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w i. Introduction 

The development of laser physics, laser chemistry, and laser engineering has stimulated interest in 
studying the state of incomplete statistical equilibrium. The present survey is devoted to vibrational kinetics 
in gases, i.e., to that division of the kinetic theory of gases which describes the state of incomplete statistical 
equilibrium due to the nonequilibrium energy distribution over the vibrational degrees of freedom. The vibra- 
tional relaxation processes which shape the equilibrium or nonequilibrium vibrational distributions proceed 
considerably more slowly than the equilibrium build-up processes in the translational and rotational degrees of 
freedom, and considerably more rapidly than the chemical reactions. In a first approximation this permits con- 

sidering vibrational relaxation to be isolated in the background of the already terminated rapid processes of 
equilibrium build-up in the translational and rotational degrees of freedom and the chemical reactions which 
still have not started. The comparative slowness of the vibrational relaxation governs its exceptional role in 

the production of molecular media with a population inversion and in the shaping of the quasistationary dis- 

tribution which permits active interference during the chemical reaction. 

The history of the development of vibrational kinetics goes back several decades. The beginning of its 
first stage refers to the late 1920's and is associated with ultra-acoustic investigations. Namely, in those 
years Hertzfeld and Rice [i] assumed that anomalous absorption and dispersion of ultrasonic waves in poly- 
atomic gases, which had repeatedly been observed earlier, are explained by the slow exchange of energy 
between the translational and vibrational degrees of freedom during molecular collisions. The Hertzfeld and 
Rice ideas were later developed by Kneser [2], Rutgers [3], Landau and Teller [4], Leontovich [5], et al., where- 
upon a relaxation theory of sound propagation in gases was produced [6]. The Einstein paper [7] in 1920 was 

the prototype of this theory. 

The second stage in the development of vibrational kinetics is associated with the study of shock waves. 
Bethe and Teller [8] and Zel'dovich [9] were the first to turn attention to the role of vibrational relaxation in 

shock broadening. 

The interest in shock-wave investigation grew abruptly in connection with the development of rocketry in 

the forties and fifties, which contributed to the appearance and perfection of shock-tubeteehniques. The appli- 
cation of shock tubes disclosed new possibilities for the study of vibrational relaxation under conditions which 
differed radically from the conditions in ultrasonic fields. As a rule, ultra-acoustic measurements encom- 
passed the room-temperaturerangeo Shock tubes permitted the study of vibrational relaxation in the tempera- 

ture range from thousands to tens of thousands of degrees. This was naturally a stimulus for new theoretical 
investigations. A whole series of results was obtained: The computation of transition probabilities during 
molecular collisions was perfected, vibrational-translational and vibrational-vibrational energy exchange 
processes inpure gases and mixtures were studied, the role of excited-molecule sources was examined, a 
relaxation theory of thermal dissociation was created, etc. The results of these investigations are generalized 

in the surveys [10-12] and monographs [13-18]. 

The third stage in the development of vibrational kinetics is related to successes in laser physics. The 
sixties were marked by the explosive development of laser engineering. The use of molecular gases as the 
active lasing medium permitted obtaining high generation powers in a broad spectrum range from the near 
infrared to the submillimeter domain. Laser development caused the further development of vibrational kinet- 
ics which was particularly associated with a detailed analysis of the vibrational level populations, the investi- 
gation of relaxation in substantially nonequilibrium conditions in both diatomic and polyatomic gases, and taking 
account of the influence of different physical factors on the process. On the basis of the representations 
developed, for vibrational kinetics, the mechanism of laser operation at vibrational-rotational transitions was 
successfully conceived, population inversions for some of them were successfully estimated, and funds- 
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mental dependences on the external pa ramete r s  were successful ly constructed.  The resul ts  of these invest i-  
gations are  elucidated in the survey [19] (see [20] as well). 

The development of vibrational  kinetics also stimulated the study of physical  p rocesses  in gasdynamics ,  
chemical  kinetics, and physics of the atmosphere.  It has become perfect ly c lear  at this t ime that the produc-  
tion of chemical  kinetics at the molecular  level is impossible without an analysis of the states of incomplete 
s tat is t ical  equilibrium which occur  during chemical  react ions.  A study of molecular  chemical  kinetics addi- 
t ionally stimulated the development of laser  engineering, by disclosing new possibil i t ies for purposeful action 
on chemical  react ions.  Present ly ,  the mos t  prospect ive  method for  suchac t i on  is activation of molecules by 
select ive heating of cer ta in  vibrational degrees of f reedom because of absorption of l a se r  radiation. Namely, 
by this means a number  of interest ing experimental  and theoret ical  resul ts  have been obtained [21-32]. 

The survey performed has shown how interes t  in studying vibrat ional  kinetics, which initially occur red  in 
molecular  acoust ics ,  has gradually enclosed the most diverse regions of physics,  chemis t ry ,  and engineering. 
At this t ime the study of vibrational nonequilibrium is an inherent par t  of molecular  kinetics, thermophysies ,  
physics of the a tmosphere ,  molecular  acoust ics ,  physical  gasdynamics ,  chemical  kinetics, etc. There are  tens 
and hundreds of papers in each of these areas ;  however, survey papers  where the theoret ical  principles of 
vibrational kinetics, including the attainments of recent  years ,  would be elucidated f rom a single aspect are 
.almost absent. The purpose of this survey is to fill this gap, and it is devoted to elucidating the general  regu-  
lari t ies of vibrational kinetics, i.e.,  to the discussion of possible types of distr ibutions in thevibra t iona l  degrees  
of freedom. 

