of f,(1) is obtained if one neglects in (2.28) the terms containing P4B, PBB, AB  (this can
be done in many practical cases). We then obtain

E AE
jA(O)exp[—PT—i—i—l— = i(i—-1)], 0 i< n* — ma, (3.11a)
fA(i) = AE AER/AE
C, [fB <m0 +—ﬁg— l)] B A, i =zn* — my. (3.11b)

For the separation coefficient B we have in this case

—E, Eqxk '
_,Ziex -E—B—AL, — 1, n*>k -+ my, (3.12)
Zg Eg 7
B= Z, Ep— E, Epg(n%—my2)

___ *
7}—3—exp[ ~ - ] 1, n*<k (3.13)

Expression (3.12) was obtained in [73] for a system of harmonic oscillators, and was
later generalized in [74] to include also Morse oscillators. Under substantially nonequi-
l1ibrium conditioms, however, Eq. (3.12) is valid only if fp(i) and fp(i) are Treanor dis-
tribution functions up to the level k corresponding to &ac:- When T is lowered or the non-
equilibrium reserve of the vibrational energy is increased, the level n* can become lower
than k, the functions fa and fB on the upper levels take the form (1.18) and (3.11b), and
the separation coefficient B should be calculated from (3.13). Notice should be taken of
new qualitative distinguishing features of B, which follows from (3.13). In contrast to
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Fig. 11. Plots, for the gas mixture N,~N,0, of the vibrational
temperatures TN,/Ey, (curves 1), TN,0/EN,0 (curves 2), the
parameter S (curve 3), and the dissociation-rate constant of

N20 KgRO/Q§§0 (curve 4) on the pump power in N, Wlo/ng(a)andon
the relative concentration Ny,/Ny,0 (b) at T = 300°K. a)

NN, :NN,0 = 1:1, b) WIQ/Q§3 = 10%. Curves 2' correspond to the
value of the vibrational temperature in N,0 at quasiequilibrium
of the vibrational energy in N, and N;O.
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Fig. 12. Plots, for the gas mixture CON;0, of the vibrational
temperatures Tco/Eco (curve 1), TN,0/EN,0 (curves 2), the param-
eter S (curves 3), and the NO, dissociation~rate constant

ngo/QNé0 (curveé-4) on the pump power in CO WIO/QQQ (a) and

10
on the relative density Ncg/Ny,0 (b) at T = 300°K. a) Nco:
NNg0 = 1:1, b) Wlo/QQQ = 103, Curves 2' correspond to the value
of TN,0/EN,0 at quasiequilibrium of the vibrational energy of CO
and Nao‘
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Fig. 13. ependence of the separa-
tion cri%:icient B of the isotopes
N'%0 &% N*“0 in the chemical reac-
tion O + N,»NO + N on the gas tem-
perature T at different values of
the vibrational temperature Tp of
the nitrogen molecules. Curve 3
was plotted in accordance with Eq.
(3.12).

(3.12), the separation coefficient under essentially nonequilibrium conditions becomes de-
pendent on the nonequilibrium reserve of the vibrational energy (i.e., Tg) and is practi-
cally independent of T. 1Indeed, if account is taken of the explicit dependence of n* on Tp
and T (Eq. (1.14)), then (3.13) takes the form
Ep—E, Eg Ty Ep—E, —2AE
B= eXP[T—Bm<1 —E_B—T_ﬂ'

By way of illustration, Fig. 13 shows the dependence of B on T at different values of
Tp calculated from Egs. (3.12) and (3.13) for the case of separation of nitrogen isotopes
N'“ and N'® in the reaction O + N;»NO + N, which proceeds with a nonequilibrium reserve of
vibrational energy in Na, and which has an activation energy &act = 38,300 °K (3.3 eV). The
value Zp/ZB = 1 was used in the calculations. It is seen that with decreasing gas tempera-
ture and with increasing TN, the separation coefficient can differ considerably (by up to
several orders of magnitude) from the value obtained from (3.12). The same figure (points
1 and 2) shows the experimental values of B measured in [74, 75], respectively, in which the
reaction of formation of N'“0 and N*®0 in air was stimulated by exciting vibrations of Nj.
The initial temperature of the gas mixture was equal to the liquid nitrogen temperature but,
unfortunately, no measurements of T and Iy, are carried out in the course of the reaction.
Since, however, the reaction constants are proportional to the populations of the level k,
which according to (1.10), (1.18), and (3.11) increase under nonequilibrium conditioms with
decreasing T, one can expect the experimentally measured relative concentrations of N**0
and N'®0 to correspond to the initial reaction temperatures. The experimental values of B
in the figure correspond, therefore, to the temperature T =~ 100°K. It is seen that in this
case a good agreement with experiment can be obtained only by calculation in accordance with
Eq. (3.13) or (3.14).

We note that when the component concentrations in the mixture are of the same order
the analysis is different from the case when the chemical reactions distort the distribu-
tion functions. It is to be expected, however, from physical considerations and from a
comparison of the results obtained here with calculations in the approximation of "weak"
deviation from equilibrium [20, 74, 77], that the main conclusions of this section remain
unchanged.

(3.14)
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4, Analytic Model of Gas-Discharge CO Laser

The high efficiency and the large radiation power in the stationary regime distinguish
the gas-discharge CO laser, in analogy with the CO. laser, from among the remaining gas
lasers operating in the IR band. Many studies have by now been devoted to both the experi-
mental and the theoretical study of the properties of this laser (see, e.g., the reviews
[31, 52-55]). The important role played in the formation of the inverted population and in
the lasing mechanism by the anharmonicity of the vibrations of the CO molecule has been
elucidated [2, 94]. For a correct theoretical description of the kinetic processes in an
active laser medium with allowance for this anharmonicity, an analysis of the populations of
more vibrational levels is necessary. Such an analysis was carried out by now on the basis
of the numerical solution of a system of a considerable number (from 20 to 80) of nonlinear
population~balance equations. Despite the high accuracy, this approach has also signifi-
cant shortcomings: it is very cumbersome and lacks physical clarity. It is precisely for
these reasons that a number of features of the operation of CO lasers (dealing, e.g., with
the thermal regime) have not yet been made clear, no quantitative interpretation was pro-
posed for the experimental results, and the question of optimizing the laser parameters has
not been investigated. :

In the present section we theoretically investigate, on the basis of the analytic
theory developed in Chap. I, the vibrational relaxation of anharmonic oscillators. We
study also the phsyical processes that occur in a stationary electric-discharge laser based
on a CO-He mixture, and solve the self-consistent problem of determining the properties that
are important for lasing (the gain, the vibrational and translational temperatures, the
populations of the vibrational levels) as functions of the discharge parameters (current
density, electric field intensity, radius and temperature of the discharge tube, total and
partial pressures of the gases)., It is the examination of just this problem which makes it
possible in principle to solve the problem of optimizing the laser parameter.

In a theoretical analysis of the processes in a CO laser, the results of Chap. I on
the determination of the distribution function and the relaxation rate of the vibrational
energy in a system of harmonic oscillator should be modified and account must be taken of
the possible influence, under real operating conditions, of the diffusion of the excited
molecules towards the walls of the discharge tube and the reabsorption of the radiationm.
Let us consider in succession the roles of these factors.

Influence of Diffusion on the Vibrational Distribution Function. A rigorous account
of this influence is extremely difficult and calls for solving the diffusion equation with
boundary conditions that characterize the vibrational relaxation on the walls of the dis-
charge tube [58]. However, since (as will be shown by subsequent analysis) the diffusion
plays a negligible role in the regime of greatest interest for practice, we shall take its
role into account approximately, by adding to the kinetic-population-balance equations a
term that describes the loss of the vibrationally excited molecules (with a single-quantum
transition of these molecules to a lower vibrational level), with a diffusion probability
V4 D(2.4/R)?, where D is the diffusion coefficient and R is the radius of the discharge
tube. 1In the investigated CO—He mixture, taking into account the dependence of D on the gas
temperature T and on the partial pressures of the helium and carbon monoxide pHe, pco [95,
96], we obtain

_ 8.4-1073T2(2.4/R)?

