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In the general  case of a binary mixture of diatomic molecules ,  relaxation of the initial nonequilibrium 
vibrational energy distribution is accomplished by way of various e lementary  p rocesses  (see, for  example, 
[1]): v ib ra t ion -v ib ra t ion  (V-V) exchange between molecules of the same kind, v ib ra t ion -v ib ra t ion  (V-V' )  
exchange between molecules of different kinds, and v ib ra t iona l - t r ans la t ion  (V-T) exchange. The solution of 
the kinetic problem, formulated in quantum stat is t ics ,  is ext remely  difficult even with the help of powerful 
modern computational devices because of the necess i ty  of including multiquanta t ransi t ions ,  and in the case 
of a mixture of molecules  with different principal vibrational frequencies ,  these t ransi t ions can be dominant. 

In [2] a diffusion descript ion of vibrational relaxation is given for a two-component sys tem of anharmonic 
osci l la tors  with the fundamental vibrational frequencies of the components of the mixture being a rb i t ra ry .  The 
solution of a kinetic equation, i.eo, a r igorous  kinetic analysis,  is not car r ied  out in [2]. 

The kinetic problem is simplified considerably,  while still retaining all of the basic features  of the p ro -  
cess,  in the case of relaxation of a dilute mixture of nonequilibrium impurity molecules  of one kind in a r e s e r -  
voir of molecules  of another kind. This sys tem turns out to be convenient for  comparing the roles of V - V ' ,  
V - V ,  and V--T exchange p rocesses  for different values of the rat io of the fundamental vibrational frequencies 
W=c%2/Wol and different values of the adiabatic pa rame te r  }0 =w01Zint {w01, c%2 are  the principal vibrational 
frequencies of the impurity molecules  and r e s e r v o i r  molecules ,  respect ively;  ~'int is the charac te r i s t i c  in ter-  
action t ime of the molecules) .  This type of nonequilibrium sys tem is real ized in pract ice  either under the 
action of a source of excited molecules (optical or chemical excitation), or in a mixture of a small  amount of 
heated (cooled) gas with another cooled (heated) gas serving as the r e se rvo i r .  

In the present  paper,  which is an extension of [2, 3], we study the relative importance of V - V '  and V - T  
exchange p rocesses  as dependent on the pa rame te r s  W and ~0~ The kinetic mechanisms of vibrational relaxation 
are  considered for  a dilute mixture of a nonequilibrium impurity gas in a Boltzmann r e s e r v o i r  for Wr  (i.e., 
a two-component  system) over a wide range of values of W. 

1. Kinetic Equation. The process  of vibrational relaxation in a two-component sys tem of c lassical  os -  
ci l la tors  is descr ibed by the following pair  of equations [2]: 

at de -~e ( (e)]'teJzh'-"5-J'e +l~(e)l:(e')-:2"~e'e"e " / +'YJ(/~(e) l~ +l~(e)12(e')~'"-'g'-~'-~' l J t t= t '2 ) ' ( l ' l )  

where t is the t ime, e is the vibrational energy,  f.0 is the equilibrium distribution function; ~j(e, e', t) = ]~(e, t) 
l 2 

,, o o , ~j <h >.  ~j <hA'> A '  /$ (~ ~ t)/]~ (e) ]j (8); B~ = 2--~p' B~ ---- "2~p ; A, are  the changes in the vibrational energies  m and e '  of the 
f i rs t  and second collision par tners ;  ( . . . >  denotes an average with respect  toa l l  coll ision pa ramete r s ;  ~p is 
the t ime of a mean free path for  molecules of type i in an atmosphere  of molecules  of type j. Equation (1.1) 
must be supplemented by the following boundary conditions derived f rom the constancy of the number of pa r -  
t ic les  

~) l~ (c) B~2 = 0 
e : e ' : 0 ,  
e : D l ( / ) 2 ) ,  

and also the initial conditions fi(g, 0) =~I,i (e). Here D i is the dissociat ion energy of the i-th components.  
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in (1.1) t e r m s  with i =j descr ibe interactions of molecules of a single kind with each other (V-V and 
V - T  exchanges), while t e rms  with i ~j re fer  to interactions between molecules  of different kinds ( V - V '  and 
V - T  exchanges). 

If the molecules of type 1 are  out of equilibrium with respect  to vibrational energy and form a weak im-  
purity in a r e s e r v o i r  of molecules of type 2 (f2 (~', t) ---f~ (e')), then the second equation in (1.1) reduces to an 
identity and the f i rs t ,  af ter  ingetration with respect  to ~' takes the form 

0[ �88 ] 
o-7- = ~ /7 (e) 10 (e) (/t] o) (1.2) 

where the index I is omitted. The function B(e) denotes an average of the coefficient Bl2(e, e v) with respect  
to the nonequilibrium distribution of the r e se rvo i r  

The boundary conditions take the fo rm 

D~ 

B (e) ~ 1~ = B,~ (~, 8') 11 (=') d='. 
0 

[B(e)I~ ~-'~(]l]~ =0. 
I=7~i 

(1.3) 

(I .4) 

We consider initial conditions of two different types :  (1) a Boltzmann distribution with t empera tu re  To; and 
(2) a strong inversion distribution of the form f(e, 0)=C exp [ -p(e-Smax)2] ,  where emax defines the maidmum 
of the distribution and p and C are constants.  