w 2. K i n e t i c  E q u a t i o n s  

The description of vibrational relaxation kinetics is per formed in the terminology of populations of the 
vibrational levels of molecules,  i.e.,  in the terminology of the density of numbers of molecules in a given 
vibrational state. It is hence considered that the molecules in this vibrational  state have an equilibrium dis-  
tr ibution in the t ranslat ional  and rotational energies with respec t  to which the average is taken. Kinetic equa- 
tions analogous to the Boltzmann kinetic gas equation are  written (and not derived) for the populations f rom 
considerations of the balance of the numbers of par t ic les  at each vibrat ional  level. For  the most  typical case  
of a binary mixture of diatomic molecules with chemical  reactions and pumping, these equations have the form 

d x  n 
dt --IvT(Xm' xn) q- Iyv(Xm' xn) q- 1vv" (Ym, xn) + Ip q- Io' (2.1) 

n = 0 ,  1,2 . . . . .  k 

and analogous equations for dyn/dt. Here Xn and Yn are the populations of the n-th vibrational  levels of the 
molecules A and B, the number k denotes the last d iscrete  vibrational  level of the molecule A, and the I are 
collision operators  describing the change in the number of molecules at the n-th vibrational  level because of 
the collisions accompanied by v ib ra t iona l - t r ans la t iona l  (VT) energy exchange (IvT) , v ib ra t iona l -v ib ra t iona l  
exchange with molecules of this same species ( I W ,  VV exchange), and with molecules of another species ( Ivv , ,  
VV' exchange), as well as because of the chemical  reactions Ir and pumping Ip. 

The collision opera tors  IVT , IVV and IVV, , have an identical s t ruc ture  of the type 

A X I (x m, x,,) = Z ~m~ m %, ~A - -  z.~ ~ n ~ x , ~ ,  ( 2 . 2 )  
nl n 

where ~Amn is the number of e lementary  acts per  unit t ime at which the vibrational  t ransi t ion m - n  occurs  in 
the molecule A. 

The f i rs t  member  in (2.2) descr ibes  the change in the number of molecules at the n-th vibrat ional  level 
because of collisions for which molecule t ransi t ions occur  to the level n f rom all the remaining vibrational  
levels, and the second member  descr ibes  the inverse p rocess ,  i.e., the drift  of molecules  f rom the leve ln  to aU the 
remaining vibrational  levels because of t ransi t ions.  

For  VT exchange 
~,A Z ~ N pAA o B 

. . . .  = AA A m n  -t-  ZAB.~[BaDAmn, (2.3) 

where Z~A,A B is the number of collisions per unit t ime of the molecule A with the molecules A or B for a 
k k 

unit concentrat ion of the components A or  B, respect ively;  NA - - Z  x,,, N~ = Z g'~' P~A'ASare the probabili t ies of 
n ~ 0  n ~ 0  

the vibrat ional  m - n  transi t ion in the molecule A during collisions with the molecule A or  B re fe r red  to single 
collision. 
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AA (or PAmB and pAB) The probabi l i t i es  of the d i rec t  and r e v e r s e  t rans i t ions  pAA and Pnm mn nm are  connected 
by the detailed equi l ibr ium rela t ion 

RAm A AB ,f exp(--sAtkT) = ~AA AB r,~,,,' exp (-- sAikT), (2.4) 

where ~A ~ a re  energ ies  of v ibrat ional  levels of the molecules  A. An analogous re la t ionship  for the v i b r a -  
t ional t rans i t ion  probabi l i t ies  of the molecules  B has the f o r m  

p B B , B A  . Bm/kT ) BB,BA B 
m n  exp t-- Pn,n exp (--  e~/kT). (2.5) 

The T in the re la t ionships  (2.4) and (2.5) is the t e m p e r a t u r e  of the t rans la t iona l  degrees  of f r eedom (the gas 
t empera tu re ) .  

For  VV exchange 

A 0 ~.l 
= Q.~n (A, ~,,,~ ZAA~ A) :G' (2.6) 

s,l 

where  Q~n(A,  A) is the probabi l i ty  of VV exchange r e f e r r e d  to one col l is ion at which the colliding molecules  
A in the v ibra t iona l  s ta tes  m and s go ove r  into the s ta tes  n and l, r e spec t ive ly ,  a f ter  coll ision.  

The probabi l i ty  of the VV exchange is also connected by the detailed equi l ibr ium re la t ionship  

, z  eJ § sam = Q~ (A, A) e• e, -- % t (2.7) Qmn (A, A) exp kT -~ /" 

The re la t ionship  for the probabi l i t ies  of VV exchange of the molecules  B is obtained f r o m  (2.7) by replac ing  A 
by B. 

For  VV T exchange 

mn ~ ,sl ( A  ~ = z~ ~ Q,,,, ,  , B) y~, ( 2 . 8 )  

c~,sl ~ B) is the probabi l i ty  of VV ~ exchange r e f e r r e d  to one col l is ion between a molecule  A and a where  .~mn~.~, 
molecule  B for  which the molecule  makes  the t rans i t ion  f r o m  the v ibra t iona l  s tate  m to the s ta te  n while the 
molecule  B goes f r o m  the s ta te  s to the s ta te  l. 