Vd’ sec-1 ~ 7pC.O+ Prre (3-15)

Here and below T is expressed in K, the partial and total pressures in torr, and R in cm.

If the influence of the diffusion is taken into account by the indicated method,
analytic expressions can be obtained for the distribution function £(i) of the CO molecules
over the vibrational levels i. For a weak deviation from equilibrium, when the vibrational-—
vibrational exchange process that makes the largest contribution to the population is the
exchange with the lower vibrational quantum of CO, we obtain for £(i), following the calcu~
lations of [19],

i—1

fO = fOexp|— it + 10— 0S| ] ¥ (3.16)

J==0
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where the factors Y¥j4, take into account the influence of the vibrational-translational
energy exchange and of the single-~quantum spontaneous radiative transitions and of diffu-
sion:

Qft1,i+ Pina, &0 (BT — FT)

v -
Vi = p — ——
iy T Pjua, 5+ Aja, 5+ 1y

(3.17)

For a strong deviation from equilibrium, when the most substantial of the VV processes
are the resonant ones, we obtain for the distribution function with allowance for diffusion,
by the same procedure as in Sec. 1 of Chap. I,

Ey . | AE . 1],

f(O)eXp[-—T,i‘L TTl(l—‘l)—T(F>J, Lgn*’ (3.183)

i) = i P T6%y i , S ,
10 = 1| €~ Gy V™ Aot () — Vil 1)
(  AE 11— AEiE e e

e e (3.185)
We have introduced here the notation V§ = VgTé{y/12Q,0AE. In contrast to (1.10), in (3.18a)
we took additionally into account the factor exp{—(i/n*)*/2}. By writing down (3.18a) with
this factor, we eliminate the discontinuity of function £(i) and of its derivative df/di
from (1.10) and (1.20), and ensure a better agreement between (3.18) and the exact numerical
calculations. The factor C in (3.18b), just as before, is determined in this case from the
condition that (3.18a) and (3.18b) be equal at the point n¥,

Allowance for Reabsorption of the Radiation. Simple estimates show that for practi-
cally all the realizable CO-laser operating regimes, the reabsorption of the radiation due
to the vibrational—rotational transitions between the upper (i = 5) levels is absent. For
this reason, we can use Eqs. (3.16)-(3.18) to calculate the distribution function over these
levels with allowance for the radiative transitions under these conditions. It follows from
the estimates, however, that at a tube radius and a partial carbon monoxide pressure such
that pcoR = 1 torr‘cm, reabsorption of the radiation can take place for transitions between
lower states, and can influence (at least in the case of weak deviations from equilibrium)
the relaxation rate of the vibrational energy of the system. We shall take this reabsorp-
tion into account by using the method of Holstein and Biberman [97, 98], which was developed
for the calculation of the degree of reabsorption of radiation of an individual line.

In the presence of many spectral lines of the vibrational—rotational transitions
(i, j)»(1 -1, 3 +1), =1, 2, 3, ..., the radiative decay of the level i can be deter-
mined by summing, with allowance for reabsorption, the radiation fluxes from the individual
rotational sublevels of the vibrational state:

2(F 2 A s+ Fid Al i) m = Fiiadi, iaNs (3.19)
7
Here njj are the populations of the individual rotational states j of the vibrational level

i; Ni, total population of this level; Ai:i I probabilities of the spontaneous radia-
,it

tive transitions (i, j)»(i —1, j =1); Aj i-,, tofal orobability of the spontaneous radia-
tive vibrational transition i+i — 1, multipliers F;ig’jil, dragging factors and describe thee

degree of reabsorption of an individual vibrational—rotational line; and Fj, i-1, analogous
factor for the entire vibrational band i+i — 1. In the absence of reabsorption we have
ij = F. . = i ij R
Fii;,jix F1,1—1 1, and the presence of reabsorption Fii1,ji1 <1
We calculate now the dragging factor Fi, i-,, which is needed for the analysis of the
vibrational relaxation, assuming Doppler broadening and the absence of overlap of individual
vibrational-rotational lines. For this case and for a cylindrical geometry, the factors

F§11J jta are given by [97-99]
, §

i, — { 1 at Ra;:’_lj,j+1< 2, (3. 20)
FLI T 6ReE LV aln(Ray, )] 2 Rodd a2
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Fig. 14. Dependence of the
dragging factor F,, on the
parameter RN, at different gas
temperatures T.

Here a%iq -1 is the absorption coefficient in the center of the line on the transition
b
(i, j)"’(l -1,3- 1), 1If Ni < Nj-1, then

i, j , B; .. A By 45 :
aid = exp| = U= )]s G = g L Ni, (3.21)

where A is the radiation wavelength (in cm); By, rotational constant (in °K); Av, absorption
line width (in em™!). The dragging factors and the absorption coefficients for the P branch
lines are written in analogy with (3.20) and (3.21). To carry out the summation in (3.19),
we neglect the weak dependence of the logarithmic factor in (3.20) om j, and use for it

the value j = ¥T/2B4{ corresponding to the maximum absorption coefficient. Next, summing
(3.19) approximately with allowance for (3.20) and (3.21), we obtain

Fiiqn=~1— exp [“ —P;'!inl (/r1 + 1)] — exp [‘— ‘—"JRz (fr2 + 1)] + R [ﬂ In(Raiy,: YV T/2B;) — 0. 5]z x
(3.22)
X {exp [ * (fp2 + 1)] - exp[ = (jp1 + 1)] + eXP( — Ei ]R1> — exp (— '2£ ]Rz)}

where jRri, Jrz and jpi, jpz are the solutions of the equations

B, B, . .
Ro; 4, i (j+ 1) exp [— ,jf 1)} =2 and Ra;, ;:jexp [—~ = 1)] = 2. (3.23)
On the other hand, if the product aj i _,R 1is such that (3.23) has no solution, then
we must put in (3.23) jr: = jrz, Jp: = JPz and Fl i-1 1, i.e., there is no reabsorption
in this case. For a Lorentz line shape, the summation in (3.19) must be carried out
numerically {99].

The values of the factor F,o, calculated from (3.19)-(3.23) as functions of the dis~
charge~tube radius R and of the population No of the ground vibrational level of the CO
molecules, for different gas particles, are shown in Fig. 14, It is seen that at NoR =
10'7 em™? and T < 100°K the reabsorption of the radiation can be appreciable and in some
cases can influence the relaxation of vibrational energy of the system.

Effect of Diffusion and Reabsorption of the Radiation on the Vibrational-Energy Relaxa-—
tion Rate. The change of the distribution function on account of diffusion and reabsorption
leads in turn to a change in the relaxation rate of the vibrational energy of anharmonic
oscillators. In analogy with Sec. 2 of Chap. I, we calculate £(0), the vibrational energy
margin € per molecule, and the relaxation rates due to the VT processes, to diffusion, and
to radiative decay. Retaining in (1.26) after summation (in the case of weak deviation from
equilibrium) or integration (in the case of strong deviation from equilibrium) the most
essential terms that contribute to their relaxation, we get in place of (1.38)-(1.41)

f(0) =1 — exp (—E//Ty), (3.24)

e = (&) — Vy[n**Inn** —n*lnn* —n** L n* 4 8v%), (3.25)
1 ok

;&; ==(?%;)0——Iﬁanjﬂﬂzrln %ﬁr[exp(6VTn**)——exp(6VTn*H, (3.26)
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= (—E—>ﬂ—-— AgVy [n** <1 —%) Inn** — p* (1 — ;—:) Inn* —n** (1 — n**/k) + n* (1 — n*/lc)] , (3, 27)

TR TR
efty = Vaexp(— Ev/T1), k = Ei/2AE. (3.28)
Here (e)o, (e/TyT)o, and (e/TR)o are the values of these quantities in accordance with Egs.
(1.38)~(1.41), but with C determined by matching together (3.18a) and (3.18b).

