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I. Introduction. Currently, the most effective method of selective excitation of the 
vibrational degrees of freedom in molecular gases is direct absorption of resonant IR radia- 
tion [1]. A fundamentally different method of selective excitation of molecular vibrations 
has been proposed [2], based on multiquanta resonant transfer of vibrational energy to 
impurity molecules from reservoir molecules where the latter have a nonequilibrium (non- 
Boltzmann) distribution of vibrational energies. From the theoretical analysis in [2] it is 
assumed that in collisions of impurity molecules A (which are modeled as harmonic oscillators) 
with reservoir molecules B, q vibrational quanta of B transform into p quanta of A. Hence in 
each oscillator A, transitions only occur between vibrational levels m and n whose difference 
m-- n is a multiple of p, and the whole system of harmonic oscillators splits up into p 
groups. The number of molecules in each group is determined by the initial conditions and 
in the stationary case a Boltzmann distribution is established in each group 

) X r + l p = C r e x p k - - k T a ( r - ~ - I p ) ,  r = O , l  . . . . .  p - - t ,  l=O,i . . . .  (1 .1 )  

with the temperature T a defined by the relation 

~ o  a 7itO b pTio~ a - -  q~o)  b 
P ~ - -  q ,_--'-~b* - -  

k T ~  k T  v k T  ' 

Here ~a and ~b are the frequencies of oscillators A and B; T is the temperature of the trans- 
lational degrees of freedom (the gas temperature). The effective vibrational temperature T b* 
is determined by the nonequilibrium distribution Yn of vibrational energies of the molecules 
according to the formula 

n! Yn 

q ~ = In ~=ooo 

n q)! Yn 
' n = q  

I n t e n s e  chemica l  r e a c t i o n s ,  IR r a d i a t i o n ,  and o t h e r  types  o f  s e l e c t i v e  e x c i t a t i o n  o f  the  
r e s e r v o i r  m o l e c u l e s  can s t r o n g l y  d i s t u r b  t h e i r  e q u i l i b r i u m  d i s t r i b u t i o n ,  w i t h o u t  d i r e ' c t l y  
a f f e c t i n g  t he  o t h e r  components o f  the  m i x t u r e .  Under t h e s e  c o n d i t i o n s  when q > 1 the  v a l u e  
o f  T b* (and hence  a l s o  Tar) can d i f f e r  s i g n i f i c a n t l y  from the  k i n e t i c  v i b r a t i o n a l  t e m p e r a t u r e  
d e t e r m i n e d  from the  a v e r a g e  s t o r e d  v i b r a t i o n a l  ene rgy  [2] .  I n  t h i s  way, r e d i s t r i b u t i o n  o f  
v i b r a t i o n a l  e n e r g i e s  in  the  r e s e r v o i r  ( i . e . ,  changes  in  the  Yn) can w i d e l y  change the  v i b r a -  
t i o n a l  t e m p e r a t u r e  Tar o f  the  i m p u r i t y .  This  l eads  to  a new method of  e x c i t i n g  m o l e c u l a r  
g a s e s ,  w i t h o u t  d i r e c t  a b s o r p t i o n  o f  IR r a d i a t i o n .  We p o i n t  o u t ' t h a t  the case  o f  most  p r a c -  
t i c a l  i n t e r e s t  i s  a t h r e e - q u a n t a  r e s o n a n t  t r a n s i t i o n  p = 1, q = 2 which i s  r e a l i z e d  ( w i t h i n  
an e r r o r  o f  l e s s  t h a n  1%) in  c o l l i s i o n s  between such  abundant  m o l e c u l e s  as OH--NO, N2--SO, 
S0--C12, OH--02, H2--CO. 

I n  the  p r e s e n t  p a p e r  we d i s c u s s  how c h e m i c a l  r e a c t i o n s  i n  the  i m p u r i t y  can be speeded  
up by a d i s t o r t i o n  o f  the  e q u i l i b r i u m  v i b r a t i o n a l  d i s t r i b u t i o n  i n  the  r e s e r v o i r .  S p e c i f i c  
c a l c u l a t i o n s  fo r  the  d i s s o c i a t i o n  o f  d i a t o m i c  m o l e c u l e s  (modeled as anharmonic  o s c i l l a t o r s )  
a r e  c a r r i e d  o u t .  

2. Stationary Vibrational Distribution. We study the stationary vibrational distribu- 
tion of the harmonic oscillators A in a non-Boltzmann reservoir of B molecules. The follow- 
ing processes are taken into account in the analysis: (V--V') exchange from A--B collisions 
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(p quanta of A transform into q quanta of B), (V--T) processes from A--B collisions, and also 
(V--V) processes from A--A collisions. 

