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In the diffusion approximation,  the ar t ic le  d iscusses  the kinetics of the process  of deactiva- 
tion Of the vibrations of radiating anharmonic  and harmonic  osc i l la tors  in an iner t  gas me- 
dium. Limiting solutions are  given for the purely radiational deactivation of a c lass ica l  
Morse osci l la tor  and of a harmonic  osci l la tor .  It is shown that, with an increase  in the ef- 
fect  of spontaneous radiation,  the role of the anharmonic  cha rac t e r  of the vibrations in the 
process  of deactivation increases ;  the initial (or arbi t rary)  distribution relaxes more  slow- 
ly the higher  its energy level, i .e. ,  the g rea te r  the effect of the anharmoaic  cha rac t e r  of 
the vibrations.  The resul ts  are of importance for sys tems  with a considerable population 
of the upper vibrational levels of the molecules,  which may ar ise  as a resul t  of a chemical  
react ion Or by the optical pumping of a gas.  

Taking account of the anharmonic cha rac te r  of the vibrations in the descript ion of the vibrational re -  
laxation of diatomic molecules without taking account of radiation has shown that, in an iner t  gas medium, 
deactivation of the vibrations of anharmonic osci l la tors ,  in compar ison to harmonic  osc i l la tors ,  takes place 
with a considerable overpopulation of the upper levels [1], while in a purely molecular  gas the quasi-steady- 
state distribution is inverse in the upper levels [2]. In what follows it is shown that the inverse  effect  in 
pure gases ,  connected with the anharmonic  cha rac t e r  of the vibrat ions,  d e c r e a s e s  (and disappears) due both 
to vibrational-translational and to radiational t ransi t ions with the upper levels [3-5]. It is also of in teres t  
to evaluate the effect  of the factor  of the anharmonic cha rac t e r  of the vibrations on the relaxation of the 
vibrations of the molecules in a medium of iner t  gas in the presence of radiation, as well as the overal l  
effect  of radiation on the deactivation process  of the vibrations in the case when there is no exchange of 
vibrational quanta. Below this is done qualitatively, without setting up an actual model of the molecule.  

We consider  a sys tem of diatomic molecule--Morse osci l la tors  (and of ha rmonic  osci l la tors)  in an 
iner t  gas medium, playing the role of a thermosta t  with the tempera ture  T. At the initial moment  of t ime, 
the vibrational energy of the osci l la tors  considerably exceeds the value of kT. 

An osci l la tor  may lose energy due to collisions with par t ic les  of the thermos ta t  and as the resul t  of 
radiational ~transitions. To descr ibe  the kinetics of the change in the distribution functions of the molecules 
f ( e ,  t) with respec t  to the Vibrational energy e, the possibili ty of using the diffusion theory has been p r o -  
posed; in the theory of thermal  relaxation,  in addition to the usual conditions (see below), the deactivation 
of highly excited osci l la tors ,  v >> 1 (v is the number of the vibrational level) , must  also be considered.  

The kinetic equation for f (e ,  t) consists  of t e rms  describing the thermal  [1] and radiational deactiva- 
tion of the vibrations of the molecules;  it has the following form: 

O] O In ] ~ (1) 
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Here J is the intensity of the radiation of a molecule; f~ is the equil ibrium function of the distr ibu- 
tion, corresponding to the tempera ture  T; B is the "diffusion" constant in the space  a; ~.  is the free-flight 
time of the molecules;  ((Aa)2) is the square of the change in the energy result ing f rom a collision between 
a molecule and a part icle of the thermosta t ,  averaged over  all the collisions in unit time; the diffusion ap -  
proximation holds if ((Ae) 2) << e.2 [~,  is the region of change in f (e ,  t)]. 

Let  us obtain the value of J for a c lass ica l  Morse osci l la tor .*  

The intensity of dipole radiation is equal to 

J ~  - -  ~ 3c 8 <r, (2) 

Here  c is the velocity of light; e is the charge of an electron;  r is the in tera tomic distance; the angu- 
lar  b racke ts  denote averaging with r e spec t  to all values of r with a given value of the vibrational energy 
a; the dots denote differentiation with respec t  to the time. 