We note that allowance for the diffusion and for the radiative transitions does not
reduce merely to consideration of the terms e/tR and ¢/tq. Spontaneous decay of the levels
and diffusion can change the value of n** and, as follows from (3.26), affect the rate of
the VT processes. The value of n** is determined from the condition that (3.18b) vanish:

Qo 12AESyp

kY o ¥ * 11 *y
exp (Svrn**) = exp (dyrn*) - T8 (L — wh2h) (r* +1)f (n*)
— Zﬁ:: ovr [t (%) — n* (n**)] + (Vadvr/Pro) [(1 —-%) Inn* — (1 — n:: ) In n**] . (3.29)

It can be seen from (3.28) and (3.29), however, that in the case of a strong deviation
from equilibrium, which usually takes place in the operating regimes of the CO laser, the
diffusion and the radiative decay of the levels, and consequently also the reabsorption,
exert no influence on the margin of the vibrational energy.

Energy Balance and Gas Heating. One of the main problems in the theoretical analysis
of the processes that take place in the active medium of a CO laser is to find the vibra-
tional distribution function and the gas temperature. To calculate £(i) from Egqs. (3.16)
or (3.18), it is necessary to determine first of all the vibrational temperature T, from the
balance equation for the reserve of the vibrational quanta ¢. This equation is connected
with T, by formula (3.25). In the stationary case this equation takes the form

® = e/tyr + &/tr + &/t (3.30)

where ¢ is the quantum flux (per molecule) into the vibrational system on account of the
excitation of the CO vibrations by the electrons. To calculate this flux we must know,
besides the excitation cross section, also the free-electron velocity distribution func-
tions, the electron density, and the connection of this density with the current density.
Since these factors are not known sufficiently accurately, a more reliable method is, in
our opinion, to find ¢ from the total energy input into the discharge. Calculations [100]
show that in typical CO-He laser mixtures, the electron-energy loss in the discharge, due
mainly to excitation of the CO vibrations, amounts to 70-30% of the total loss. For this
reason it can be assumed with good accuracy that on the discharge-tube axis

- éJ 3_43.100 2 &
Q—O.Sm-&d—/&iﬁ 10 oo N J, (3.31)
where & is the field intensity of the discharge (in V/cm); J, average current density (in
A/cm?); and N, total particle density (in cm™3).

An extremely important parameter that determines the operation of the CO laser is the
gas temperature T. To calculate it we must add to (3.30) also the heat-conducting equation,
For a heat-source Bessel distribution function and for a linear dependence of the thermal
conductivity coefficient A = Ao + A,T on T, this equation was solved in [10l1], and we can
write for the temperature at the center of the tube

= {[ o+ haTof - 010,82 7 Ta'l_ 7“’}/M (3.32)

VT

(To is the tube-wall temperature).

It is assumed in (3.32) that the gas heating is due to vibrational—translatiomal ex-
change. For the thermal conductivity we can use the following values:

2.6.107* + 3.5.10°%T at  py./pco =10,
A, W/em - deg :{ " (3.33)

3.4-107 +3.8.10°T at  py/pco =~ 30.
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Fig. 15. Vibrational distribution of function £(i) of CO in the
CO + He mixture at a total pressure p = 3 torr. 1, 1') pge/pPCOo =
11.5; 2, 2") pge/Pco= 30.8, dashed — experiment [102], solid
curves — calculation of the present paper.

Fig. 16. Dependence of the vibrational (T,) and gas (T) tempera-
ture on the discharge current J in the mixture CO—He—0p (1:10:0.07).
1, 1', 3, 3" — total pressure p = 4 torr; 2, 2', 4, 4' — 10 torr;
light circles — experiment at p = 10 torr, dark — p = 4 torr [104].
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Fig., 17. Maximum gain for dif-
ferent vibrational levels in the
mixture CO-He—0, (1:30:0.07) at

a total pressure p = 4 torr, at

a tube voltage 7 kV, and at a
discharge current J = 15 mA.
Circles — experiment [103], solid
line — present calculation.

Calculation and Comparison with Experimental Data. To find T, and T at different
values of the pump and of the pressure, Egqs. (3.30) and (3.32) with account taken of (3.24)-
(3.28), (3.31), and (3.33), were solved simultaneously. The following values were used in
the calculation for the probabilities and the parameters Syy and Syr:

Q1o sec™t = 230V T wpco,  Ovv = 558/ VT,  dvr =2.08/ VT,
PrEOTHe sec-l — 350 YT exp (— V 3.09-10YT) pre. (3.34)
The quantity » in (3.34) takes into account the contribution of the long-range forces
to the exchange probability (see Chap. I). From an analysis of the experimental and calcu-

lated probabilities [83], we found that in the temperature interval T = 100-700 K the value
of % can be determined from the formula

%=1+ 2.6-107 (1.16 + 1.6-1072 T)3/T35, (3.35)
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TABLE 1

k| T k| ol em™ ajio, cm™ System
Expt, [102] 2400 | 149 | —1,475-1072 7,82.10~% | CO — He, p =3 torr,
Theory 2350 | 181 | —1,26-10-2 3,07-107% | pge/Poo = 11,5, GIN =
=2.7-109V scm?, R =
— 1,5cm, J =29 mA
T, K| T, K m%éﬁo, cm aigé;ﬁo,cm-x System
Expt, [102] 2450 | 132 7,37-1078 1,05-10"2 {CO — He, p =3 torr,
Theory 2397 | 147 4 08 1073 1,6-107 | pae/Pgo = 30.8, é’/N =
—~1410*me“ R =
= 1,5¢m J =29 mA

T, K | *max,em™ System T, K | *max,cm™ System
Expt, 140 | 2,2.467% CO:He: Oy 150 { 3,5-102 | CO:He: 0, (1:30:
[103] (1:10:0,07) :0,07) p =6 torr
U=T7kV,J= T mA, R=1cm, U=
p=4WIL, R=1 cm, =6KV, ] = 15mA
L =85cm L =83 cm
Theory 140 | 5,9.1073 150 | 6,1-1073

Note., U is the voltage on the discharge tube and L is the
length of the tube.

The results of the simultaneous solution of Egs. (3.30) and (3.32) are shown in Figs.
15-17 and in Table 1, which show also the experimental values of the measured quantities.
As seen from Fig. 15, the calculated distribution function agrees well with the experi-
mental curve in a large range of vibrational levels. The calculated vibrational and gas
temperatures, as well as the gain for individual lines, also agree with experiment (see
Table 1). Unfortunately, the current—voltage characteristic was not published in [104].
When account is taken of the dependence of &/N on the current density, one can expect an
even better agreement between the calculated plot of the temperature T, in Fig. 16 and the
experimental data.

Figure 17 shows the calculated gain a for different vibrational levels and its experi-
mental value [103] for the mixture CO—He—0, (1:30:0.07).

We note that the solution of (3.30) and (3.32) can be simplified and represented in
simple analytic form, by considering the most interesting case of a strong deviation from
equilibrium. As already indicated, estimates show that in this regime we can neglect in
(3.30) the quantities e/tR and e/tq. Substituting in (3.30) the explicit value of &/TyT
(see (1.34)) and solving it with respect to T, with account taken of (3.31) and (3.34), we
obtain .