Like the p robabi l i t i e s  of the VV p r o c e s s ,  the probabi l i t i es  of VV' exchange a r e  connected by the detailed 
equi l ibr ium re la t ionship  

( ) Q~,(A, B)exp kT " - - Q , , , ~ ( A ,  B)exp kT J" (2.9) 

Let us emphas ize  that  the col l is ion ope ra to r s  IVV and IVV~ in (2.1) a re  nonlinear ope ra to r s .  Specific 
n u m e r i c a l  values  for the probabi l i t ies  of VT, VV, and VV' exchange during the coll is ions of different  molecules  
a r e  p resen ted  in the su rveys  [33, 34] (see the su rvey  [35], also).  

The f o r m  of the ope ra to r s  I r and Ip is de te rmined  by the specif ic  reac t ion  m e c h a n i s m  and the specif ic  
kind of pumping. For  example ,  in the case  of pumping by resonant  l a s e r  radiat ion absorbed  during the v i b r a -  
t ional t rans i t ion  0 - n  with the probabi l i ty  Won 

I p  --- Wo,~x o - -  V/ , ,ox, , .  (2 .10 )  

The second m e m b e r  in (2.10) desc r ibes  the induced radia t ion during the t rans i t ion  n - 0 .  The absorpt ion  Won 
and s t imula ted  radia t ion Wn0 probabi l i t i es  (the Einstein coefficients  if Won and Wn0 r e f e r  to unit s p e c t r u m  
density of the radiat ion) a r e  re la ted  by the re la t ionship  

where  go and gn a re  the s t a t i s t i ca l  weights of the levels .  In the absence  of degenerat ion go =gn = 1, hence Won = 
Wn0. The absorp t ion  probabi l i ty  Won is propor t iona]  to the number  of photons for  f i r s t - o r d e r p r o e e s s e s , h e n e e  

Wo,~_ %.1 (2.12) 
/~O)0n ' 

w hereAcr0n is the radiat ion-absorptioncross section at the transition 0 - n ,  I is the radiation intensity, and Iiw0n = 
gnA- ~0 . If the induced transition occurs between the vibra t ional- rota t ional  levels (v, j -  v I, it), then (2.11) 
takes  the f o r m  

1,'(/:, :. (2.13) 
g (1) = g (i l)  n (A) ' 
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where n(j) and g(j) a re  the population and s ta t i s t i ca l  weight of the rota t ional  level j. Under rapid  rota t ional  
re laxa t ion  conditions 

n (]) ~ g(])  exp (--  e J k T )  Z~lt, (2.14) 

where  ej is the energy  of the rota t ional  l eve l ,  and Zro  t is the rota t ional  s ta t i s t i ca l  sum.  

Only induced radia t ion and absorpt ion p r o c e s s e s  a r e  taken into account in (2.10). At low p r e s s u r e s  the 
spontaneous radia t ion  p r o c e s s e s  also turn out to be substantial .  The cor responding  contr ibution to the r ight  
side of (2.1) has the f o r m  

Am,,x,  - ( 2 . 1 5 )  

m > n  r n < n  

where  A mn a re  the probabi l i t ies  of spontaneous radia t ion t rans i t ions  m - n  (m > nL 

The express ion  governing the inc remen t  of pa r t i c l e s  in the case  of pumping by e lec t ron  impact  is analo-  
gous in f o r m  

= No y., (2.16) 
mw,  n rn--/--n 

where N e is the e lec t ron  concentra t ion and Kmn is the probabi l i ty  of the v ibra t iona l  t rans i t ion  m - n  under 
e lec t ron  impact .  

As before ,  the probabi l i t ies  of the d i rec t  and r e v e r s e  t rans i t ions  Kmn and Knm are  connected by the 
detailed equi l ibr ium relat ionship.  However,  in contradict ion to (2.5), the rat io  K m n / K n m  is ~aot de te rmined  by 
th e gas t e m p e r a t u r e  but by the e lec t ron  t e m p e r a t u r e  (or its analog if the e lec t ron  dis t r ibut ion is not Maxwellian). 
Specific data about the probabi l i t ies  of v ibra t iona l  exci tat ion of molecules  by e lec t ron  impact  a re  contained in 
the su rvey  [24]. The f o r m  of the ope ra to r  I r descr ib ing  the change in the number  of par t i c les  in chemica l  r e a c -  
tions is de te rmined  by the specif ic  reac t ion  mechan i sm.  For  example ,  in the case  of a d issocia t ion reac t ion  
occur r ing  by means of molecule  t rans i t ions  f rom a d i sc re te  v ibra t iona l  s ta te  to a continuous s ta te  (and r e v e r s e  
p roces ses )  induced by col l i s ions ,  

k k 

I r = E (2.17) 
n--O n = 0  

where  KdnN ~ and KndX n is the number  of recombina t ion  and dissocia t ion e l emen ta ry  acts  (per unit t ime) which 
accompanied the molecule  t rans i t ion  f r o m  the continuous s p e c t r u m  at the n-th v ibra t iona l  level ,  and converse ly .  
The recombina t ion  Kdn and dissocia t ion Knd probabi l i t ies  (or the ra te  constants  if Kdn and Knd r e f e r  to unit 
concentra t ion of col l is ion pa r tne r s )  a re  re la ted  by the effect ive mass  law, which is a va r ian t  of the detailed 
equi l ibr ium r e l a t i o n s h i p s .  

A chemica l  reac t ion  changes the number  of pa r t i c l e s  in a sys t em,  hence,  the s y s t e m  (2.1) must  genera l ly  
be supplemented by the balance equations for the concentra t ion of a toms and other  reac t ion  products .  C o r -  
responding changes must  also be introduced into (2.3) to take account of VT exchange during coll is ions with 
a toms and other  r eac t ion  products .  This la t te r  considera t ion  will not include chemica l  reac t ions ,  hence,  these  
questions r ema in  outside the l imi ts  of the p re sen t  su rvey  (see [37, 38] for m o r e  details) .  