The kinetic equation for the population density of the vibrational levels xn(t) of the 
A molecules has the form 

d% (2.  1 ) 
d---f" = L v v ,  -i- L ,  

where L V, is the collision integral for multiquanta (V--V') exchange [2]: 

(rt -~  p )! O--Op It! rtl e_Oplfn_p} ' (2.2) 

~ o q  ~ " ~oa _ vv~ ~ (s + q)! 

oq Qpo i s  t h e  p r o b a b i l i t y  o f  a (V--V') p r o c e s s  

A(p) + B(0) -~ A(0) + B@) 

in a single collision, Zab is the collision frequency of a single A molecule with B molecules, 
and L is the collision integral corresponding to the slower processes of (V--T) exchange in 
collisions of A with B and (V--V) exchange in collisions of A molecules with each other. We 
ignore (V--T) exchanges in A--A collisions since the concentration of A molecules is taken to 
be small. Hence 

L ~--- LVT -~ Lvv,~ (2.3) 

where 

L v r  = z~bP~o{(n + I)X.+x - - [ ( n  + 1)e - ~  -4- nlx= -t- ne - ~  x=_~} ( 2 . 4 )  

is the collision integral for (V--T) exchange [3], O----~(oa/kT , and Pio is the probability of 
the single-quantum (V--T) transition n = I § n = 0. Finally 

L v v  = zaaQxVo v {(n + t) (1 + a) xn+a - -  [(n -}- t) o~ -}-, n (1 + a)l Xn %- naxn -x}  ( 2 . 5 )  

is the collision integral for (V--V) exchange [3], a---- ~ nxn is the average number of vibra- 

tional quanta per A molecule. An exact solution of (2.1) with (2.2)-(2.5) would be diffi- 
cult. However, the problem can be simplified considerably if it is realized that (V--T) and 
(V--V) processes proceed much more slowly than (V--V') exchange ((zabQpo)-i<< (ZabPio) -i, 
(ZaaQY~0)-1). The vibrational relaxation can then be treated as proceeding in two stages. In 
the first stage, after a time of order TVV = (ZabQpo) -I the distribution (1.I) is established; 
the factors Cr(0) are determined by the relative numbers of particles in each group at the 
initial instant of time: 

cr (0) = (t - 0 E x.+z  (0) 
I=0 

The next relaxation stage is characterized by the time TVT = (ZabPlo) -I or TVV = (zaaQY~o) -i. 
In this stage the slower (V--T) and (V--V) processes will result in a stationary distribution of 
molecules according to groups {Cr(~)}. We study only the vibrational relaxation in the 
second stage. Substitute the distribution (l.l) into (2.1). After summation of (2.1) within 
each group (i.e., over l) we obtain a set of kinetic equations for the distribution of pa r - 
ticles according to group {Cr(t)}: 

dCr/dr = IVT + f v y ~  r = O~ t . . . . .  p _  t ;  ( 2 . 6 )  

I v r  = zabPlo{( r Jr" I n v pl(eP~ - -  l))e-OCr+l - -  [(r + t -l- p / ( ~ P  - -  l))e - ~  + r + p/(e  Ov - -  I)]C r ( 2 . 7 )  

d- (r -~ p/(epO -- t ) ) r  G-x};  

vv ( 2 . 8 )  
I v v  = za~O,o {(r + t + p / ( e  v~ - -  1)) (t + a) e-~C,+, - -  

- -  [(r + 1 + p / ( e  ~ - -  t)) ~ + (r + p / ( d "  - -  1)) (t + a)]  C, -6 (r + p / ( e  v~ - -  t))ae~ 

where one must put C-i = Cp-~, Cp = Co. 
ticles so that 

Equation (2.6) conserves the total number of A par- 

p-i e_~r C 
~i -- e --p~ r 
r~O 
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For very small concentrations of impurity A molecules (zabP~o>> zaaQ~o), when one may ignore 

collisions among themselves, the distribution {Cr(t)} is formed by (V--T) processes after the 
characteristic time ~TVT. In this case the stationary distribution {c~T@)}, which is the 
solution of the equation IVT = 0, can differ strongly from the Boltzmann distribution when 
@@~at temperature T~: 

CSo) (oo) = t - -  e -~. ( 2 . 9 )  

For higher concentrations of the impurity A molecules (T~<KTVT) the (V--V) processes will 
equalize all of the coefficients Cr, thereby forming a stationary distribution equivalent to 
(2.9) after the characteristic time zVV. 