%*-z{fg-ln (9- 1072 3 plo/(pI EIN)] — = 6} . (3.36)
1

In the regime of strong deviation from equilibrium, the gain o is largest for the
levels i >> n*, for it is precisely here that the effective vibrational temperature of the
neighboring levels becomes large. Recognizing that for the indicated group of equations

their populations are determined by the first term in (3.18b), we can obtain for alsJ J

the simple expression

, i \8 i. 2B,L .
anid em?~6.2- 1013]/N pJ/ —%—) [m—exp(——T-]ﬂexp [‘—

The dash—dot lines in Figs. 16 and 17 show T, T, and apgy, calculated from Egs.
(3.32), (3.36), and (3.37) under the condition that 85% of the energy goes over from the
vibrational to the translational degree of freedom. In this case jopt, which gives the
maximum gain at a specified vibrational temperature, was calculated from the equation [52]

—j— 1)}- (3.37)
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Jopt =~ k L/ - )- (3.38)

We note in conclusion that for a comprehensive theoretical analysis of the VT pro-
cesses in a CO laser it is necessary to know the densities of the various impurities pro-
duced in the discharge (0O atoms, CN molecules, etc.) as well as the probabilities of the
vibrational transitions induced in CO by these impurities [105, 106]. In a number of cases
the influence of these impurities can be quite substantial. However, if the presence of
the impurity leads only to an increase of the probability Pj, i-. for the VT processes,
then, as follows from Chap. 1 and from Egqs. (1.38)-(1.41), their influence on the operation
of the CO laser can be insignificant and reduces mainly to a possible change of the param-
eter /N and to a shortening of the gently sloping plateau of the distribution function
f(i) in the region i > n* (i.e., to a decrease of n**), 1In all other respects the vibra-
tional relaxation does not change and is determined by the probability Q,¢. It is pre-
cisely for this reason that the results obtained here agree well with experiment.

CHAPTER IV

VIBRATIONAL RELAXATION AND LASERS OPERATING ON INTRAMOLECULAR
VIBRATIONAL TRANSITIONS IN LIQUIDS AND IN MOLECULAR CRYSTALS

The principles of vibrational relaxation in liquids and molecular crystals are con-
sidered, the influence of collective interactions on the intramolecular vibrational transi-
tions is analyzed. The possibilities are investigated of using liquids and molecular crys-
tals as active media for lasers operating on vibrational transitions, as well as the possi-
bility of stimulating laser-—chemical reactions in the liquid phase. The results of this
chapter are based on [107-110].

1. Calculation of the Probabilities of Intramolecular Vibrational

Transitions Induced by Collective Interaction of Molecules

To assess the possibilities of using liquids in laser chemistry, as well as liquids
in molecular crystals for the development of IR lasers based on vibrational transitions of
the molecules, it is necessary to analyze the vibrational kinetics in these media and pri-
marily to estimate the characteristic times for the vibrational—translational and vibra-
tional-vibrational energy exchange. The difficulties encountered here are due to the need
of taking into account the collective interactions, Owing to the important role of these
interactions, vibrational relaxation in liquids, and especially in molecular crystals, can
differ substantially from relaxation in a gas. We turn, therefore, to a quantitative es-
timate of the contribution of the collective interactions to the probabilities of the vibra-
tional processes.

For a clear description of the collective effects we shall consider, following [41,

4%
43], the interactions of a molecule with a number N of partner molecules disposed on the
surface of a spherical cell with radius a. The action on a molecule located at the center
of the cell will be described by a sum of Lennard-Jones potentials. TIf the molecule is
deflected by a distance R < a, then after expanding the total potential of the interaction
V in powers of R/a we have

V =N Ai(Rja), i=0,2,4,..., (4.1)

where the expansion coefficient Aj is given by

N 2 (14-10) 5.91 (i + 4)!
Ai_"ETTng@%—n![1 3 w(w+1w'ﬁ] (4.2)

B = (a/ry)®, a® = MNj4np.

Here ¢ and ro are the constants in the Lennard-Jones potential for a substance with an in-
dividual-molecule mass M and a density p. From now on, following [43], we shall assume that

N = 12.
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In (4.1), the term with i = O determines the binding energy. The terms of the first
(i = 2) and next (i > 4) approximations describe the intermolecular vibrations and their
interaction with the intramolecular ones. Let us calculate for this interaction, in general
form, the probabilities of the intramolecular vibrational transitions in a polyatomic mole-
cule. First, however, for the sake of clarity, we solve in a purely classical approximation
the problem of finding the probability of vibrational—translational energy exchange.

We represent the quantity R in (4.1) in the form R = R, + bx, where R¢ is the coordi~
nate of the mass center of the molecule, while x and b are the intramolecular coordinate of
the oscillator and the direction cosine. The equations of motion for the mass center and
for the intramolecular oscillator, with allowance for (4.1) and for the fact that R¢ > x,
are of the form

g oV (R, z) . A, R \"
MRc=-—-—a—-R—c-—-—z._Z(L+i)_aﬂ'.(T> . (4.3)

W, 2) (4.4)

dz -~

Mg+ M 2rv)2x = F (t) = —
Any (B A\
z-—Zb(n%—l)%(T), n=1,305,...

Here M; and v are, respectively, the reduced mass of the intramolecular oscillator and fre-
quency, and F(t) is the force due to the collective effects and acting on this oscillator.

It follows from (4.3) that in the first-order approximation (n = 1) the molecule exe-
cutes harmonic oscillations about the center of the cell with a frequency vgh = (1/27):
v2A2/a*M. We note, however, that this result is to a certain degree illustrative in char-
acter, for actually the spectrum of the frequencies of the intermolecular vibrations is
continuous and lies in the range 0 < vph < vp, where vp is the Debye frequency, equal,
according to [43], to the quantity

vp,sec=! =} 2 Vp0h= 12-54 7‘87 (1 — —2%- B) . (4.5)

The expressions (4.1), (4.3), and (4.4) are also illustrative, since they do not take
into account the deviations from the equilibrium positions of all the molecules. If these
deviations are taken into account, then in accordance with the theory of crystal-lattice
vibrations and the theory of phonon interactions [111] we should have in place of the ex-
pansion (4.1) and the expressions in the right-hand sides of (4.3) and (4.4) an expansion
in the product ReiRea...Ren of the independent deviations from equilibrium.

Despite the foregoing limitations, however, the considered approach to the solution of
the problem of calculating the intramolecular vibrational transitions is quite useful, since
it provides a clear physical picture of the phenomenon, and makes it possible to estimate
quantitatively the intermolecular potential, the expansion coefficients Aj, the force F(t)
acting on the intramolecular oscillator, and in final analysis, when account is taken of
the indicated singularities of the vph spectrum and of the expansion of the potential, it
makes it possible to calculate the transition probability.

To find this probability, we shall assume that at the initial instant of time the in-
tramolecular oscillator is at rest: x’t=o==0, x|.., = 0. Next, an external periodic
force F(t) begins to act on the oscillator so that after a time t the oscillator acquires
an energy

A = (M2 —+ (2rv)%2?].