Before  analyzing the solution of the s y s t e m  (2.1) we list  the main  physica l  assumpt ions  under which (2.1) 
is val id .  It was assumed  in wri t ing the s y s t e m  (2.1) that the buildup of equi l ibr ium in the t rans la t iona l  and 
rotat ional  degrees  of f r eedom occurs  more  rapidly  than any of the v ibra t ional  re laxat ion  p r o c e s s e s  under con-  
s iderat ion,  including the pumping. This condition imposes  a cons t ra in t  on the intensi ty  of the ex te rna l  pumping. 
Namely,  the cha r ac t e r i s t i c  t ime  associa ted  with the pumping should be g r e a t e r  than the t ime  of rota t ional  
relaxat ion.  In the opposite ease ,  rota t ional  nonequi l ibr ium must  be taken into account,  which r e su l t s  in a whole 
number  of new effects  (see [39], for  instance).  

It should also be s t r e s s e d  that writ ing (2.1) f rom considera t ions  of the balance  in the number  of par t i c les  
is not a der iva t ion  in the o rd ina ry  sense  of this word. Balance considera t ions  p e r m i t  writ ing an equation just 
for the diagonal e lements  of the density ma t r ix  which have the meaning of v ibra t iona l  level  populations.  The 
question of the nondiagonal density ma t r ix  e lements  and the i r  cor responding  coherent  effects  is not subs tant ia l -  
ly worked out in the theory of v ibra t ional  re laxat ion.  Moreover ,  (2.1) was wri t ten f r o m  the v e r y  beginning 
for s ing le -pa r t i c l e  distr ibution functions. The question of the reduct ion of mul t ipar t ic le  distr ibution functions 
to s ing le -pa r t i c l e  dis t r ibut ion functions; i .e . ,  the question of the d is in tegra t ion  of co r r e l a t i on  during v i b r a -  
t ional  re laxat ion ,has  hardly been discussed in the l i t e ra tu re  [40, 41]. 
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Finally, the sys tem (2.1) takes account of only binary collisions. The simultaneous collisions of three  
and more  par t ie les  are  not examined in (2.1). Therefore ,  (2.1) is not applicable to high density gases.  

w 3. H i e r a r c h y  o f  Q u a s i e q u i l i b r i u m  D i s t r i b u t i o n s  

The equil ibrium distribution in a relaxing sys tem described by (2.1) with Ip = I r = 0 is determined f rom 
the condition of an ex t remum of the thermodynamic  potentials.  If we limit ourselves to the considerat ion of 
vibrat ional  relaxation under conditions of constant t empera ture  of the t ransla t ional  degrees of f reedom, t h e n  
it is convenient to introduce the free energy of the vibrat ional  degrees of f reedom 

F = E - -  TS, where E = ZeAx~ + ZeBg,~, (3.1) 

S = - -  kEx,~ (In x,, - -  1) - -  keg,, (lny~ --1) 

corresponding to the energy and entropy of the vibrat ional  degrees of f reedom of the molecules A and B per  
unit volume. 

Taking account of (2.1), the following express ion can be obtained f rom (3.1) for the production of the 
free energy:  

nl ,tz 

1 kTZ~A ~ -st ( XnX; ) ' Q~n (A, A) In X~nX i (x'~xs - -  .r'x;) + ~2- - -  4 m,n,s,l 

Y'~Y; ) (g'mY;- Y'~Y~) + I kTZO B) In +--4- K~,.q,S,l 

+ 1_~2 kTZ~ Qmn(A, B) In--x.~y; (x"'Y;--x'~g;)' (3.2) 
m,n,$,[ 

- - A B  AB AB where ~,n;~ = .~mn exp (-- era" /kT); 

--s' sI ( EA Av gA) 
Qmn(A, A) A) exp m ~ ; = Qm. (A, kT 

Q mn ( , B) = Q mn (A, B) exp kT ; 

x~ = x m exp (eA/kT); y '  = Ym exp (e~/kT). 

Each member  in the right side of (3.2) has the form (In a/b)(b - a), hence, in conformity with the deductions of 
phenomenological  thermodynamies  

d__~F ~.~ 0, (3.3) 

dt 

and the ext remal  value of the thermodynamic potential is determined by the distribution satisfying the sys tem 
of equations 

{b- -a  = 0}. (3.4) 

A unique sdlution corresponding to the ex t remum of the free energy is the equilibrium solution determined 
f rom the conditions X~n= x{a and yln=y~,  i .e. ,  

x m = x o exp (--eAjkT), gm= go exp ( - -  e~/kT). (3.5) 

Meanwhile, the s t ruc ture  of (3.2) is such that we can speak of relative ext remums.  Indeed, three charac te r i s t i c  

(~f , ) -1 ;  

0 ,01 
[ZABNAQ lo(A, B)]-I; 

0 01 [ZBBNBQI 0 (B, B)]-I 

(3.6) 

(3.7) 

t i m e  scales  corresponding to 

VT exchange "Cvr ~, (~A1)-1, 

0 r Ol 
VV' exchange "rvv, ~ [ZABNBQ , o (A, B)]-I 

0 01 VV exchangeTvv ~ [ZAANAQI 0 (A, A)] -1, 

f igure in (2.1) [(as well as in (3.2)]. As a rule 
�9 vv << Zvv, << rvr. 
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The inequality (3.7) permits  considerat ion of the sys tem (2.1) in different t ime scales.  One process  predomi-  
nates during each such scale (the preceding scale is considered terminated at each instant and only its result  
is important  for later,  while the next has not yet started). Each of the p rocesses  listed introduced its con- 
tribution to the production of the free energy. For  example, the f i rs t  and third members  in (3.2) descr ibe the 
VT exchange contribution, the second and fourth the VV exchange contribution, and the fifth the VV' process  
contribution. The disappearance of the corresponding member  in dF/dt determines  the state of incomplete 
s tat is t ical  equilibrium in which the process  under considerat ion and the preceding processes  have already 
terminated,  while the next has still not started. Therefore ,  a representa t ion of the h ierarchy of quasiequil i-  
br ium distributions occurs .  