In the case of most practical interest, p = 2, Eq. (2.6) with the help of (2.7) and (2.8) 
takes the form 

* - - l r  VT 
dCo/dt -- ~vr [Co ( o o ) -  Co] + ( 2 ~ v ) - ' [ ( C o _  t ) 2 _  e-2Ole o, ( 2 .  I0 )  

Co@ Cle -0 = l - - e - 2 O ,  

where 

The solution of 

where 

e 2 e - t  
TVT  ~ TVT 3 Jr 3e-Oe ~O + e  20 + e  - e  ' 

* 12VV (1--2 e-=0)~ 

C~ ! ( c x ~ )  = (eO - -  e-0)  (eo + e-ff + 2e-Oee) 
3 Jr e - e  Jr 3eZOe - e  + e 2e 

(2.10) has the form 

Co (t)  = t + a - -  b [ c ~  (o) - -  (J + .~) - ~,1 + [ c  o (0) - -  (t + ~) k b] e - t /~*  
[ c  o (o) - (~ Jr 0) - b] - [ c  o (o) - (t  + ,,) + b] e - ~ , "  ' 

( 2 . 1 1 )  

. =  b =  C 7  (=)1 + . '  + 

= ( ;ylb) 
N o t e  t h a t  C o ( ~ )  = 1 + a --  b ;  i n  t h e  l i m i t i n g  c a s e s  a << 1 a n d  a >> 1, C o ( ~ )  t a k e s  t h e  f o r m s  
( 2 . 9 )  a n d  ( 2 . 1 1 ) ,  r e s p e c t i v e l y .  

3 .  D i s s o c i a t i o n  i n  a N o n - B o l t z m a n n  R e s e r v o i r .  The  n o n e q u i l i b r i u m  v i b r a t i o n a l  d i s t r i -  
bution of the impurity molecules in the non-Boltzmann reservoir will significantly affect 
the rate of dissociation. We first consider the case when only single-quantum transitions 
occur in the system of A oscillators. The kinetic equation for the vibrational population 
densities Xn in the quasistationary regime (it is assumed that the rate of dissociation is 
slower than the rate of vibrational relaxation) has the form 

- - I ~ - d X n  ~:- gab [Pn+l,n,~n+l (P~,n+l-b-P*n,'o,--1) ZnJ[-P~--l,nZn--1}, (3 1)  

n - :  0 ,  1, . . . ,  s - -  l ,  

- = (pL+, + P L - 0  

where  Kd = - - ( l / N a ) d N a / d t  i s  t h e  d i s s o c i a t i o n  r a t e  c o n s t a n t  (DRC) and Pn,n_+~ a r e  t h e  p r o b a b i l i -  
t i e s  o f  s i n g l e - q u a n t u m  v i b r a t i o n a l  t r a n s i t i o n s  (V--T) and (V--V ' )  e x c h a n g e s .  I t  i s  a l s o  assumed 
t h a t  d i s s o c i a t i o n  o c c u r s  as a r e s u l t  o f  t r a n s i t i o n s  f r o m  t h e  l a s t  v i b r a t i o n a l  l e v e l  s t o  t h e  
continuum of vibrational energies with probability Ps,s+1 in a single collision. We ignore 
recombination processes, i.e., dissociation is considered only in the initial stages. The 
methodology of solving equations of the type (3. I) is well known [3]; within small terms of 
order ~(I/zab)K d included we can write 

n--1 n--1 ]_[n4_,~ 
r(~ /fa X Jo) "~ . .  :r,~: ..... n - -  .z~ z.~ * ; (3 2) 

] :O  i=j  ZabPi+l , i  

Kd ~- s-1 s s ' (3 3) 
=!o) ~.~ II~+. 

p*  
j=~o i=j  ~ab i + l , i  
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where 

l l i  [] i  P~-l'i V - - - ,  ~ ] ,  l l i  ..... t, ~ > / ;  
l , l - - I  ( 3 . 4 )  

X~ ~ = xoH~ is the stationary, unperturbed vibrational distribution. In the equilibrium 

reservoir the condition of detailed balance is satisfied 

p~/pj~ == e~p [ - ( E ~ -  L'j),'kT'l, ( 3 . 5 )  

w h e r e  E i i s  t h e  v i b r a t i o n a l  e n e r g y  o f  t h e  A m o l e c u l e s  i n  s t a t e  i .  Then  ~ = exp [--(Ej -- 
i 

E j _ ~ ) / k T ]  and ( 3 . 2 ) ,  ( 3 . 3 )  can  be  t r a n s f o r m e d  i n t o  e x p r e s s i o n s  f o r  t h e  p o p u l a t i o n  d e n s i t y  o f  
t h e  v i b r a t i o n a l  l e v e l s  and t h e  t h e r m a l  DRC f a m i l i a r  f r o m  t h e  t h e o r y  o f  t h e r m a l  d i s s o c i a t i o n  
[ 3 ] .  