The change A&/t of the vibrational energy per unit time as a function of F(t) can be
calculated by integrating Eq. (4.4) with the indicated initial conditioms [59]:

Ag 1
— = o

2Myt

14
\F (@ exp(— 2nivi)dz | . (4.6)

0}

An explicit F(g) dependence should be obtained in this case by substituting in (4.4)
the values Rci(t) obtained from the solutions (4.3). For the sake of clarity we confine
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ourselves in the expansion (4.1) to the first three terms. This is equivalent to retaining
the first two terms in the right-hand sides of (4.4).%

In this case the periodic force F(t), that acts on the intramolecular oscillator and
causes the change of its energy, takes the form

hboAy

at

9 o . " N gin (D ).
‘%? R, sin (2mvgt) — Rﬁ“%l%sm(%wmf)““@““W”*m(&”pmj (4.7)

[

Ft) = —

The amplitudes R2i of the intermolecular oscillations can be easily determined from
energy considerations and from the assumption that the energy of these oscillations is at
equilibrium and corresponds to a temperature of the medium T:

R = VT2l (4.8)

If the product of the three sine functions in (4.7) is represented in the form of a
sum of sine functions /.{sin[27(vph: + Vphz — Vphs)tl+ sin[2m(vpha + vphs — vphi)t] +
sin[2n(vphs + vphi + Vpha)t] —-siann(vph1 + vpha + vphs)tl}, then after substituting (4.7)
in (4.6), we easily see that as t-o« and under the condition v > vp > Vphi @ nonzero value
of A¢ can be due only to harmonics of the force F(t) with frequencies (vphi + Vphz — Vphs),
(vphz + Vphs = Vphi)s (Vphs * Vphi — Vphz)s (Vph: + Vpha + Vpha). Standard integration in
(4.6) and the condition t- yield in tgis case a delta function in the differences between
these frequencies and the intramolecular frequency v. Taking this into account, as well as
relation (4.8), we obtain for the probability pe, of the excitation (and to the deactivation
probability pic, which is equal to it in the classical case) of the vibrational level 1 of
the intramolecular oscillator per unit

3
A€ 8bm A, \2 h kT
Po1 = P10 = 33 \l—»oo = ( h ) ( Sn2M va? ) iI:]:l (811:2Mv§hi¢12> 81V = (= Voms - Vona 2= Vonl (4.9)

where 6[...] is a delta function.

To obtain the total probability p,, it is necessary to integrate (4.9) over the spec-
trum of the frequencies of the intermolecular oscillations 0 <{ vphi < vp with spectral
density D(vphi):

VD vD vp
Pro = S D (vony) @Von1 S D (Vpn2) dVon, X D (Vona) P1o (Von1s Von 2 Vpn3) @Vpn 3°
0 Q 0
The integration operation can be easily carried out by assuming that the oscillations

have a Debye spectrum D(vphi) = 3v§hi/v§. In this case averaging over the spectrum reduced
to a calculation of the integral

VD V.D 'V{P '
S dvony S dvph-;-s 8 [v — (d=Vph1 o Vpha o= Vpha)] dVphs = —- (Bvp — V)2, (4.10)
0 (1} 0

Taking (4.9) and (4.10) into account, we obtain ultimately for the probability P,

Pld=(8nbA4)2( h )< kT )a (Bvp— P (4.11)

h 8aEMva? | \ §n2M v a? 23,

A probability P,o analogous to (4.11) was calculated quantum-mechanically in [43], but
an incorrect dependence of P;o on v and vp was obtained because of an inaccurate integration
over the phonon spectrum.

In the integration in (4.10) it was assumed that 3vp > v. If this condition is not
satisfied, then we obtain for the probability P, = 0. This situation can be easily ex-
plained physically from energy considerations and means that at 3vp < v a vibrational transi-~

*Strictly speaking, it is necessary to retain in the right-hand side of (4.3) also the term
with n = 3. However, neglect of terms of order higher than n = 1 (i.e., the assumption that
there is no interaction between the different molecular oscillations) does not lead to a
substantial error in the calculation of the transition probability, since it means that
after substituting Rei(t) in the right-hand side of (4.4) we neglect in it terms of the same
order of magnitude. This circumstance, while substantially simplifying the analysis, does
not change the order of magnitude of the calculated probability.
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tion induced by a periodic force with maximum harmonic frequency 3vp < v is impossible,
since this frequency is lower than the frequency of the intramolecular oscillations. In
this case, to obtain a nonzero probability P,, it is necessary to retain in the sum of the
right-hand side of (4.4) terms of higher order of smallness with a value of n such that the
condition nvp > v.

Thus, expression (4.11) determines for the particular case 3v; < v the probability of
deactivation (or excitation) of intramolecular oscillations with participation of three
phonons.

We turn now to a quantum-mechanical calculation, in general form, of the probabilities
inside the molecular vibrational transitions in a polyatomic molecule, induced by collective
interaction of the type (4.1). We consider the transition of one vibrational-mode quantum
with frequency v, into m quanta of another mode of frequency v, with participation of n
phonons.

Recognizing that R = Re + b,x; + bax2, where Rg is the coordinate of the mass center
of the molecule, x;, %z and b,, b, are the intramolecular coordinates and the direction
cosines, we represent (4.1) in the form of a series in powers of R¢, X;, Xz. For simplicity
we use in the calculation of the matrix elements the wave functions of harmonic oscillators
(for both the intermolecular and the intramolecular oscillations).* 1In this case, from
among the anharmonic terms in (4.1), the one responsible for the considered transition will

1H . ; . . . .
be l%jﬁzigﬁ%'Anmanghxla&xﬂm- However, as already indicated, this expression is symbolic
nimla
in character, since it does not reflect the actual deviation of all the molecules from the
equilibrium positions.

In the general theory of phonon interaction, RE is replaced by a product of n dis-
placements Re¢iRgz«++Repn[111]. Taking this into account and using ordinary perturbation theory,
we have

4n? (n——;~m+1)lb1b;nAn+m+1 2 )
qg;n(vI'*Ulii;v2’_>v2i1;'--;Un’—’vni“ =2 l: ntmlgntmet x (4.12)

XA 03 FICOLZ 1 P I0| Rea [or kA3 oo X |<om] Ben | on £ 1128 s —vi o+ Y vomitosttd— )]
| 2

Expression (4.12) is the probability in the intramolecular modes v; and v, in the mole-
cule that there will take place the transition 1 + 0 and 0 + m, and the transitions v; - vy 1
will take place between n phonons. To obtain the overall probability Q.5 ° of an intramolec-
ular tran31t10n with participation of n phonons it is necessary to sum (4 12) over all pos-
sible v§ + v; £ 1 transitions with account taken of the Boltzmann distribution of the phonons
over the vibrational levels (with a temperature equal to the temperature T of the medium).
Recognizing that

<0 | Bes|p — 15[ = 0| (1| Rt |0 > [P = 0| <O| Bei [ 1D P,
we have for the deactivation of the phonons
2 |<v|Rei|v— 1> 1 — exp(— AV pp /ET)] exp (— vAv o, 1/&T) (4.13a)
-—|<1]Rm[0>F 1——exp(—-hvpth7'rﬂexp(—-hvpthT)
and for the excitation of the phonons

20 [<v[Reijv 4 1) (1 — exp (~hvphi/kT)] €XP (— vAvy, ifkT) = |<O| Re; |13 P[4 — exp (— Avon /ET)I™ . (4.13b)

The right-hand sides of (4.13a) and (4.13b) simplify at high temperatures kT > hvp >
hvphi and become equal. If account is taken here of the explicit form of the matrix ele-
ment for the transition 1+0 (or 0-+1), then we obtain in the right-hand sides of (4.13a) and
(4.13b) the value

*This approximation is analogous to the assumption used above in the classical problem,
that the intermolecular oscillations are independent and harmonic. As indicated in the
preceding footnote, this approximation does not change the order of magnitude of the calcu-
lated probability.