2. System of Harmonic Oscil lators .  In a two-component  sys tem of harmonic  osc i l la tors ,  it is necessa ry  
to take into account with multiquanta V - V  w exchange p roces se s ,  as these can play an important  role when 
~Y~l. It can be shown [4] that in a sys tem of harmonic osci l la tors  with multiquanta t ransi t ions ,  the kinetic 
coefficient B has the form 

t7 (x) = D~ ~ =--~= (x = ~lD1). (2.1) 
n~>l "~n 

Here we let ~'m be the charac te r i s t i c  t imes  of n-quanta vibrational exchange, such that for n = 1 we have 1/T 1 = 

1/V VT + 1/V VV, where the charac te r i s t ic  t imes  of single-quantum V - T  exchange and n-quanta V - V '  exchange 
are  determined f rom the relations : 

t 2 M A l e  (~0) 

](n,m) = 2~mra+W%-rn[(n -I- t)n+3t% -(n+l) -- n=+~%-'q 

Here n and m are  the numbers  of quanta received or t ransmit ted by the impurity and r e s e r v o i r  molecules ,  
respect ively .  We have introduced the following notation; ~p, t ime of a mean free path (collision time) for  the 
impurity molecules;  M, reduced mass  of the colliding molecules;  #~i, reduced mass  of molecules  of the [-th 
kind; a =D2/kT; k, Boltzmann constant, T, equilibrium tempera ture ;  ~ = (%~]/iJ/2Di; mli , m2i, masses  of the 
atoms compris ing a molecule of the i-th kind; A i = (m~i +m22i)/(mli +m2i)2; l / a ,  charac te r i s t i c  in teraet ionrange 
of the intermolecular  potential. Finally the function �9 is given by 

'~ ( 8 1 / ~  7/~ex / 3 2/3~ ~ V ~ Y  P t - - Y  1, y>>i,  

o t 7  --  s , - ~. g ~ 20. 

Equation (1.2) with the coefficient B given by {2.1) does not have the proper ty  of canonical invariance be-  
cause of the presence  of nonlinear t e r m s  in x in (2.1) f rom multiquanta V - V '  exchange p roces ses .  The r e l ax ,  
a t ionprocess  ofthe average energy cannot be described by a single relaxation t ime.  It can be shown, however,  
that in the near-equi l ibr ium stages of the p rocess ,  i.e., when t ~ ,  the sys tem relaxes according to an expo- 
nential law with a relaxation t ime determined by the following relat ion [4]: 
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Relations between the re laxa t ion  t imes  of the different  vibrat ional  exchange p r o c e s s  ( V - T  and n-quanta 
V - V ' )  a re  de te rmined  by the values of W and ~0. The impor tance  of V - V '  exchange inc reases  with increas ing  
~0 and the range  of values of W for  which V - V '  exchange dominates  expands.  We analyze the following cases  
for  de te rmin ing  the re la t ive  impor tance  of the var ious  e l emen ta ry  p r o c e s s e s  as dependent upon the values of 
W and ~0: for  a r b i t r a r y  W and ~0 < 5, and a lso  for  W< 1/3 or W > 3 and a r b i t a r y  ~0) V - T  exchange is dominant 
with r e spec t  to ra te ,  i .e . ,  ~-VT < r V W  and ~'h ~ TVT; for  1/3 ~ W ~ 3 with ~0~ 10, V - V '  exchange dominates ,  while 

t x  ~ 

for  1/3 ~W~ 3/2 the fas tes t  of the V - V '  exchange p r o c e s s e s  is s ingle-quantum exchange,  i .e. ,  ~.VV <~.VT ~.VV 
and ~'h ~ ~'VV)" 

3. System of Anharmonic Osc i l l a to rs .  Dependence of B(x). In [2] fo rmulas  fo r  the kinet ic  coefficients  B]J 2 
a re  given for  the genera l  case  of a r b i t r a r y  in te rmolecu la r  and in t r amolecu la r  potent ia ls .  In the case  of an 
exponential  repuls ive  in te rmolecu la r  potential  and a Morse  in t ramolect f lar  potential ,  a f t e r  pe r fo rming  the in te-  
gra t ion  indicated in (1o3) and averaging  over  different  or ientat ions of all col inear  col l is ions we have 

n (x, ~o, W) = nvr  (x, to) + Bvv, (x, ~o, W) ~ (3.1) 

where  

I 

= t - - V l - - z  ~ dx" F .... ,4(7) ) �9 
ll~2 0 �9 

(or ;1, , e ' - e - - D 2 x ' ' h T d x  ' T h . 