Quasiequil ibrium distributions formed in each of the components by the fastest  VV exchange p rocesses  
are  at the lowest steps of this hierarchy.  The distribution being formed under the effect of VV' exchange 
occupies an intermediate  position. Finally, the Boltzmann equilibrium distribution in which the VT exchange 
resul ts  will c lose this hierarchy.  

Let us examine each of these distributions individually. 

1. P roces se s  of W exchange resul t  in a distribution which is determined f rom the solution of the sys tem 
of equations 

x,'x: = x:. G m, s ,  n, z = o, 1, 2 . . . . .  (3.8) 

If (3.8) is written in a form analogous to the conserva t ion  law 

In x' m + In x~ = In x~ + In xl, (3.9) 

then it becomes c lear  that the sys tem (3.9) will be satisfied by In Xn, whichis  a l inear combination of quantities 
being conserved during the collision (integrator invariants).  Such quantities are  the number of par t ic les  and 
the number of vibrational quanta in single-quantum VV exchange. In fact, in the single-quantum exchange 
occur r ing  by the vibrational  t ransi t ion scheme m, s - n ,  l, where n = m + 1, l =s + 1, the total number of v i b r a -  
tional quanta (as the total number of part icles)  is conserved;  i,e., the number of vibrational  quanta of each 
molecule and one are the integrator  invariants.  Therefore ,  

In x'~ = C + Cln (3.10) 

or,  after  replacement  of the pr imed by the unprimed quantities according to (3.2), 

x,~ : x o exp (-- 7n - -  sA/kT). (3.11) 

Theunknowneonstants  C and C 1 (or x 0 and T) are  determined by the total number of part icles  and the total 
number of vibrational quanta in the sys tem being conserved during VV exchange. 

The distribution (3.11) is known as the Treanor  distribution and was f i rs t  obtained in [42] (see [43, 44] 
also). It is convenient to express the constant y in t e rms  of the " temperature  ~ of the f i rs t  vibrational  level T 1 
determined by using the relationship 

x 1 = x 0 exp (-- eA/kT). 

In this case 

~~ eA (3.13) 

and the distribution (3.11) can be written in the form 

( (3.14) 
x~ = x 0 exp k T  1 + -k-T ]" 

For  T l > T the eonstant 3/<0; hence, for large n the populahon of the vibrational  levels described by 
the distribution (3.11) will be above the equilibrium distribution. The physical  reason for the repopulation of 
the upper vibrational levels because of VV exchange can be conceived if it is taken into account that the dynamic 
equilibrium between the vibrational  levels maintaining the Boltzmann distribution is spoiled with the reduction 
of the t ranslat ional  tempera ture  relative to the vibrational (T 1 > T). The transit ion of a large quantum f rom the 
low vibrational  levels into a smal le r  quantum of the upper levels hence turns out to be a more probable resul t  
of VV exchange than the converse.  A relat ive increase  in the part icle  flux at the upper levels in compar ison to 
a r eve r se  par t ic le  flux at the lower level will result  in the s ta t ionary state corresponding to the equality of the 
forward and r eve r s e  fluxes being achieved for large (as compared to the equilibrium) values of the upper level 
population. Even the formation of population inversions is hence possible.  The level no, start ing with which a 
population inversion is observed in the Treanor  distribution, is determined f rom the condition 

(3.12) . 
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d 
d~ (~,n -- eA/kT) = O. (3.15) 

If the zero  leve l  of the v ib r a t i ona l  energy  ~A is taken as or ig in ,  then we can wr i te  

8A = e~n ~- A~n (n - -  i), (3.16) 
/7 

where  Ae=x/w~ is the anharmonic i ty  constant .  Taking account of (3.16), the re  follows f rom (3.i5) 

~ T 1 
no 2As T 1 2 (3.17) 

Fo r  example ,  f o r C O ( r  = 2 1 6 8 c m - t  A~ = 13 cm -1) n ~  12 w h e n T =  350~ and Tl=2500~ 

For  T 1 < T the p a r a m e t e r  y> 0, hence in conformi ty  with (3.11), a lag in the populat ion f rom the equ i l ib r ium 
Boltzmarm d is t r ibu t ion  will  be obse rved  s t a r t i ng  with a ce r t a in  n. 

The case  T 1 >T(T <0) is obse rved  during energy pumping in the v ib ra t iona l  deg rees  of f r eedom of m o l e -  
cules  o r  during rap id  expansion of a m o l e c u l a r  gas ;  the opposi te  case  T 1 <T(T >0) is r e a l i z e d  in the r e l axa t ion  
zone behind a shock front.  