286



kT
I\ilR“IOH = I<OlR°L|1>|Z Ilv phi - 8n2MV§,h ’ (4.14)

If we integrate, with account taken of (4.14), the expression (4.12) over the spectrum
- of the phonon frequencies with the Debye distribution functlon D(vphi) = 3v hl/VD (0 K
Vphi < vp), then we obtain ultimately for the probability Q of the process that proceeds
in the exothermal direction (vy — mvs, > 0)

| E 72 72
OOm sec-l . | (n+m4+ O Apmy P A by " 3ET L Vi— mvg \n—1 Vp
10 almiv ) M, \ 8l vyat ——gnm% 02) (n — =Tt - (4.15)
/ .

b

Here M; and M; are the masses of the oscillators for the normal vibrations v; and vz. The
number n of phonons participating in the vibrational transition is an integer in the inter-
val

Vy — MV vy — mvy
IVD 2<n< IVD 2+2 (4.16)
and satisfies the condition n+ m+ 1 = 1 (i is an even number). The probability Q%Y of

the inverse process is determined from the detailed balancing principle: Q3% = Q3% -

exp [~(hv, — mhva)/kT].

Expression (4.15) is quite general and, besides the VV' process, it can describe also
other relaxation channels. Thus, atm =1, v; = vz, M; = M; and b1 bz 1/3 we obtain
from (4.15), taking (4.2) and (4.16) into account, an expression for the probability of the
resonant VV process

0 - o MYD BT R 7 (1 — B/14.3)%0
0t s = 2010 e [ 0] (e, (4.17)

In analogy with (4.17), it is also easy to write down expressions for the probabilities
of single-quantum exchange (both resonant and nonresonant) between highly excited states.
These probabilities were calculated for an anharmonic oscillator by a somewhat different
method in [47]. At m = 0, expression (4.15) is the probability P,, of the VT tramsition
1-0 with participation of n phonons:

- +127 Apn Bk kT In vy \n-1
Py, 56c71 = 22_1;|[ H] BM v,a2 { 8 ] <n —_l-> Vp. (4-18)

hvp n2M \%cﬂ

&

In the particular case n = 3, Eq. (4.18) coincides with expression (4.11) calculated
in the classical approximation.

Inasmuch as in a liquid the particles have besides collective motion also a disordered
motion, an important influence can be exerted on the vibrational relaxation also by ordinary
binary collisions which cause this random motion. To assess the contribution of the binary
collisions to the probability of the vibrational transitions, we can use the usual Hertz—
Schwarz—Slawsky procedure to estimate these probabilities.,

Table 2 lists for certain liquids the probabilities P,, and Qo calculated from ex-
pre551ons (4 17), (4.18) (PCOll QCOll) and from the usual Herzfeld—Schwarz-Slawsky formulas
(p23n, Q . The calculatlon was performed for a normal oscillation with the lowest fre-
quency for the given molecule, for it is precisely this normal oscillation which determines
on the whole the character of the VT processes. The table also lists the experimental
values of P$¢¥P, taken from [41, 45], It is seen that at room temperatures the experimental
probabilities agree better with the theoretical ones, calculated under the assumption of
binary collisions, The conclusion that the binary collisions play a predominant role for
the VT processes in weakly associated liquids was drawn earlier in [41, 45]. It is clear,
however, that owing to the different dependences of ngll and PE}n on the frequency v; of
the intramolecular oscillations and on the temperature T, it cannot be generalized to a wide
range of temperatures and to all liquids. With decreasing T and at low frequencies v, < 3vp
the principal role for the VT process can be played by collective effects, when the intra-
molecular oscillation decays into only three phonons.

An important conclusion of the calculations of the times of the vibrational relaxation
is also the fact that in liquids, just as in single-~component molecular gases, the VT and
VV processes have different times, with tyy ~ 1/Q 0 <X VT ~ 1/P;o. This makes it possible
to apply certain results of vibrational kinetics in a gas to a liquid and, in particular,
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TABLE 2

=2 - - b ?3 ¥ L LS
= o @ 3 - [N
2 « a | s 27| s |ealerlze |y
2l el ] syl ST T |%T51%58 WA
Gt 303 | 12 4,10 {3 ]1,9-108 [ 1,2-10° | 3,7 8 1,3 1,4
CS,y 208 | 11,9 3,71 |5 |1,3-10% [ 2,4-10° | 3,53 12 2,8 2
CClL 293 6,51 | 2,90 131{2,2-108 | 4,9.10° | 7,95 89 1,3 0,9
CsH4O 276 | 16,3 4,94 |5 [4,94-10% | 7,6-107 | 0,72 551 0,79 | 1,7
CHCly 300 3,3 3,15 [31{3,3-10° | 4,5-104] 6,6 63 |11 1,2
CH.Cl, 300 8,55 | 5,60 [3}5,2:10% | [,5-101} ¢ 5 19 2,3 1,8
CgHN 303 | 11,2 2,21 |7 8,5-10% | — 7 2,4 1,2
CsHuNH | 303 | 16,95 | 5,63 {5]7,30-102 | 9,9.107 | — 6,5] 0,84 ] 1,9

Note. N is the number of phonons part1c1pat1ng in the VT pro-
cess; in the calculation of Pbln, Q in the parameter of the
potential of the 1ntermolecular 1nteractlon ~nexp (—ar) was
assumed to bea =5 2"; ; the frequencies of the binary colli-
sions zPin ywere calculated by linear extrapolation of the
values of these frequencies for gases into the region of
larger (corresponding to a liquid) particle densities.

to describe the degree of excitation of various types of intramolecular oscillations in
a liquid by means of vibrational temperature, so owing to the smallness of 1yy there will
be established within each vibrational mode a quasistationary distribution (a Boltzmann
distribution for the harmonic model).

¢

Besides the VT and VV processes, an important role for the vibrational modes of the
polyatomic molecule can be played also by VV' processes, i.e., by energy exchange between
the different modes. In many cases (this is confirmed by a calculation with account taken
already of only binary collisions and by experiment [112]) the times of these processes for
liquids are shorter than the time of the vibrational—translational relaxation mode with the
lowest oscillation frequency, and the relaxation of the vibrational energy of the molecules
is characterized by only one time of this VT process, which is usually measured for a liquid
by an acoustic method [45]. However, to use liquids as the active media for lasers operat-
ing on vibrational transitions, a more favorable (although not essential) situation is
one in which the energy relaxation from some vibrational mode (or group of modes) proceeds
more slowly than from the other modes, and consequently on the whole the relaxation of the ’
vibrational energy is characterized not by one but by several times. The presence of
several vibrational~relaxation times in a number of liquids is indicated by experiments per-
formed by the acoustic method [45, 46].

All the presented results, and particularly Eqs. (4.1)-(4.18), concerning the influence
of collective interaction on the vibrational relaxation in liquids, are fully applicable
to molecular crystals, The decisive role in the vibrational relaxation for crystals is
played by collective interactions, while the binary interactions are inessential.

By way of illustration, we present below the probabilities of certain vibrational pro-
cesses, calculated from Eqs. (4.2)-(4.18) at T = 170°K for the molecular crystal COz:

.k ol * ol Q¥ 37 QoL Q=)
Molecular- 170 2.8.105 1.1-10° 9.6-107 12 1.1.108 2.0-107
crystal
Gas(p=1 atm) 300 — - —  8.5.10¢ 2.9.105 -

*
Values are given in units of sec-!,

(1) (2) () (=)

Here Q,0"» y Q10" P,o are the probabilities of the VV and VT processes in the sym-
metric, deformatlon, and asymmetric modes, respectively, Q'(3-+1, 2) is the probability of
the VV' transition of a lower quantum of the asymmetric mode into lower quanta of the
symmetric and deformation modes, Q'(1+2) is the probability of a VV' transition of a lower
quantum of the symmetric mode into two lower quanta of the deformation mode.

An important conclusion that follows from the analysis of (4.15), (4.18), and the con-
crete calculations is that the VT processes in molecular crystals can be much slower than in
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liquids and compressed gases, especially in cases when the crystal temperature is low and
the lowest of the frequencies of the intramolecular oscillations greatly exceeds the Debye
frequency vp, so that the VT relaxation takes place with participation of a large number
of phonons.