x =--g-, ~=~o~ I / l - - z ;  A ( T ) =  a =  ~--VV" 
, V ~--2-~ 

and 1- VV =g(rhD~fl2/AtA2MkTa2 is of o rde r  of the c h a r a c t e r i s t i c  t ime  of V - V  exchange of the impur i ty  osc i l l a -  
t o r s .  In the case  of a single component  s y s t e m  we have W = I ,  ~'h ='rI, TVV='rVV, ~= ~.VT/(?VT + T1VV)and (3.1) 
r educes  to the cor responding  resu l t  in [3]. 

The f i r s t  and second t e r m s  in (3.1) desc r ibe  V - T  and V - W  exchange p r o c e s s e s .  The indices n and m 
r e f e r  to the numbe r  of quanta rece ived  or  t r ansmi t t ed  as a resu l t  of coll is ions by the impur i ty  and r e s e r v o i r  
osc i l l a to r s ,  r e spec t ive ly .  When D2/kT>>I the fac tor  exp (-D2xt/kT) is rapidly fal l ing with increas ing  x and we 
can t h e r e f o r e  calculate  Fnm approximately for  values x~<< 1. Expanding lC]'=-~-in a power  s e r i e s  in x ) and 
cutting off the s e r i e s  at the f i r s t  t e r m ,  and a lso  using the approx imate  express ion  for  ~ w e  obtain a f t e r  inte-  
gra t ion  

D2 -E mr __ Fnm ~,..K.~ / ~_m-al2(~) 3 [ (m~0W/3 + a) '~+: (3.2) 

exp (-- 2 
- . -  olnV'l-x-mWI) (2m~oW/3 @ a)m+ ~ exp ( - -  2 . 

2 fo r  0 ~ -~ ~0 [ nV t - - x  - mW [ ~ 20 and 

m o:p [ -  3 I - -  0 /3] 

for  ~olnV~ - -  x -- mWI >> i. 

With study of the dependence of the coefficient B(x, $0, W) one can make some quali tat ive deductions on 
the influence of anharmonic t ty  on the k ine t ics  of v ibra t ional  re laxat ion without d i rec t ly  solving (1.2). 

The nature  of the in teract ion of the impur i ty  and r e s e r v o i r  molecu les  is mainly  de te rmined  by the adiabat ic  

~[3: ] [  1-~-~1 ' The p a r a m e t e r  ~0 and the value of W. There  exis ts  a re la t ion  between ~0 and a : ~0 = ~ V'a, ~0 = - -~  

values of w and ~ depend on the specif ic  sys tem;  the i r  values fo r  some actual  m ix tu re s  a re  given in Table 1. 

The ef fec t iveness  of V - T  exchange depends weakly on the nature  of the r e s e r v o i r  and is mainly  d e t e r -  
mined by the value of ~0. It fal ls  rapidly  with increas ing  ~0, while fo r  fixed $0 it i nc reases  (more s t rongly  as 
~0 inc reases )  with increas ing  mo lecu l a r  exci tat ion x. 
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TABLE 1 

X I - - X ,  

]~--N.2 411175 0,60 CI.--N~ i,39 
O~=--I-IF 2,62 i,47 
F2--N ~ ] 2,55 ] 1,86 
NO--HF 1237 I 1,63 

CO--ttF ', t ,57 

X I - - X ,  

N2--IIF t ,75 
F2--02 1,71 
NO--HC1 t,57 
0,--N,~ t,49 
NT:)--N~ t ,24 

HF--N~ 

~0 
}0 

t,75 
2,6 
2,4i 
2,t2 
2,25 
2A3 
5,00 

/ 'g  21 7 i i  ~ I ' 

/k"h ~ ~ �9 ~ c / _+ L ~--,, /,."~#I / / ~ I . < ~ ,  ~ Y . ~ t  
:o  b~--~--..l~_ - - - , I - ~ -  . . . .  ! / ~ - < - - - / ~ - - - - f  

f d  I / i I ! 

o G4 o,a G4 z:,a o,4 4 8  o,4 <z. 