The t r a j ec to ry  of the in t ramolecula r  motion r(t) is determined f rom the equation 

r V 2 = - V  ( ~ - v ( r ) )  

where p is the reduced mass  of a molecule; V(r) is the in t ramolecular  potential. In the case of a Morse 
osci l la tor  

V ( r )  = D(I -- e-~("-"e)) ~ 

where D is the dissociat ion energy  of a molecule,  we have 

l l - V-~ cos cot 
r (t) = r ,  + --~- ln t - z 

~- .=o~oVt -x ,  c % = ~ ] / 2 D / p ,  x = e / D  

(3) 

Hence 

B y  definition 

i:(t)  = ,oo~ (a - ~) V ~  (cos  cot - V x )  
"--U (1 - V ~  cos ,or)"- 

2~t 
i 

(r2) = ~ I r'2d ((ot) 
0 

(4) 

Averaging (4), we have 
~x 

(~ ( t  - -  X) 2 I i ( x - -  ] f x c o s  y)2 dy 
<r2> = - ~ -  -if- (1 V}eosv) '  

o 
(5) 

Substituting the resu l t  of integrat ion of (5) into (2), we obtain the intensity of the radiation of a dipole 
Morse osc i l la tor  

#o)0  4 _ e-' 2 / 2 D  2 _  (6) 

With e/D << 1, the Morse osc i l la tor  is equivalent to a harmonic  osci l la tor ;  in this case,  (6) goes over  
into the usual express ion  for the intensity of the radiation of a harmonic  osci l la tor :  

(oo 2 8 
(7) 

where A 0 is the Einstein coefficient for spontaneous radiation. 

*We note that the approximation of a c lass ica l  Morse osci l la tor  is par t icular ly  useful with application to 
the deactivation of the upper levels,  since it permits  taking account  also of multiquantum transi t ions .  
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Taking account of (7), formula (6) is conveniently represented  
in the form 

] = ~ e i / r { - - e / D = ~ . ~  ha)(e) (8) 
TO ' To /Zf0o 

Here  r 0 = Ao -~ is the lifetime of the lower vibrational  level of a 
Morse osci l la tor ;  co(e) is the frequency corresponding to the energy e. 

The effect of radiation on the deactivation process  depends on 
the relat ionship of the t e rms  in the right-hand par t  of Eq. (1), i .e. ,  on 
the relat ionship between B /e ,  ~ B/D and J.  

Let  us consider  the limiting case JD >> B, when the thermal  re -  
laxation can be neglected; this case allows of a simple analytical  solu- 
tion, and permits  bringing out the difference in the p rocesses  of radi-  
ational deactivation of Morse osci l la tors  and harmonic  osc i l la tors ,  
i .e. ,  determining the role of the anharmonic  cha rac t e r  of the vibrations 
for the process  of radiational  relaxation. We have 

o/ -~8 (9) 
o---F = { J i }  

The solutions of Eq. (9) differing f rom zero ,  under the condition of 
conservat ion of the total number of par t ic les ,  and taking account  of 
(8) and (7), for Morse osci l la tors  (fl) and harmonic  osci l la tors  (f2) 
have, respect ively ,  the following form: 

/~ (x, z) -- ~o g i  "xo 
VV-~ r (Xo) 

4ye ~ 1 -  1 / 1 - - x  y e ~  l (10) 
x~ -- (l-~ye'~) ~ ' Y ~ i Jr- t f  i - -  x ' 

F i g .  2 ]~ (x ,  "~) = e*ab(xe~), xe* ~ l (11) 

Here �9 = t/To; x = e/D; r is the initial distribution function [r = f (x ,  0)]. 

F rom a compar ison of (10) and (11) it can be seen that the time change in the distr ibution functions of 
anharmonic  and harmonic  osc i l la tors  as a resul t  of radiational deactivation differs considerably.  This 
change is also appreciable at  x << 1, if e 7 >> 1, and especial ly appreciable in the remaining region of values 
of x at  any a r b i t r a r y  values of ~; in par t icular ,  the l imits for the revers ion  to zero of the functions f2 and 
f i  are shifted considerably:  f2 = 0whenx ->xl = e -v , while f i  = 0 only at x _> x z = 4e -v (1 + e-~') -2 > xl. The 
anharmonic cha rac te r  of the vibrations also has an effect  on the cha rac te r  of the change in the form of the 
initial distribution, since the derivat ives 8 f l / ~ x  and 8f2/Sx also differ considerably;  for example,  with 
t ime,  the table-shaped form of the initial distribution for f2, shifting along x, is mainly simply constr ic ted 
and r i ses ,  while for f l  there is an appreciable amount of distort ion and of washing out of the boundary f rom 
the side of large values of x. 