2. Lasers Based in Intramolecular Vibrational Transitions in Liquids

and in Molecular Crystals, Pumped by an Intense Electron Beam

We consider now the possibilities of using liquids and molecular crystals as active
media for lasers based on vibrational transitions. Recently much attention has been paid
to the development of high~power gas lasers on vibrational—rotational transitions of mole-
cules with high (1-20 atm) pressure of the working gas [57, 113]. An important advantage
of such systems is the possibility, in principle, of obtaining, by simultaneous increase
of the gas pressure and of the pump intensity, large concentrations of active molecules.
It is clear that from this point of view it is tempting to use liquids and molecular crys-
tals as the active laser media.

Compared with gases of moderate density (120 atmat 300°K), liquids and molecular crys-
tals have a number of obvious advantages: they have a much higher density (by approxi-
mately two orders of magnitude) and at the same time require no special means of contain-
ment. In addition, the widths of the vibrational bands coincide in essence with those of
gases of moderate density (Av ~ 5-20 cm '), a fact of no little importance when it comes
to amplifying the radiation. A significant advantage of molecular crystals over superdense
gases and liquids is also (see Sec. 1 of the present chapter) the slower rate of the vi-
brational-translation relaxation, which facilitates considerably the obtaining of the
necessary values of the inverted population and of the gain. Highly important for condensed
media is the choice of a pumping method that would make it possible to excite oscillations
in a relatively large volume of matter and obtain the gain needed for the lasing. We shall
show that these conditions can be realized when modern high-power electron beams are used.

The depth of penetration § (in cm) of an electron beam into a substance can be esti-
mated from Feather's known formula [114]

8 = (0.546E, — 0.16)/p, (4.19)

where Eq is the energy of the electron in the beam (in MeV), p is the density of the liquid
in g/cm®. At Eg = 2 MeV, p = 0.9 g/cm® we have § = 1 cm and consequently, when beams
with cross sections 1 x 10 cm are used, their energy can be pumped into a considerable
volume of liquid.

It is known that the beam energy is lost primarily to ionization. One ionization act
consumes usually an energy Ei{ = 30 eV. Nonetheless, it is possible to excite effectively
also molecule vibrations. Indeed, for a liquid there are at least two channels of energy
pumping into vibrational degrees of freedom: 1) direct excitation of the oscillations by
secondary ionization electrons with initial energy Ej/2 =~ 15 eV; 2) pumping via recombina-
tion processes. The effectiveness of the first pumping chamnnel is determined by the ratio
of the cross sections for the excitation of the oscillations by the electrons to the cross
sections for the remaining processes at secondary-electron energies from 15 eV down. The
second pumping mechanism is produced in the following manner. After a certain cooling of
the secondary electrons, dissociative electron recombination sets in. The resultant neu-
tral particles then recombine to form molecules on high excited levels, ensuring by the same
token energy pumping into the vibrational degrees of freedom. The use of a chemical atom~
recombination reaction to produce lasers based on vibrational transitions in molecular gases
is discussed in {115, 116].

We shall consider the possibility of using high-power electron beams to pump a liquid
laser operating on vibrational transitions, using as a concrete example a beam with the
following parameters: current density j = 500 A/cm®; electron energy in the beam Eg = 2
MeV; beam pulse duration Tpeam =~ 5°'107° sec. These parameters are perfectly attainable
[117] and correspond to a beam power 10° W/cm® and to an approximate energy 55 J/cm®. The
liquid chosen is carbon oxysulfite COS at a temperature 150°K (density p = 1.24 g/cm®,
molecular weight M = 60 a.u., specific heat ¢ = 0.2878 cal/(g*deg), molecule concentration
Nliq = 1.24*10%% cm ). Calculation based on binary collisions yields for the liquid, for
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the modes with v, = 862 cm ! and v, = 516 cm™ !, a relaxation time t =~ 2°10"° sec, and for

the mode vy = 2050 cm~', a time 1t =~ 2°10°’ sec [118].

We estimate now the vibrational-level inverted population which can be expected when
the oscillations are pumped with an electron beam. We consider first the recombination
pumping mechanism. The cooling time Tcool of the secondary electrons from an energy
E{/2 = 15 eV to thermal energies is short and at a typical cross sectlon for inelastic
scattering by the molecules oi{ = 10" '7 cm® we have Tcool =~ ((ov) Nllq) < Tpeam+ Lhe
change of the volume concentration N, of these cooled electrons with time is described
approximately by the equation dNg/dt = J — ky¢N3, the solution of which is

N0 = VI A 2V TD, 6. 20)
1 -Lexp(—2 ]/Jkrt)

where ky is the rate constant of the dissociative recombination, J is the bulk ionization
rate by an electron beam,

J—le L (4.21)

and e is the electron charge. For the electron-beam and liquid parameters indicated above,
we have § = 1 cm and J = 2.6+10%% cm 3'sec”'. At these ionization rates and at the typi-
cal value ky = 1077 cm®/sec, the quasistationary value is Ng = VJ/kr 5°10'° cm™?, and

the time of establishment of the quasistationary regime is Tegt ~ 1/2VJky =~ 10 *° sec.

Tnasmuch as Tegt <€ Tbeam for the considered example, we can assume that during the
entire time that the liquid is bombarded with fast beam electrons the recombination flux
krN;, which ensures in final analysis the energy pumping into the vibrational degrees of
freedom, is equal to the bulk ionization rate J. The total recombination energy flux is
consequently E{J/2, but it is clear that only a fraction n of this flux goes into the vi-
brational degrees of freedom. If the molecules are produced in the course of the recombina-
tion on vibration levels that are close to the dissociation limit with energy D¢, then
Nmax =~ 2Dg/Ei can be of the order of unity. In the estimates that follow we shall use the
value n = 0.2, assuming thus that only 20% of the recombination energy flux (or 107% of the
total flux EjJ) goes into the vibrational degrees of freedom.

When the oscillations are directly excited by secondary electrons in a quasistationary
regime, it can be assumed that the rate of energy pumping into the oscillations is nEjJ/2,
where n is determined by the ratio of the cross section for the excitation of the oscilla-
tions by the electrons to the total cross section for their inelastic scattering, and by
the average value of the energy that goes over into the vibrational energy in one excitation
act.

To determine the populations of the individual vibrational levels it is necessary to
know, besides the total energy flux into the oscillations of the polyatomic molecules, also
how the various oscillation modes are excited. The most favorable for the production of in-
verted populations is a situation in which the modes predominantly excited are those having
a long relaxation time (this is precisely the case realized in an electrically pumped CO,
gas laser). Since, however, the relative energy pumping rates into different oscillation
modes are unknown for most molecular systems, we shall hereafter assume them all to be equal.
Assumlng now that in a liquid of polyatomic molecules with a number of normal intramolecular
oscillations there are two groups of modes n and k (n + k = m), which relax with different
characteristic times t(n) < t(k), we obtain for the nonequilibrium reserve of energy Evib(n)
and Evib(k) in each of the groups of modes in the quasistationary relaxation regime*

Eyip (1) = - n - JT(2) + Evib (1), Bvib (k) = - M 5~ Theam + Bvib (£, (4.22)

where EJip is the equilibrium value (at the temperature T) of Evib.