Fig. 1 

It follows f rom (3.2) that V - V '  exchange reaches  resonance when the condition 

nV~'z---x - m W  = 0, (3.4) 

is satisfied, and this determines what energy ranges play a part  in resonant V - V  ~ t rans i t ions .  From (3.4) it 
follows that for low enough r e se rvo i r  t empera tu res  (D2/kT>> 1), anharmonic vibrations of the r e s e r v o i r  mole -  
cules are  not significant. It can be shown that V - V '  exchange of n quanta of an impurity molecule by m quanta 
of a r e se rvo i r  molecule is nearly resonant in a cer tain neighborhood of the point Xma x = 1 -  (roW/n) 2 and the 
width of this neighborhood is determined by the formula 6 = 6roW/n2}0, f rom which it follows that the width of 
the resonant peak of the function BVV, is inversely proportional to the square of the number of quanta t r a n s -  
mitted by an impurity molecule and direct ly proportional to the change in the number of quanta of r e s e r v o i r  
molecules;  the l a rge r  the value of }0, the nar rower  the resonant peak of BVV,. From (3.1) to (3.3) it follows 
that the effectiveness of V - V '  t ransi t ions  (accompanied by the exchange of n quanta of the impuri ty for m 
quanta of the rese rvo i r )  falls much more  rapidly with increasing m than ~/ith increasing n. 

The importance of anharmonici ty in V - V '  exchange increases  with increasing }0 and strongly depends 
on W. In Fig. l a - l d  we have plotted the behavior of B(x)=B(X)Th/D~with ~0=30 and W =2, 3/2,  2/3,  1/2.  The 
curves labeled 1 correspond to harmonic oscil lations,  curves  labeled 2 (Bvv,) and 3 (BvT) correspond to an- 
harmonic  oscil lations.  For  integral values of W = I ,  2 , . . .  the exchange is exactly resonant in the case of 
harmonic  osci l la tors  because (3.4) is satisfied for m = l  and n = l ,  2 . . . i n  this ease {x<< 1). Anharmonic molec -  
ular  vibrations for integral W lead to violation of the resonance condition (3.4) and to a dec rease  in the effective- 
ness of V - V '  exchange which becomes more  pronounced the less  closely {3.4) is satisfied (see curves  1 and 2 
in Fig. la) .  in the case of nonintegral values of W, the V - V '  exchange for harmonic  oscil lat ions can be strongly 
nonresonant.  The anharmonici ty in this case leads to a range of values of x for which the resonant condition 
will be satisfied and thus V - V '  exchange for anharmonic oscillations will be more  effective than V - V '  ex- 
change for harmonic  oscillations (see curves  1 and 2 of Fig. 1b-d). 

We now compare  the importance of V - T  and V - V '  exchange in a sys tem of anharmonic osci l la tors  for 
specific values of W and }0: 1) for a rb i t r a ry  W and }0~ 10 and also for W < l / 3  or W> 3 and a rb i t r a ry  }0, V - T  
exchange is dominant according to rate;  2) for  1/3 ~ W ~ 3 and }0 ~ 10 it is always possible to part i t ion the energy 
into ranges where either V - T  or V - V '  exchange dominates.  For 1/3~W< 1 (see Fig. l c ,  d) single-quantum 
V - V '  exchange dominates for pract ical ly  all values of x. When W > 1, V - T  exchange dominates V - V '  exchange 
by only an order  of magnitude in the region of high vibrational excitation (see Fig. la ,  b). With increasing }0 
the importance of V - V '  exchange increases  and its influence extends in the direction of increasingly higher 
values of the excitation energy.  

We also point out that when the nonequiltbrium gas is a weak impurity,  multiquanta V - V '  exchange be-- 
comes very  important for  W > 1. For  example when W =2 (see Fig. la) it is necessa ry  to include the exchanges 
2 - 1  (2 quanta of the impurity for 1 quanta of the rese rvo i r )  and 3 - 1 .  When W< 1 the exchange 1 - 1  dominates 
other V - V '  exchanges.  
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R e l a x a t i o n  of the  D i s t r i b u t i o n  :Function.  The k i n e t i c  equa t ion  (1.2) wi th  the  b o u n d a r y  cond i t ions  (1.4) was  
so lved  n u m e r i c a l l y  o v e r  w ide  r a n g e s  of v a l u e s  of W and g0. P a r t i c u l a r  a t t en t ion  was  devo ted  to  the  r a n g e s  
1 /3  ~ W ~ 3, ~0 ~, 10, w h e r e  V - V '  exchange  is  e i t h e r  s i g n i f i c a n t  o r  d o m i n a t i n g .  V - V  exchange  (w = 1, a s i n g l e -  
componen t  s y s t e m )  has  been  s tud ied  in d e t a i l  in [3]; V - T  exchange  has  been  s tud ied  in [5]. As a t i m e  s c a l e  
f o r  the  p r o c e s s ,  we  u s e  ~'h {the r e l a x a t i o n  t i m e  of the  a v e r a g e  e n e r g y  in a s y s t e m  of h a r m o n i c  o s c i l l a t o r s ) .  
Th is  t i m e  s c a l e  is  conven ien t  fo r  s tudy ing  the  e f fec t  of a n h a r m o n i c i t y  on the  k i n e t i c s  of t he  p r o c e s s .  In a p p r o -  
p r i a t e  l i m i t i n g  c a s e s ,  r h  r e d u c e s  to  ~'i u sed  in [3, 5]. 