What has been said above is i l lustrated by Figs. 1 and 2, on which is shown the relaxation of the two 
initial d is t r ibut ions  for Morse osci l la tors  (solid curves) and harmonic  osc i l la tors  (dotted curves).  Figure 
1 corresponds  to an initial Boltzmann distribution with the tempera ture  T o, ao = D/kTo = 7; the figure shows 
the function f(x,  ~-)/r at different moments of time ~=  t/*o; it is evident that, in the region xi < x < x2", 
w h e r e  f 2  = 0, a considerable par t  of the initial population of the Morse osci l la tors  is still retained.  Figure 
2 i l lustrates  the change in the initial distribution, having a sharp  maximum at x = 0.8; this is an evident 
difference in the change of the value and form of the distribution function (with given values of x, ~-) for  an- 
harmonic  and harmonic  osc i l la tors .  

Under actual conditions, it is difficult to completely exclude thermal  relaxation. 

In the general  ease,  the analytical  descr ipt ion of the process  admits of a model of harmonic  osci l la-  
tors ;  we give the corresponding solution. 
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F o r  th is  m o d e l ,  the c o e f f i c i e n t  B i s  equa l  to 

B = kTTv-le 

w h e r e  T v i s  the t i m e  of  v i b r a t i o n a l  ( t h e r m a l )  r e l a x a t i o n  in  the s y s t e m .  

Tak ing  a c c o u n t  of (12) and (7), Eq.  (1) i s  w r i t t e n  in the f o r m  

ayi~l = x - y - ~  + ( a ( l  + a ) x - ~ - I  ) + a ( t + a ) f  

(12) 

(13) 

H e r e  

a = T , / % ,  " q = t / v ~ ,  a = D / k T  

In Eq.  (13) we f o r m a l l y  r e p l a c e  the quan t i t y  a by  a '  = a(1 + ~) and T 1 by 71' = (1 + ~) ~l; we then a r r i v e  
a t  the u s u a l  equa t ion  f o r  the t h e r m a l  r e l a x a t i o n  of  h a r m o n i c  o s c i l l a t o r s  in  the a b s e n c e  of  r a d i a t i o n  (a  = 0), 
whose  so lu t i on  i s  known in the a p p r o x i m a t i o n  r ~ 0 (see ,  fo r  e x a m p l e  [6]). 

In p a r t i c u l a r ,  f o r  the i n i t i a l  va lue  of  5, the func t ions  

l (x ,  ~1) = 

= (5 (x  - -  xo)  

g = e x p { - - ( l + a ) ~ 1 }  (14) 

[I 0 (z) i s  a m o d i f i e d  B e s s e l  funct ion  of  z e r o  o r d e r ] ,  and the i n 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  r e l a x e s  in  a c c o r -  
dance  wi th  the law 

/(x,  "[1) = a,e  . . . .  
1 t ( t  t .~ e_(l+~?, (15) 

~__= ~ ( t + ~  {- -no a O + ~ ) /  

C o n s e q u e n t l y ,  a s y s t e m  of  r a d i a t i n g  o s c i l l a t o r s  r e l a x e s  in an  i n e r t  ga s  m e d i u m  with r e t e n t i o n  of  the 
f o r m  of a B o l t z m a n n  d i s t r i b u t i o n  whose  t e m p e r a t u r e  de pe nds  on the t i m e  in a c c o r d a n c e  with f o r m u l a  (17). 

With ~ >>1, (a~) -1 ~ 0 ,  (15) g o e s  o v e r  into (1t);  with c~ ~ 0 ,  (16) and (17) d e s c r i b e  the t h e r m a l  r e l a x a -  
t ion [6]. 