At low levels  of the v i b r a t i o n a l  exci ta t ion,  the nonequidistant  v ib ra t iona l  leve ls  can be neglected and a 
harmonic  o s c i l l a t o r  model  can be cons ide red .  In this  case  ~ = n ~  A and the d i s t r ibu t ion  (3.11) goes over  into a 
Bol tzmann d i s t r ibu t ion  with the v ib ra t iona l  t e m p e r a t u r e  T 1 ~ T. 

Let us emphas ize  that  the s epa ra t i on  between the v ib ra t iona l  and t r a n s l a t i o n a l  t e m p e r a t u r e s  during gas 
expansion under l i e s  the opera t ing  p r inc ip le  of the gasdynamic  l a s e r  [45-49]. 

The T r e a n o r  d i s t r ibu t ion  (3.11) is  a new kind of d i s t r ibu t ion  in gas s y s t e m s .  It is fo rmed under  the effect 
of VV exchange p r o c e s s e s  and hence is val id  in the domain of v ib ra t iona l  levels  where  VV exchange p r o c e s s e s  
p r edomina t e  over  the VT r e l axa t ion  p r o c e s s e s  [50]. 

2. The VV ~ exchange p r o c e s s e s  fo rm a d i s t r ibu t ion  sa t i s fy ing  the s y s t e m  of equations 
~y~ = Cy~, (3.18) 

which must  be cons ide red  in combinat ion with the d i s t r ibu t ion  (3.11) and an analogous d i s t r ibu t ion  for  Yn s ince  
~-VV is l e s s  o r  even much less  than ~'VV" This l a t t e r  condit ion a s s u r e s  that  the fo rmat ion  of the T r e a n o r  d i s -  
t r ibut ions  wi l l  p r e c e d e  VV' exchange.  If we l imi t  ou r se lves  to s ing le -quan tum VV' exchange,  i .e . ,  cons ide r  that 
n = m ~ 1, l = s ~ 1, then the solut ion of the s y s t e m  (3.18) for  the T r e a no r  d i s t r ibu t ion  functions x m and Ys r e su l t s  

in the condit ion 
VA = ?B' (3.19) 

which can be wri t ten  in the form 

~ ~f - ~ r  (3.20) 
kv, ~ krf  kv 

The re l a t ionsh ip  (3.20) r e l a t e s  the " t e m p e r a t u r e "  of the f i r s t  v ib ra t iona l  leve ls  of the components  A(T A) and 
B(T B) to the gas t e m p e r a t u r e .  An analogous r e l a t ionsh ip  for  the " t e m p e r a t u r e s "  of the n-th level  is  d i s cus sed  
in. [51]. The v ib r a t i ona l  t e m p e r a t u r e  of the n-th level  of the component A is de te rmined  f rom the r e l a t ionsh ip  

sA T A x ,~XoeXp( - -  ~/k n) 

and analogous ly  for  the component B. 

T h e r e f o r e ,  VV exchange in each of the components  r e su l t s  in a T r e a n o r  d i s t r ibu t ion  without a l t e r ing  the 
s t o r e  of v ib ra t iona l  quanta in the components .  S ingle-quantum VV' exchange p r o c e s s e s  synchron ize  the s t o r e  
of v ib ra t iona l  quanta in both components  in co r r e spondence  with (3.20) without changing the total  number  of 
v ib ra t iona l  quanta in the s y s t e m .  

The harmonic  o s c i l l a t o r  model  is app l i cab le  at low v ib ra t iona l  exci ta t ion  leve ls .  In this  case  the s i tuat ion 
is s impl i f ied .  The VV exchange p r o c e s s e s  r e s u l t  in the buildup of a Bol tzmann d i s t r ibu t ion  with its own v i b r a -  
t ional  t e m p e r a t u r e  in each of the components ;  s ing le -quan tum VV' exchange r e l a t e s  these  t e m p e r a t u r e s  
accord ing  to (3.20). Extens ion of (3.20) to the case  of mult iquantum VV' exchange is contained in [52, 53]. 

It follows f rom (3.20) that  for suff ic ient ly  s m a l l  T the v ib ra t iona l  t e m p e r a t u r e  of the component with the 
s m a l l e r  v ib ra t iona l  quantum will  be above the v ib ra t iona l  t e m p e r a t u r e  of the second component.  This fact was 
observed  expe r imen ta l ly .  An excess  of the v ib ra t iona l  t e m p e r a t u r e  of CO (QCO= 3090OK) over  N 2 (~N2--- 3353~ 
[54] was detected during expansion of a mix ture  of CO and N 2 in a nozzle.  
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The VV' exchange processes  can result  in a number of interest ing thermal  effects. For instance, let the 
whole vibrational  energy of a binary mixture of gases A and B be concentrated at the initial instant in the 
component B (~A> qB). In this case,  part  of the vibrational  energy of the component B will go over  into the 
vibrational energy of the component A, accord ingto  (3.20), in the single quantum VV' exchange process .  Since 
~ >  qB and the number of quanta is conserved,  this process  will be accompanied by energy absorption of the 
t ranslat ional  degrees of freedom, which will resul t  in a lowering of the t ranslat ional  tempera ture .  According 
to est imates [55], the reduction in gas tempera ture  for an equal concentrat ion of components will be ~ 30~ in 
a binary CO and N 2 mixture with the initial conditions : T = 270~ is the t ranslat ional  t empera ture ,  T1 N2 ~ 0, and 
T C O ~ 3000OK is the vibrational temperature .  

Let us emphasize that the maximum ~xT I will be observed with the lapse of t ime ~ rVV,. Because of the 
VT exchange, the AT will la ter  tend to zero. Therefore ,  an experimental  study of the t ime dependence of AT 
will, in principle,  permit  determination of the probabili t ies of VV' and VT exchange. 