In F i g s .  2 and 3 we  plot  the  m o l e c u l a r  v i b r a t i o n a l  e n e r g y  d i s t r i b u t i o n  func t ion  f(x,  T ) w h e r e  r =t/~ h and 
the  v i b r a t i o n a l  t e m p e r a t u r e  

Tv(x, ~) = --D1/k[O in ](x, T)/Ox] -1 

fo r  g0 =30, D1/kT 0 =7 and D I / k T = 4 0  at  d i f f e r e n t  t i m e s  d u r i n g  d e c a y  of t he  in i t i a l  B o l t z m a n n  d i s t r i b u t i o n .  F i g u r e  
l a  r e f e r s  to  W =2,  c u r v e s  1-5  r e f e r  to  the  fo l lowing  va lues  of ~- : 2.3 �9 10 -3, 2 . 4 . 1 0  -2, 4.8; 2.4 �9 10 l ,  1.25 �9 102. 
F i g u r e  l b  r e f e r s  to  W = 3 / 2  wi th  c u r v e s  1-4  l a b e l i n g  the  fo l lowing  v a l u e s  of ~- : 10-4; 10-3; 10-2; 2. F i g u r e  l c  
r e f e r s  to  W =2/3 with  c u r v e s  1 -4  r e f e r r i n g  to  the  fo l lowing  v a l u e s  of ~- : 3 �9 10-4; 3 �9 10-3; 3 �9 10-21 3 �9 10 -1. F i n a l l y  
F i g .  l d  r e f e r s  to  W =1/2 with  c u r v e s  1-6  l a b e l i n g  the  fo l lowing  v a l u e s  of r :  2 .5"  10-3; 2.5 �9 10-2; 2.5; 1.25" 101; 
6.25 "101; 6 .5"  10 t .  

R e l a x a t i o n  of the  d i s t r i b u t i o n  func t ion  fo r  d i f f e r en t  v a l u e s  of W have  s o m e  c o m m o n  f e a t u r e s .  In the  c a s e s  
of the  m o s t  e f f e c t i v e  v i b r a t i o n a l  exchange  ( n e a r - r e s o n a n t  V - V '  exchange  and V - T  exchange  fo r  l a r g e  x) ,  a f t e r  
a t i m e  of o r d e r  of the  c h a r a c t e r i s t i c  t i m e  fo r  t h e s e  p r o c e s s e s ,  a q u a s i - B o l t z m a n n  d i s t r i b u t i o n  wi th  T V ~  T is 
e s t a b l i s h e d ;  h o w e v e r  the  popu l a t i on  d e n s i t y  e x c e e d s  tha t  in the  e q u i l i b r i u m  c a s e .  

F o r  e x a m p l e ,  w i th  W =2 (see F ig .  2a ,  3a) the  v a r i o u s  v i b r a t i o n a l  exchange  p r o c e s s e s  can  be a r r a n g e d  in 
o r d e r  of d e c r e a s i n g  r a t e  a s  f o l l o w s :  F o r  x ~ 0.7 the  f a s t e s t  p r o c e s s  i s  V - T  exchange  so  tha t  a f t e r  a t ime.  
~- ~2 �9 10 -2 a q u a s i - B o l t z m a n n  d i s t r i b u t i o n  is  e s t a b l i s h e d  wi th  TV~'  T (curves  2 -5 ) .  The next  f a s t e s t  p r o c e s s  
i s  n e a r - r e s o n a n t  V - V '  exchange  3 - 1  (3 i m p u r i t y  quanta  fo r  1 r e s e r v o i r  quantum)  s o  tha t  fo r  0 . 5 ~ x ~  0.6 a 
q u a s i - B o l t z m a n n  d i s t r i b u t i o n  is  f o r m e d  wi th  T V -- T a f t e r  a t i m e  of o r d e r  T ~ 2 �9 10 - l .  Then fol low two p r o -  
c e s s e s  wi th  p r a c t i c a l l y  the  s a m e  r a t e s ;  n o n r e s o n a n t  V - V '  exchange  of t ype  3 - 1  and V - T  exchange  fo r  0 .6~ 
x ~  0.7 in which  e x c e s s  m o l e c u l e s  wi th  u p p e r  r e p o p u l a t e d  l e v e l s  "d i f fu se"  into l o w e r  e n e r g y  r a n g e s  wi th  a r e -  
l a x a t i o n  t i m e  of o r d e r  ~- ~ 2 0  (curve  4).  Dur ing  a t i m e  of about  t he  s a m e  o r d e r  ~- ~ 2 5 ,  n e a r - r e s o n a n t  V - V '  
exchange  of t ype  2 - 1  c a u s e s  a q u a s i - B o l t z m a n n  d i s t r i b u t i o n  to  be  e s t a b l i s h e d  in the  l o w - e n e r g y  r e g i o n  (x< 
0 . !5 ) .  The  s l o w e s t  p r o c e s s  is  tha t  of n o n r e s o n a n t  V - V '  exchange  of t y p e s  3 - 1  and 2 - 1  f o r  0 . 1 5 ~ x ~  0.35 and 
t h e s e  d e t e r m i n e  the  t i m e  ~ > 102 to  e s t a b l i s h  c o m p l e t e  e q u i l i b r i u m  (curve 5). 