For Morse oscillators, no general expression is known for the coefficient B. With deactivation of the 
upper levels, the following expression, used in [1], may be used as an approximation: 

B ~ 2D~T'~o -1V  1 - x (1 - V-{----x) (16) 

We note tha t  the above  a p p r o x i m a t i o n  ho lds  i f  the de pe nde nc e  of  ( (A~)2> on ~ i s  d e t e r m i n e d  on the 
b a s i s  of  the va lue  of  (~2> ; th i s  o c c u r s  wi th  a n o n a d i a b a t i c  i n t e r a c t i o n  b e t w e e n  the o s c i l l a t o r s  and  p a r t i c l e s  
of the t h e r m o s t a t ,  i n  p a r t i c u l a r ,  in  s y s t e m s  of the type  ICl + He o r  CO + H (the m a s s  of  e a c h  a t o m  of  a 
m o l e c u l e  c o n s i d e r a b l y  e x c e e d s  the  m a s s  of  a p a r t i c l e )  and of  the type  H B r  + A r  (the m a s s  of a p a r t i c l e  i s  
much  g r e a t e r  than  the m a s s  of the l i gh t  a t o m  of  the m o l e c u l e ) .  
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A solution of Eq. (1) with (8), (16) can be obtained numerical ly ,  with a boundary condition correspond-  
ing to conservat ion of the total number of osc i l la tors .  However,  cer tain qualitative es t imates  of the effect 
of radiation on the relaxation of Morse osci l la tors  can be made on the b a s i s  of the equation itself.  This 
equation has a s impler  form if it is wri t ten for the function ~ = f 4-1":~, that is 

a ~ = 2 ] / i  --  x (t -- V~-~--x) 02o + [ a ( 2 V i - x ( l - V ' i - x )  ~- 
0o (17) 

~-a]/T-~-xx) ~- i ] - ~ -  x + a ( l  -t-a]/t--x)(I) 

With o~ >> 1, at  the limit,  (17) goes over  into (9), with (8), whose solution is (10); with a - * 0 ,  (17) de- 
scr ibes  the thermal  relaxation [1]. With ~ ~ 0, it follows f rom (17) that, formally,  the increase  in the 
values of a and 71 [compare (13)] due to radiat ion is here  nonlinear with respec t  to x; actually,  in place of 

we have the quantity ~ lr therefore ,  at  x <<1 the effect  of radiation will be close to that for harmonic 
osc i l la tors ,  while at  l a rge  values of x, x ~ 1, it will be substantially less .  

Figures 3 and 4 give the resul ts  of a numerical  calculation for the initial distributions used above 
(Figs. 2 and 3) (the tempera ture  of the thermos ta t  corresponds  the value a = 30); the functions f (x ,  71)/ 
r (Fig. 3) and f (x ,  Tl) {Fig. 4) are  shown at  the moment of time T 1 = t /7  v = 0.5, for severa l  values of the 
pa ramete r  ~ = 7v/70. With an increase  in the value of ~ (as well as of ~l), the difference between the r e -  
laxations of Morse osci l la tors  and harmonic  osci l la tors  inc reases ,  approaching the limiting case with 
(~ >> 1 (Figs. 1 and 2); to compare  Figs. 1 and 2 with Figs. 3 and 4, it must  be taken into account  that 7 = 
~71. On Figs. 3 and 4 the solid lines also relate to Morse osc i l la tors ,  and the dotted curves  to harmonic  
osc i l la tors .  

It follows f rom the above considerat ions t h a t  t h e  effect of radiation on the process  of the deactiva- 
tion of the vibrations of osci l la tors  in an iner t  gas medium depends on the value of the rat io of the time of 
vibrational relaxation to the radiational lifetime of the ground level, i .e. ,  7V/T 0. At ~v/~'0 >> 1, the deactiva- 
t-ion of c lass ica l  osci l la tors  is descr ibed by formulas (10) and (11); these formulas  make it possible to ex- 
hibit the limiting tendency of the effect of the factor  of the anharmonic  cha rac te r  of the vibrat ions,  with the 
presence of radiation. For  a sys tem Of harmonic  osc i l la tors ,  the effect  of radiation is equivalent to a 
formal  decrease  in the tempera ture  of the thermosta t  and of the t ime scale of the process  by (1 + 7v)/70 
t imes .  For  Morse osc i l la tors ,  this effect  depends on the region of the deactivation energy; with e << D, it 
is analogous to harmonic osci l la tors ;  with e ~ D, it is substantially less .  The anharmonic  cha rac te r  of the 
vibrations s lows down considerably the deactivation of the vibrations of the upper levels of radiating osci l -  
la tors .  On the whole, radiation re inforces  the relative redistr ibut ion of the population of the upper levels 
of Morse osci l la tors  relaxing in an iner t  gas medium. 

The author thanks N. N. Magretova for car ry ing  out the numerical  calculation. 
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