An interest ing thermal  effect occurs  also when powerful CO 2 laser  radiation passes  through the a tmo-  
sphere [56]. Generally speaking, gas heating caused by radiation absorption occurs  during laser  radiation 
propagation in the atmosphere.  However, at the initial instants after  the beginning of absorption, gas cooling 
ra ther  than heating can take place. The physical  reason for this is the following. Radiation of a CO 2 laser  is 
absorbed in an atmosphere  of CO 2 molecules,  where the CO 2 molecules make the t ransi t ion f rom the level 
10~ to the level 00~ The level 00~ of CO 2 is in resonance with the f i rs t  vibrational  level of N2, hence, the 
VV' exchange results  in intensive pumping of energy f rom CO 2 into N 2. The excess vibrational  energy of CO 2 
and N 2 makes the t ransi t ion because of VT exchange into thermal  energy (into the energy of t ranslat ional  and 
rotational degrees of freedom), which resul ts  in heating of the gas. On the other hand, the VT exchange proba-  
bility for the CO 2 10~ level is high compared to the analogous probability for the N 2 vibrational level. Hence, 
destruction of the C O 2 10~ level because of resonance  radiation absorption will be considerably more rapidly 
compensated by fluxes of part icles  because of VT exchange than the N 2 e x c e s s  vibrational  energy will be 
resorbed  because of the slow VT exchange of the N 2 molecule. In this connection, energy evacuation from the 
translat ional  degrees of f reedom and its s torage in the vibrational degrees of f reedom of the CO 2 and N 2 will 
occur  in the initial t imes after absorption, which indeed results  in cooling of the gas. Let us note that the l i fe-  
t ime of the cooling effect is determined by the VT exchange probabil i ty and is around 10 -2 sec a t ~  I tech. aim 
p ressu re ,  while the degree of cooling at room tempera ture  is on the o rder  of 1~ An experimental  study of the t ime 
dependence of ~T  can be the source  of information on the VT exchange probabili t ies.  

3. The VT exchange p rocesses  resul t  in a buildup of the total s tat is t ical  equilibrium in the system. Their  
role is to equilibrate all the " tempera tures"  in the system. Indeed, VT exchange forms a distribution subject 
to the equations 

x~ == x:. (3.21) 

For 7 = 0, i.e., an equilibrium Boltzmann distribution with a t empera ture  equal to the tempera ture  of the t r ans -  
lational degrees of freedom, the distribution (3.11) satisfies the sys tem (3.21). Radiation t ransi t ion must be 
taken into account in addition to VT exchange for heteronuclear  molecules.  In this case the probabilit ies ~ n  
in the coll ision opera tor  IVT in (2.1) must be written in the form 

~ran A ,-~mn ~7 (Arnr~ + BmnP), ~nrn A -L. = = ~,~,~ ~ B,,,~p, m > n,  (3.22) 

where ~Amn is defined by (2.3). The Amn and Bmn in (3.22) are Einstein coefficients,  and p is the radiation 
energy density. In isolated sys tems in which there  is no energy and mater ia l  exchange with the surrounding 
sphere,  p is the Planck distribution function under equilibrium conditions. If the relation between the Einstein 
coefficients Amn and Bmn and the relationship (2.4) are  taken into account, then we can write 

~m~ exp (-- e ~ / k T )  = ~ , n  exp (-- eA /kT )  (3.23) 

and an analogous relationship for the component B. It follows automatical ly f rom (3.23) that the par t ic le  dis-  
tribution in the vibrational  levels in the equilibrium state is described by a Boltzmann distribution function. 
Therefore ,  radiation transi t ions in isolated sys tems do not spoil the Boltzmann distribution [57]. 

The s t ruc ture  of the distribution h ie ra rchy  is determined by the relationship between the different 
relaxation t imes.  The nature of these relationships depends strongly on the mixture composition (especially in 
mixtures of polyatomic gases) and on the v ib ra t iona l - l eve l raugeunder  consideration.  Nevertheless ,  the 
approach elucidated, based on extraction of the fast and slow processes ,  turns out to be valid independently of 
the specific form of the inequality (3.7). 
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w 4. Stationary Distributions 

The hierarchy of quasiequilibrium distributions is observed in the evolution of the system from the 
initial nonequilibrium state. In this case, the system passes through a sequence of quasiequilibrium distribu- 

tions during the buildup of the total statistical equilibrium. One type of distribution is replaced by another 

with time and with the change in time scale. This course of the distribution can be delayed if an external 
effect, optical or electrical pumping, for instance, fixes the nonequilibrium population of some excited level. 
A representation of a stationary distribution being formed under the effect of an external source* occurs by 
such a means. The molecule distribution over the vibrational levels in the energy range beyond the limits of 
source action reflects the solidified hierarchy in which one type of distribution is replaced by another, but in 
the space of vibrational energies rather than in time. Thus, for instance, regions where single-quantum VV 
exchange, VT processes, and transient modes predominate can be extracted in a stationary distribution in a 
single-component system of anharmonic oscillators. 

Single-quantum W exchange plays the dominant part in the collision of molecules in the lower vibrational 

levels. Hence, if the ratio between the populations of the zero and first vibrational levels is fixed, for example, 
then the populations at the following low vibrational levels under stationary conditions will be determined by the 
Treanor distribution (3.11) or (3.14). 