F o r  W =3/2 (see F ig .  2b, 3b) the  f a s t e s t  p r o c e s s  is  V - T  exchange  f o r  x > 0.7 and n e a r - r e s o n a n t  V - V '  
( 2 - 1 )  exchange  f o r  0 .3~x ,~  0.5 and a s  a r e s u l t  of a q u a s i - B o l t z m a n n  d i s t r i b u t i o n  is  f o r m e d  in t h e s e  e n e r g y  
r a n g e s  a f t e r  a t i m e  of o r d e r  ~- ,~10-2o Next in o r d e r  of d e c r e a s i n g  r a t e  a r e  t he  n e a r - r e s o n a n t  V - V '  e x c h a n g e s  
of t y p e s  2 - 1  and 3 - 1  and V- -T  exchange  f o r  0.5 ~ x ~ 0.7 wi th  t he  r e l a x a t i o n  t i m e  T N 2 �9 10 - i .  The s l o w e s t  p r o -  
c e s s  in t h i s  c a s e  is  t ha t  of s t r o n g l y  n o n r e s o n a n t  V - V '  exchange  of t ype  2 - 1  f o r  x ~  0.2 wi th  c h a r a c t e r i s t i c  
t i m e  ~- > 2. 

F o r  1 / 3 ~ W <  1 the  m o s t  i m p o r t a n t  of the  V - V '  p r o c e s s e s  i s  s i n g l e - q u a n t u m  1 - 1  e x c h a n g e ,  a long wi th  it 
a g r e a t e r  o r  l e s s e r  r o l e  (depending on the  s p e c i f i c  va lue s  of W and ~0) is  p l a y e d  by V - T  e x c h a n g e .  F o r  e x -  
a m p l e ,  when W = 2 / 3  (see F ig .  2c ,  3c) a f t e r  a t i m e  of o r d e r  r ~ 3 �9 10 -2 in the  r e g i o n  0.4 ~ x ~ 0.6 ( n e a r - r e s o n a n t  
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V - V  v exchange of type 1 - 1 )  and x~. 0.8 (V--T exchange) a quasi -Bol tzmann distribution is established with . 
temperature  T; the t ime to establish complete equilibrium (~3 �9 10 -1) is determined by nonresonant V - V '  
exchange for small  x and also V - T  exchange for x - 0.6. With increasing W the region where s ingle-quan-  
tum exchange is important is shifted toward l a rge r  x. For  example, when W =1/2 (see Fig. 2c, 3d) s ingle-  
quantum V - V '  exchange resul ts  in a quasi-Bol tzmann distribution with t empera tu re  T for x > 0.5 af ter  a t ime  
of order  ~- ~2.5; as the t ime increases  this range is widened in the direct ion of increasingly lower energies .  

The relaxation process  of the distribution function for an initial inversion distribution in the case W =1 
(single-component system) has been worked out in [3]. When W ~ 1 this p rocess  occurs  in an analogous fashion; 

the relaxation mechanisms are  determined principally by the value of Xmi n at which B(x) reaches  a minimum 
(or minima) and also the value Xma x which defines the maximum of the initial distribution Xma x = emax/D- 

Application of our results  to the case of a completely nonequilibrium binary mixture ,  i.e., when the non- 
equilibrium component of the mixture cannot now be t rea ted  as a weak impurity allows one to make some quali-  
tative conclusions.  In this sys tem the following cases  can occur,  depending on the actual values of W and ~0: 
1) "VV'l "VV"2 <<.- rVV, <<T VT (~r is the charac te r i s t i c  t ime of single-quantum V - V  exchange for  the i- th com-  

ponent). In this case in the low energy range, af ter  a t ime of order  ~- ~ 10 [3] Tr inorov distributions are  e s -  
tablished for each of the components.  Then after  a t ime of order  ~VV" "mixing" of quanta between the com-  
ponents occurs  [1]. For  W=3/2 ,  ~0 =30 and in the low energy region (rvvv ~TVT) the "mixing" occurs  so slowly 
that each of the components will have its own Trinorov distribution until complete equilibrium is established; 
2)-1 ~ .2  ~ VV "VV "VV' .  In the general  case of multiquanta V - V  v exchange the Trinorov distribution of each of 
the components will not occur  because of nonconservation of the number  of quanta. For  the example W =2 in 
the low energy region, as a resul t  of cooperative action of these three  p rocesses ,  after  a t ime of order  ~- ~ 25 
quasi -Bol tzmann distributions with TV~ T will be established for each of the components at low energy.  

