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A simple method is found for determining the numerical population inversion in electron 
levels of diatomic molecules for resonant action of !R radiation upon oscillatory transitions. 

Producing a population inversion in electron levels of molecules is the central problem 
in generation of radiation in the visible wavelength range in gases. As a rule inversion is 
achieved by an electrical discharge. The possibility of producing it in the process of 
chemical reaction has been considered in many studies (for example, [1-3]). Chemical reac- 
tions have been analyzed which have as products the electron-excited molecules BaO, MgO, HF, 
IF. 

The existence of a partial population inversion is determined by the evolution of the 
molecule distribution functions over oscillatory levels of the upper and lower electron 
states. The dynamics of change in these distribution functions depends on therates of 
V-V and V-T relaxation processes, radiation decay of the upper electron state, formation 
of electron-excited molecules, and their distributions over oscillatory levels in the 
elementary act of the excitation process, for example in the elementary act of chemical 
reaction. 

We will consider the reaction Ba + N20 ~ BaO + N 2 in argon, which is considered a pro- 
mising one to produce generation in the visible spectrum. The distribution function of the 
BaO molecules over oscillatory levels of the electron states All and Xll were found by 
spectral flame studies in [4]. Analysis of the results of [5] showed that in the elementary 
reaction act about 20% of the molecules are formed in the state All. Then about 35% of 
those molecules located in the upper electron state are at the oscillatory level v' = i. 
At low argon pressure (below 4666 Pa) maxima in the distribution function are found at the 
levels v' = i, 3, 7. This fact has been treated as the result of oscillatory exchange 
between closely located oscillatory levels of the electron states AIE and a3~ and relaxation 
of the oscillatory energy of these states. With increase in argon pressure the distribution 
function approaches equilibrium with the oscillatory temperature ~900 K. The values of the 
Franck-~ondon factors and r-centroid [6] permit calculation of the radiation lifetime of 
the AIZ state and the probability of transitions between individual oscillatory levels. 
These probabilities have their highest values for the following oscillatory levels among 
those for which one may expect the existence of population inversion: v' = 1 + v" = 6, 7, 
8, v' = 3 + v" = ii, 12, v' = 7 + v" = 19, v' = 8 + v" = 20. Radiation lifetimes of upper 
electron state oscillatory levels are ~i0 -7 sec. The characteristic times of V-V and V-T- 
relaxation processes are such that the time of existence of the partial inversion is insigni- 
ficant. This does not allow increasing the pressure of the active medium to obtain a usable 
amplification coefficient. 

For resonant action of IR radiation on the oscillatory levels of the upper electron 
state a process develops which can compete successfully with oscillatory relaxation pro- 
cesses. The characteristic radiation kinetic time of this process for a molecule with di- 
pole moment d in a field of intensity s is defined by the expression T = ~/d~. For a BaO 
molecule in a field with intensity of 104 V/m it is equal to ~i0 -8 sec. Such a process has 
a significant effect on the molecular distribution function over oscillatory levels. An 
analysis of the process was performed in [7], where it was shown that the radiation popula- 
tion of several lower oscillatory levels leads to population of the upper ones due to the 
oscillatory relaxation process, which preserves the store of oscillatory quanta in the system 
unchanged. Moreover~ the intense IR radiation field will, by broadening lines, also act 
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upon the oscillatory levels of the long-lived electron state a3~, which leads to population 
of its upper oscillatory levels and energy transfer to the levels of the state A~E. Thus, 
it becomes possible to increase the time of existence of population inversions for levels 
with oscillatory quantum numbers v' = 7 + v" = 19 and v' = 8 § v" = 20, where oscillatory 
relaxation leads to disappearance of the inversion for levels v' = 1 + v" = 6, 7, 8 and v' = 
3 + v" = ii, 12. 

We will now attempt to find a means of approximately estimating the partial population 
inversion in electron levels of biatomic molecules under conditions of resonant IR radiation 
action. We will consider a system of diatomic molecules modeled by an anharmonic oscillator, 
interacting with the IR radiation field. We assume that this system has a nonequilibrium 
distribution over electron states, two of which are optically coupled to each otherby elec- 
trodipole transitions. The radiation acts in resonant fashion on the populations of the 
oscillatory levels of only the upper electron state. However during the process of radiation 
interaction the distribution over electron states cannot change significantly. We will 
attempt to find possible ways to estimate the partial population inversion between oscilla- 
tory levels of the optically coupled electron states. 

To do this we will make use of the method developed in [8]. The equation for balance 
of populations N V of oscillatory levels v of the upper electron state has the form 

dNv t ~ ( ~NmNv+~-- ,it N Or4"~+ ,q,n+ l,,n ~T ~r "~ ~v,v+l .LV r n + l z ,  v) 
?rL 

i ~ ( Qv,v_l]~.t~Nv __ g3"ra+l.'m.?tT ~,'l" 't 

+ (P~+L,N~,+~ -- P~,a,+lN,,) -- (P,,,,_~N~ -- P~-l,vNv-~) + 

where N is the molecular density, O~:q is the probability of oscillatory-oscillatory ex- 
3~ 

change, when due to collision of moelcules located at the levels p and i, a transition occurs 

to the levels q and j: Pi,j and Ai, j are the probabilities of collision and spontaneous 

radiation transitions i § j; li, j is the probability of the induced radiation transition 
i § j. 