Estimating Evib and recognizing that in each of the groups of modes n and k, owing to
the rapid energy exchange between the modes, a quasiequilibrium Treanor relation is estab-

*In the considered example, for the group n of modes we have 7(n) < tbeam, i.e., a quasi-
stationary relaxation regime sets in. On the other hand, for the group k of modes we have
t(k) > Tbeam, therefore in (4.22) the expressions for Ev1b(n) and Eyib(k) contain, re-
spectively, the times t(n) and Theam*
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lished [2], it is easy to determine the populations of the different levels. Thus, for the
considered COS example n = 2, k = 1, and the populations of the lowest levels N, (n) and
N,(k) of the modes with the smallest quanta v, = 516 cm ' and vz = 2050 cm~ ! from the

groups n and k will be, respectively, equal to 2:10?° and 5-10'°c¢m™°. The inverted popu-
lation is produced then between the levels 001 and the level 100 from the group n = 2 of

the rapidly relaxing modes v; and v,, and amounts to =4.5:10*® cm™?. We note that it is
precisely at this transition (wavelength A = 8.4 um) that inverted population and lasing was

obtained for COS in the gas phase with electric pumping [119, 120].

Assuming for the line width and for the probability of a spontaneous radiative transi-
tion the typical values 10 cm ! and 1 sec™t, we find that for the indicated transition the
gain is ¢ =~ 4.5°107% cm™', i.e., quite sufficient for lasing. We note also that at these
values the time of development of lasing Tgen =~ 40(ac)™' = 3.3-107% sec [121] (c is the
speed of light) remains less than the duration Tpeap of the pump pulse.

An important factor that influences the operation of a liquid laser (as, incidentally,
also that of an electron-beam-~controlled gas laser) is the heating of the medium. In a
liquid, however, owing to the substantially larger capacity per unit volume, this heating
may be small even at considerable energy inputs. Thus, in the case considered here the
maximum heating of the liquid upon absorption of the energy of one pulse of the electron
beam (=75 J/cm®) is only about 50°.

From the particle flux to the upper laser vibration level with energy hvpin(k) we can
also roughly estimate the expended power Wrad and energy Ersq in one radiation pulse
Viad k¥

- J, E

7 _fada & 7
Wad < Vo (k) m L) <W

rad rad Theam*

For the considered example Wygd << 2°107 W/cm® and Epag << 1 J/cm®. These estimates
show that if liquid lasers based on vibrational transitions are eventually developed, they
can successfully compete with respect to their energy characteristics with modern elec-
troionization lasers [57, 113]. To be sure, when the pumping is by an electron beam, owing
to the predominant loss of beam energy to ionization, the efficiency of such liquid lasers
is small compared with electroionization gas lasers. However, to increase this efficiency
and by the same token improve additionally the energy characteristics of the laser, it is
possible apparently by using an excitation that combines an electron beam with an external
electric field that heats the secondary electrons. Thus, simple estimates show that at a
cross section for excitation of oscillations by electrons of the order of 10™*® c¢m® in the
region of superthermal energies 1~3 eV, the concentration of the secondary electrons Ng
(in our example, about 5°10'° cm™®) is sufficient to obtain a concentration of vibrationally
excited molecules of =5°10%* cm ®. Analogous calculations yield for liquid CS, at 195°K
an inverted population on the order of 6:10%° cm™®, while for furan C,H,0 it yields a value
on the order of 10*? em™?2,

It is clear that with decreasing temperature, owing to the growth of the time of vi-
brational relaxation, the efficiency of liquid lasers will increase. From this point of
view it is of interest to use molecular crystals as active laser media. In molecular
crystals, unlike in liquids, all the collective interactions are significant. As seen from
the estimates presented for the probabilities, the rates of the VI processes in collective
interactions are usually lower than in binary processes. Particularly small values of Pfgl
take place for molecular crystals with vpin/vp > 3, and consequently the intramolecular vi-
brational excitations decay into five or more Debye quanta. For these cases, a resonant or
near-resonant collective VV process, which calls for participation of only two Debye quanta
(see (4.17)), proceeds much more rapidly, i.e., the relation tyy <€ tyT between the charac-
teristic times of the VV and VT processes remains satisfied. In such molecular crystals,
just as in one-component gases and liquids, a quasistationary distribution will be estab-
lished within the modes.

The indicated circumstance was used in [48] to find the distribution in a system of
anharmonic oscillators. The energy exchange between the different modes (the VV' process)
in molecular crystals can proceed at different rates, but it is clear that for multiquantum
exchange with a considerable energy defect, which calls for several Debye modes to partici-
pate in the process, these rates can be relatively low, so that on the whole the vibrational
relaxation will be characterized by several relaxation times. Thus, the use of molecular
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crystals as the active media for lasers based on vibrational transitions between levels of
different intramolecular modes is promising and will make it possible in principle to obtain
large inverted populations and gains.

It is quite interesting to use for this purpose solid carbon monoxide, since the spec-
troscopic parameters and the cross sections for excitation of oscillations by electron im-
pact are well known for CO;. Pumping, just as for liquids, can be effected by powerful
electron beams. Estimates made for a beam with the parameters given above and using the
probabilities cited on p. 48, have shown that at the end of the action of the pump pulse
the inversion on the vibrational transition 00°1-10°0 amounts to 2°10'® em™®, corresponding
to a stored energy 0.4 J/cm®.

3. Laser-Chemical Reactions in the Liquid Phase

In addition to the problem of producing liquid lasers, it is undoubtedly of interest
to stimulate, in liquids, chemical reactions by using IR laser radiation for selective heat-
ing of the oscillations. So far, the investigations were limited to the gas phase {21, 25,
27, 63, 67]. We discuss here briefly the question of stimulating chemical reactions in the
liquid phase. It is known [25, 27, 67] that when energy is dissipated from a mode as a
result of a VI or a VV' process with probability P,,, it is necessary to provide by laser
radiation an optical-pumping probability W;o = P,o to obtain a mode vibrational tempera-
ture equal to the characteristic temperature of this vibration. In this case, taking into
account the connection between the pumping density J and the probability W,o, we have

J = 1.5.107%, 4 AvPro/q Ay,

where Jis in W/ cm?; Vyad and Av are the frequency of the absorbed radiation and the width

of the absorption line (in cm™?'), respectively; g is the fraction of molecules participating
in the absorption, and the radiative and collisional probabilities A;, and P,, are expressed

: -1

in sec™".

At typical values P;o = 10° sec”™, A o = 10 sec™®, q¢ =~ 0.15, Av =10 cm ', vrad =
10° ecm™! (the emission frequency of a CO, laser), we obtain J =~ 10° W/cm®, and the vibra-
tional temperature of the mode is =~1400°K. On the other hand, to obtaina vibrational tem-
perature smaller by a factor 2.3 (=610°K) the power needed is on the order 107 W/cm?®.
These powers, while appreciably higher than in the case of stimulation of laser-chemical
reactions in gases of low (1-100 torr) pressures, are nonetheless easily attainable for
modern pulse IR lasers. An important feature of laser-chemical reactions in the liquid
phase is also their local character, due to the high concentration of the radiation-absorb-
ing molecules. Thus, in the indicated example, the cross section for the absorption of
radiation amounts to =2:10'® em?, which at a liquid-molecule density on the order of 10**
em™® corresponds to a radiation penetration depth 6 ~ 5+107% em. Using radiation with a
frequency that is a multiple of the oscillation frequency, for which the absorption cross
section is considerably smaller (by an approximate factor 10® and more) than for the
resonant frequency, the volume in which the reaction takes place can be substantially in-
creased. We note arecently published and interesting communication [64] concerning the first
experiments on the realization of biochemical reactions in the liquid phase under the action
of IR laser radiation. To be sure, the employed radiation powers were low, but they ap-
parently offer evidence either of anomalously low probabilities of deactivation of the ex-
citation energy, or of a thermal character of the biochemical processes in this experiment.

On the whole, the results obtained in the present chapter point to the possibility
of effecting laser-chemical reactions in liquids and to the promise offered by using liquids
and molecular crystals as active media for lasers based on intramolecular vibrational
transitions.

In conclusion, I am sincerely grateful to my guidance chairmen L. A. Shelepin and B. F.
Gordiets for constant interest and help with the work.
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