Relaxation of the Average Energy.  As in the case of a s ingle-component  sys tem [3] (see also [5]) we 
define the t ime-dependent  relaxation t ime of the average energy as 

Te = --{d In [E(t) --  E(oo)]/dt}-t. 

In order  to descr ibe  the effect of anharmonic molecular  vibrations on the relaxation of E {t) we define g{t) = 
r e (t)/~ h �9 

ff V-T exchange dominates with respect to rate (~0 < I0 and arbitrary W, or W< 1/3, W > 3 and arbitrary 

~0), then the behavior of g {t) is qualitatively determined by the same mechanisms as in the case of dilute mix- 
ture of diatomic molecules in an inert gas medium; this has been studied in detail [5]. 

For I/3f Wf 3 and ~0~ I0, [.e.~ when vibration-vibration exchange processes are important, the presence 
of a minimum (minima) in B(x) leads to radical  complication of the behavior of g {t) as a function of $0, W, and 
the initial conditions. In par t icular ,  g depends on the initial conditions (the initial population density of the 
region x9 Xmi n) during pract ical ly  the entire relaxation p rocess .  Figure 4 shows the dependence of g on ~. = 
t/~- h for  fixed initial conditions (an initial Boltzmann distribution with D1/kT 0 =7, ~0 =30, Di/kT =40) and for  
different values of W within 1/3 ~W,~ 3 (W=2, 3/2,  2/3, 1/2, 1 correspond to curves 1-5, respect ively) .  The 
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effect of anharmonici ty is seen in the s trong dependence of g on r ;  in all cases  considered g increases  mono-  
tonically and changes by one or  two orders  of magnitude during the relaxation p rocess .  It is c lear  f rom Fig. 4 
that,  depending on W and the degree of deviation of the sys tem f rom equilibrium, both the case r e < r  h {anhar- 
monicity leads to an accelera t ion of the process)  and r e > v h (anharmonicity leads to a slowing of the process)  
can occur .  For  integral values of W such as W=2 (curve 1) and W = I  (curve 5), r e > r  b during the entire p ro -  
cess .  lemur when W =3/2,  2/3 and 1/2 (curves 2, 3, 4, respect ively  we have ~'e <rh  initially when the high-energy 
region is significantly populated and B> Bh; as t ime increases  to the point where most  of the molecules are  
now found in the low-energy  region with B< Bh, the relaxation process  is slowed and r e > r h. 

We est imate  the relaxation t ime of the average energy in the limit r ~ o o  Because the relaxing sys t em 
is close to equilibrium, we can use the approximation 

/(e, t ) =  [l/E(t)] exp [--e/E(t)]. {3.5) 

Substituting (3.5) into (1.2), we obtain an equation which descr ibes  the relaxation of the average  vibrational 
energy of the nonequilibrium impurity in the limit r ~ o  : 

where 

dE(t)/dt = (kT --  E(t))/Ve (oo), 

ve (oo) = (kT) " B (e) ]o (e) de. (3.6) 

Equation (3.6) co r rec t ly  descr ibes  the behavior of r~(~) as a function of W and t0. 

In conclusion, we summar ize  the basic features  of the effect of anharmonici ty on the kinetics of v ibra-  
tional relaxation in a binary mixture of diatomic molecules .  The effect of anharmonici ty  is determined pr in-  
cipally by the values of the adiabatic pa r ame te r  t0 and the rat io of fundamental f requencies  W. For  a rb i t r a ry  
W and ~0~10 or  for  W< 1/3, W> 3 and a rb i t r a ry  t0, V - T  exchange dominates with respect  to ra te .  For  1 /34 
W~ 3 and ~0 ~ 10, v ib ra t ion -v ib ra t ion  exchange becomes important (depending on the excitation energy) and 
here  the effect of anharmonici ty  increases  with increasing t0 and depends on W ffor integral values of W the 
anharmonici ty  leads to a decrease  in the effect iveness of v ib ra t ion-v ib ra t ion  exchange, fractional  values of W 
lead to an increase) .  The t ime-dependent  relaxation t ime r e of the average  energy can change during the r e -  
laxation p rocess  by one to two orders  of magnitude. 
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DEPENDENCE OF THE EFFICIENCY OF A CO 2 