Summing the left and right sides over v from 0 to i, we obtain 

i 
dNv I (Q~.~i+lNraNi+l ~m+l,ra ~r ~r 

'V~O 

+ Pi+l,iN~+l - -  Pi,i+lNi - -  I~,i+1 (Ni - -  N~+I) + Ai+I,~N~+I. 

( i )  

The probabilities of forward and reverse transitions are related by the expressions 

Qm+l,rn .~-,m,m+l i,i+l = q~+l.i exp{--  2 h E ( m - -  i)/T}, P~.i+l = 

= Pi+~,~ exp { - -  (El  - -  2AEO/T}, I~,~+1 = Ii+l,i.  

Here T i s  t h e  gas  t e m p e r a t u r e ,  E 1 and AE a r e  t h e  e n e r g y  o f  t h e  lower  o s c i l l a t o r y  quantum 
o f  t h e  u p p e r  e l e c t r o n  s t a t e  and i t s  a n h a r m o n i c i t y .  Below, as  in  [ 8 ] ,  we w i l l  assume t h a t  
T << E l ,  E1 - 2hEi  >> T, 2hElm - i I << T. Then,  i f  t h e  p o p u l a t i o n  changes  s l o w l y  as  a 

f u n c t i o n  o f  l e v e l  number ,  t h e  t e r m  P i , i + l N  i i n  Eq. (1 )  may be n e g l e c t e d .  

We now t u r n  t o  t h e  d i f f u s i o n  a p p r o x i m a t i o n ,  i n t r o d u c i n g  t h e  c o n t i n u o u s  o s c i l l a t o r y  
distribution function f(i) such that N i = Nf(i), Ni+ i = Nf(i)[l + d in f(i)/di]. Replacing 

summation by integration and considering the quasisteady regime (dNv/dt = 0), we have 

] C ~m,m+l; [ d Id/(i) d In f(m) 2AE (nz -- i) dr~ q- Pi+l,i q- 
j w + ~ , i  j(m) - ~ r (2)  

+ A{+I. i + I~ ~+1 d In f (i) = 0. 
' d~ 
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We make use of the relationships 

~m,m+l i+l,i ~ Q~o (i + 1) (m + l) e -~vv(~-~) (312 - -  (I/2) e-~vv(~-~)), 

Pi+l,i ~ Pl,o (i + 1) e ~vTi, Ai+i, i ~ A1, o (i + 1), 8vv = (0,427/a) ~ f ~  AE, 

where ~ is the reduced mass of the colliding particles, ~ is the constant in the exponential 
molecular interaction potential. Moreover, we will assume that for highly excited molecules 
the major ones of the V-V processes are collisions with molecules in lower oscillatory 
levels of the upper electron state [8]. The major contribution to the integral of Eq. (2) 
will then be produced by terms with small m. Therefore, in place of f(m) we may substitute 
the Trinorov distribution function 

/Tr = /o exp {--i(E~/T~ --  AE(i - -  i ) l r )} ,  T~ = E J l n  (Io/I1). (3 )  

Then after substitution of Eq. (3) and approximate integral Eq. (2) takes on the form 

] di --  Qi,~ T / o  El - -  8vv 2 (i + I) ~" 

"~"QI'o'--'VV~'+fO (EI'~I -- ~VV)2 ~ 1  ~ -~ "J~PI'oe'VTi~-AI'o* 

(4) 

We will consider the case wherein the first term on the left side of Eq. (4) may be neglected 
in comparison to the second, and the form of the spectral line of the acting radiation is 
such that 

Ii,~+l = Yl(i + 1) O-y2i (5)  

(Yl ,  Y2 a r e  p a r a m e t e r s ) .  Then Eq. (4)  has  t h e  s o l u t i o n  

] ( i )  = ]o exp 

_ _  

1) E1--AE 

2t,  E 1 r - 6 w )  - - 

h (Y~ + 6vr) Yd~ " 

+ (6)  

Equation (6) is valid when the rate of V-V exchange is low in comparison to the rate of 
induced transitions. 

In the case where in Eq. (i) one can neglect terms containing Q, i.e., neglect V-V 
exchange processes in comparison to collision-type relaxation processes and spontaneous 
radiation, Eq. (2) takes on the form 

dln/( i )  
0 = Pl,0(i + t) e6vTt @ Al,o(i + 1) + I~,~+l--d--f---. 

C o n s i d e r i n g  Eq. ( 5 ) ,  we o b t a i n  

i d/(i) Pl,Oe(~VT+Y2)I Al,ooy2i" 
f di Yl Yl 

Hence 

[ i) J~ 0 ](i) = / o  exp l - -  
U1 ((~VV + Y2) k 

g~y~ AL---A~ (eW --  l ) ]  �9 
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We find the same solution from Eq. (6), if we take Qi,0 = 0. 

To determine the populations of oscillatory levels of the lower electron state we may 
use the solution of [8]. Knowledge of the molecular distribution functions over oscillatory 
levels of the upper and lower electron states and the probabilities of molecule formation 
in these states in the elementary excitation act permits estimation of the partial population 
inversion in these electron states. Determination of the change over time of the partial 
population inversion requires detailed analysis of the kinetic levels off the entire set of 
physical processes. 
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