The VT exchange plays the main role in the collision of molecules at the upper vibrational levels. The 

VT exchange processes result in the buildup of a Boltzmann distribution with a vibrational temperature equal 
to the temperature of the translation degrees of freedom at the upper levels. Meanwhile, the absolute popula- 
tion of the upper vibrational levels will be above the equilibrium value [for T 1 >T, see (3.12)] since the Bolts- 
mann distribution should merge with the Treanor distribution or one similar in the domain of intermediate 
vibrational energies, which exceeds the equilibrium distribution for T 1 >T. 

The distribution function has the most complex form at intermediate vibrational levels since it is impos- 
sible to extract the dominant process in this range. It is nevertheless clear that the Treanor distribution func- 
tion should go more or less smoothly over into the Boltzmann function in the intermediate range of vibrational 
energies. Analytical expressions for the transition distribution function have been obtained in [30, 44, 61-63]. 
Let us emphasize that the distribution function in the intermediate energy range takes on the shape of a plateau 
for a sufficiently large store of mean vibrational energy [64-68]. 

The existence of stationary or quasistationary distributions for different pumping methods discloses the 
possibility of stimulating chemical reactions if they go through the vibrational excited state. Such stimulation 
can be accomplished by IR laser radiation, for example, by a singly-directed effect in the quasistationary reac- 

tion stage. This method of controlling chemical reactions was first proposed in [27], and developed in [31, 32] 
and other papers. 

Another type of distribution occurs in the region where external pumping acts. Optical or electrical 
pumping, which transfers a molecule from the m-th into the n-th state, for instance, tends to equalize the popu- 
lations of the m-th and n-th levels. In the limit case of very intense pumping, a columnar distribution with 
equally probable molecule distribution over the 0-n vibrational levels is formed according to the scheme of 
single-step transitions 0-1-2-...-n at the 0-n levels [69, 31]. A population inversion at levels near n can 
occur in addition to equalization of the populations of the m-th and n-th levels under intense single-step pumping 

m-n. Equalization of the populations constrains the rate of energy insertion during pumping. This question is 
investigated in detail in [39]. 

Energy pumping, associated with the effect of positive or negative sources of vibrationally excited parti- 
cles, can also result in the formation of quasistationary distributions. The negative source will hence diminish 
the population and the positive will increase the population as compared to the instantaneous equilibrium 
value. Let us note that the range of perturbations ir~ the distribution function will be greater in the case of the 
positive source, hence the occurrence of an absolute inversion is possible. 

Systems with positive and negative sources of vibrationally excited particles model two large classes of 
chemical reactions. The formation of products in vibrationally excited states is characteristic for the first 
type of reaction (for exchange reactions between halogen atoms and hydrogen halide molecules, for example). 
The second type of reaction is characterized by the fact that the reaction proceeds through the vibrationally 

*The p r o b l e m  of cons t ruc t ing  a s t a t i s t i c a l  theory  of gas sys t ems  with p a r t i c l e  sou rces  on the bas i s  of the 
Bol tzmann kinet ic  equation was f i r s t  posed in [58-60]. 

1387 



excited state;  i.e., it is accompanied by the disappearance of excited par t ic les  ( thermal dissociat ion reaction,  
for example). Theoret ical  computations of distributions occurr ing  in these reactions are  per formed in [70-73, 

37, 38]. 

Stationary v ibra t ional -energy distributions also occur  upon spoilage of the Maxwell velocity distribution 
[74-76]. It is interest ing to note that a Boltzmann distribution over the vibrational  levels with a different 
t empera ture  than the t ranslat ional  is built up in a non-Maxwell thermosta t  during the vibrational relaxation of 
harmonic osc i l la tors  if the t ranslat ional  t empera tu re  is determined in t e rms  of the roo t -mean- squa re  velocity 

[77]. 

The representa t ion of s tat ionary or quasis ta t ionary distributions turns out to be valid only within definite 
limits.  The pumping constant in polyatomic molecules can resul t  in the occur rence  of sel f -osci l la t ion modes. 
Thus, a s tat ionary regime does not occur for  s tat ionary pumping in an a symmet r i c  CO 2 mode under specific 
conditions since the rate of disintegration of a quantum of a symmet r i c  vibrations into three quanta of a deformed 
mode depends nonlinearly on the number of quanta of the deformed mode [78]. Hence, the rate  of energy t r ans -  
fer f rom the a symmet r i c  to the deformation vibrations grows strongly with the growth in excitation of the 
deformation mode. An increase  in the rate of disintegration of the a symmet r i c  vibrations increases  the number 
of deformation vibration quanta and, therefore ,  increases  the rate of disintegration of the deformation quanta 
.still more.  An instability appears which results  in almost complete destruct ion of the a symmet r i c  mode. If a 
sufficiently rapid elimination of energy f rom the deformation mode is assured,  then the state of the destruct ive 
instability can go over  into the self -osci l la t ion regime.  The effect mentioned can result  in a peak generation 
regime in CO2-based lase rs  [79, 80]. Instability of the nonequilibrium state of the molecular  gas can also be 
observed for a VT exchange if there  is a s t rong dependence of the VT exchange probability on the gas t empera -  
ture  [81]. 

C o n c l u s i o n s  

The stationary and quasistationary distribution functions of the vibrational energy considered in this 
survey include all the basic types of vibrational distributions and have a sufficiently general nature. This 
generality is determined primarily by the fact that the stationary or quasistationary modes are, as a rule, 
compulsory of any nonequilibrium process. The clarification of the governing role of the quasistationary stage 
during a nonequilibrium process is the main result in the area of vibrational kinetics in recent years, which 
discloses extensive possibilities for controlling nonequilibrium processes. 
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