GASDYNAMIC LASER (GDL) RESONATOR 

ON THE LASING MIXTURE PARAMETERS 

G.  Y a .  D y n n i k o v a  UDC 532.525.2 

Carbon dioxide gasdynamic  l a s e r s  a r e  widely studied at this  t ime  [1]. Numerous methods for  analyzing 
the GDL cha rac t e r i s t i c s  have been developed,  s ta r t ing  with approx imate  analyt ical  fo rmulas  permi t t ing  execu-  
t ion of some e s t i m a t e s ,  to numer ica l  methods of solving complex s y s t e m s  of differential  equations descr ib ing  
d ive r se  physical  p r o c e s s e s .  Never the less ,  perfect ing the analytical  fo rmulas  r e m a i n s  urgent .  This is re la ted  
to the ongoing sea rch  to r a i se  GDL eff iciency by applicat ion and development  of new methods to obtain an ac t ive  
medium,  which is re la ted ,  in turn ,  to the need to opt imize many  p a r a m e t e r s .  

An analytic dependence is obtained in this  pape r  for  the l imi t  value of the r e sona to r  efficiency (under- 
stood here  to be the ra t io  between the number  of radiat ion quanta which have emerged  f r o m  the r e sona to r  and 
the number  of vibrat ional  quanta accumulated at the upper  las ing level  and in the ni t rogen molecules)  as a 
function of the cha r ac t e r i s t i c s  of the act ive  med ium at the r e sona to r  input with re laxa t ion  l o s se s  taken into 
account in its cavity and without the rmodynamic  equi l ibr ium between the vibrat ional  modes  (a f o u r , t e m p e r a ~  
tu re  model) .  The conditions of equality of the total  radia t ion l o s se s  and the total  ampl i f ica t ion fo r  a constant 
intensity in the whole r e sona to r  volume [2] 

2<k>d = In (i/r), (1) 

is used in the der ivat ion,  where  <k) = (1/S)J'kdS; k is the gain coefficient ,  S is the a r e a  of the genera t ion  zone, 
r is the effect ive coefficient of r e sona to r  ref lec t ion  taking into account the l o s se s  assoc ia ted  with absorpt ion 
in the m i r r o r s  and the radia t ion yield,  and d is the th ickness  of the act ive medium along the optical axis .  An 
explicit  express ion  for  the power being genera ted  is obtained in [2] withinthe f r a m e w o r k  of the t w o - t e m p e r a -  
tu re  model .  Analysis of this  express ion  and optimizat ion of cer ta in  r e sona to r  p a r a m e t e r s  pe rmi t  l imi t  values 
to be obtained for  the p a r a m e t e r  eff iciency a for  a given ra t io  ~? between the gain of the act ive  medium k0d at 
the r e sona to r  input and the absorpt ion  coefficient 6 of the m i r r o r s :  

o - I - -  (I + In ~l ) /q .  (2) 

However ,  the fo rmula  p resen ted  in [21 does not co r r ec t l y  indicate the nature  of the dependence of the 
power of the radia t ion being genera ted  on the composi t ion of the las ing mix ture  (for instance,  its maximal  
value is obtained in the absence of w a t e r  vapor),  and on the length of the genera t ion  zone, for  which the power  
grows continuously, according to [2], as  it d imin ishes .  This is a resu l t  of using the t w o - t e m p e r a t u r e  model  
which is not appl icable for  l a rge  values of the radiat ion intensi ty in the r e s o n a t o r  and a smal l  re laxat ion  ra te  
of the lower  lasing level ,  which takes  place for  a deficiency of vapors .  All this  r e su l t s  in the need to consider  
the f o u r - t e m p e r a t u r e  model .  Linear ized equations descr ib ing  a s y s t e m  in conformi ty  with this model  a r e  
r ep re sen ted  in [2], and the means  to solve the p rob lem a r e  noted. In this  pape r  the solution is executed to 
an explicit  express ion  for  ~ and it is analyzed.  A s y s t e m  of l inear  equations analogous to [2] is used 

de/d~. = Ae + B, (3) 
e = ( e  1,e2,ea), B =  (Klet., 0, 0), 

( - (Kl+~lI+3[~Kl ' '~)  [~II+3~~ O ) 
A = ~I + K I , ~  -- (Xx + ~1 + KL:) x x ,: 

, 0 xc --  (xc + xttKD 
where  ~ = x/t'~ex; [5 = I:,%x[Xc :V(e~(O) --,h(O))hv]-l; K~ = ~ex/,,~ ~l = 2~/77,; ~2 ::  Ve~, - Here  e3, e2, e 1 a r e  
the populations of the vibrat ional  modes  of ni t rogen,  the upper  and lower  las ing levels  in the computat:ion pe r  
molecule  of the appropr ia te  spec ies ,  x c ,  XH, x N a r e  the carbon dioxide gas ,  wa t e r  vapor ,  and ni t rogen con-  
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