In the case of a non-Boltzmann reservoir, the condition of detailed balance (3.5) is not 
satisfied in general, however (3.4) can be calculated, using the following reasoning. We 
break up the vibrational spectrum of the molecule into two regions. We will assume that in 
the low-level region (n<~m), resonant (V--V') exchange (p = I, q > I) plays the dominant role 
((V--V) exchange is insignificant in this region because it does not alter the Boltzmann dis- 
tribution established by the (V--V') exchange). In the high-level region (n~m), (V--T) ex- 
change is dominant. Thus, the following relations are valid 

* {1, n~<m, 
Pn-l,n =- Qn-l,nffn,m ~- Dn_l,n, On, m == 0, n > m, 

Q'~--l,nlQ,,,n--1 = e -~ P~_~,,iP, ~.~-i == exp [ - - (E~ -- E,_ l ) l k  T ]. 

U s i n g  t h e  i n e q u a l i t y  Qn ,n -~  >> P n , n - ~  we o b t a i n  

[ e x p [ - - 0  (j + t - - i ) 1 ,  i , ] < m ,  

Hi = / e x p  [-- (Ej 2_ Em)/kT --  O(m -- i -~ t)1,, i < m < ], 
texp [-- ( E j - -  Ei-O/kTI,  i, i > m. 

For the stationary unperturbed vibrational distribution we have 

[Nazi-} exp (-- On), n ~ m, 
Z(n ~ 

# 

N~z~ exp --Om+Om--72f], n > m, 

w h e r e  zv == ~ ~ n �9 Wi th  t h e  h e l p  o f  t h e  i n e q u a l i t y  e -~ << i t h e  f o l l o w i n g  i s  v a l i d  

l l = 0  

I n  t he  i n n e r  summat ion  o v e r  i i n  ( 3 . 3 )  i t  i s  p o s s i b l e  t o  c a r r y  o u t  t he  summat ion  f r om • = 0 
s 

1~. i ) , \ - l r i  s without introducing large errors ; the important contributions in ~ t~abr ! ~,{+~ involve terms 
{:0 

with i > m. We then obtain 

Ka == e ~ zv (T ; )  ~==o~-~ (-=b~,i+LO e j .  ( 3 . 7 )  

In this same approximation, the DRC in the equilibrium reservoir with temperature T has the 
form 

[ s /~  o x-l~Ei+l ,/hT] 
K(a ~ -- I zv (T)  ~i=ot~=b,~+l,i, = ]" ( 3 . 8 )  

The ratio of the DRC for the non-Boltzmann reservoir (3.7) to the equilibrium DRC (3.8) is 

omh-r ~o) 
K~IK(2 > = ( ~ ( n l ~ . ~ ( T o ) )  + " - ( 3 . 9 )  

From (3.9) it is clear that Kd/K (~ >> I even when Ta v only slightly exceeds T. 
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Formulas like (3.9) were first obtained by Losev [4] and Kuznetsov [5] in the treatment 
of the kinetics of thermal dissociation under conditions when the vibrational temperature 
differs from the gas temperature. 

The case of multiquanta resonant (V--V') transitions (p > I) is not different in prin- 
ciple from the single-quantum case (p = I). Dissociation hardly distorts the distribution in 
the n < m region, therefore one can regard intense single-quantum (V--V') exchange together 
with (V--T) and (V--V) exchanges as forming a stationary distribution of the type (1.1) for the 
low level region, and thus the relative population density Xm of level m will be fixed. It 
is convenient to write the DRC in this case as 

(o) 
The p o p u l a t i o n  d e n s i t y  x m a c c o r d i n g  to  ( 1 . I )  i s  d e t e r m i n e d  n o t  o n l y  by t h e  v i b r a t i o n a l  tem- 

a 
perature Tv, but also by the number of particles in the group of levels into which level m 
falls. For sufficiently high concentration of A molecules, (V--V) processes lead to the 
Boltzmann distribution, as was shown above. The resulting quasistationary distribution (un- 
perturbed by dissociations) is equivalent to (3.6). In this case the ratio (3.9) of the DRC 
in the non-Boltzmann reservoir to the equilibrium DRC remains valid. For arbitrary concen- 
tration of the impurity A molecules 

K d l K ~  ) = Zv ( r )  Cro ~ (3.10) 

Using the fact that Cr>Coe-O(p-~ (this follows from the monotonicity of the distribution 
(1.1)) the ratio (3.10), as well as (3.9), can exceed unity by several orders of magnitude. 

Finally, we note that the increase in the dissociation rate due to resonant (V--V') ex- 
change in the low vibrational levels of the impurity molecules allows in principle chemical 
reactions to be conducted in the non-Boltzmann reservoir at very low gas temperatures; in 
general these reactions would not proceed under normal conditions at these temperatures. 
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