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Recently,  the theory  of nonequi l ibr ium s y s t e m s  s imula ted  by a set  of  anharmonic  o sc i l l a to r s  
has r ece ived  s ignif icant  development .  The invest igat ion of such kinds of s y s t e m s  is e s p e -  
c ia l ly  impor tan t  in the s tudy of p rob l e ms  as soc ia t ed  with the s t imulat ion of chemica l  r e a c -  
t ions and the development  of effect ive  m o l e c u l a r  l a s e r s .  The s y s t e m a t i c  analys is  of the 
kinet ics  of anharmonic  o sc i l l a to r s  a s s u m e s  the s imul taneous  solution of a l a rge  n u m b e r  of 
non l inear  equations desc r ib ing  the population balance  of the v ibra t iona l  l eve l s .  Rea l iza -  
tion of this approach  is a s soc ia t ed  with c u m b e r s o m e  numer i ca l  calculat ions a n d  does not 
pe rmi t  obtaining a qual i ta t ive  p ic tu re  of the behav io r  of the s y s t e m  as a function of the dif-  
fe ren t  p a r a m e t e r s  ( p r e s s u r e ,  t e m p e r a t u r e ,  etc.) .  An approx imate  analyt ical  theory  has  
been  1brmulated in [1, 2] which pe rm i t s  finding the dis t r ibut ion function o v e r  the v ibra t iona l  
s t a t e s  with the ef fec ts  of anharmonic i ty  taken into account.  We will employ  the approach de-  
ve loped in these  pape r s  to de s c r i be  a s y s t e m  of  anharmonic  osc i l l a to r s  under  conditions of 
powerful  opt ical  pumping.  This  p rob lem was d i scussed  in [3], where  it was found that such  
a s y s t e m  changes into a sa tu ra t ion  mode in the case  of high pumping leve ls .  The exis tence  
of this mode is explained by the fact  that the m a x i m u m  ra te  of  energy  input into a v ibra t iona l  
deg ree  of f r e e d o m  is de t e rmined  by the ra te  of d is t r ibut ion of this  energy  o v e r  all  the v i b r a -  
t ional  levels ,  i .e. ,  by the constant  of V - V - e x c h a n g e .  Fo r  suff icient ly l a rge  pumpings the 
approx imat ion  of the Bol tzmann dis t r ibut ion function adopted in [3] in connection with the 
ca lcula t ion of the sa tu ra t ion  p a r a m e t e r s  is too crude.  The goal of this pape r  is to der ive  
in explici t  f o r m  exp re s s ions  for  the v ibra t iona l  ene rgy  supply, the absorbed  power,  and so 
on, under  sa tura t ion  conditions without the use of  the approximat ion  indicated above [3]. 

Let  us wr i t e  the s y s t e m  of equations fo r  the dis t r ibut ion function o v e r  the v ibra t iona l  s ta tes  in the ap-  
p rox imat ion  of s ing le -quan tum exchange in the following form:  

//-~m, m~-I /-irn-~i, m (~f ' 

,.=o ~w+, ,  + /+./~+~ - -  v+, ~+~ fm+~/ i )  + (A~+I § P~+,) f i + i  = ~ (6Jo - - /~ )  8~o, ~ = 0 , L 2 . . . ,  (1) 

m , m + l  
where  fi is the f rac t ion  of the pa r t i c l e s  on the i - th  level ,  Qi+t,i is the f requency  of V - V - e x c h a n g e ,  A i is 
the f requency  o f  spontaneous decay  of the i - th  state,  Pi  is the f r equency  of re laxat ion f r o m  the i - th  

-BA/ . 
level ,  6 o : exp[- T (2] § hi + l)l , B is the rotat ional  constant ,  j is the rota t ional  quantum number ,  a is the 

effect ive absorp t ion  c r o s s  sect ion of radia t ion at the t rans i t ion  v = 0, ] - - v  =1, j +Aj with f requency w, I is the 
in tens i ty  of the pumping radia t ion resonant  to the t rans i t ion,  T is the t e m p e r a t u r e  of the medium,  and 6ik is 
the Kronecke:r symbol .  

The s y s t e m  (1) is apprec iab ly  s impl i f ied  upon the r ep lacemen t  of the d i s c r e t e  subsc r ip t  i with a con-  
tinuous v a r i a b l e .  Such an approx imat ion  is val id  if fi v a r i e s  l i t t le  upon a change of the subsc r ip t  by unity, i .e. ,  
if the condition l f i -f i+l[<< fi is sa t i s f ied .  As e s t ima te s  show, this condition is sa t i s f ied  fo r  sufficiently l a rge  
values  of I.  

The approx imat ion  [2] 

Pi+1 = Plo(i  ~- l)exp (6VTi), 
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where  6VT is a number  independent of the gas composi t ion and its t empera tu re ,  is usually employed for  the 
quantity P i+ l .  It is possible to r ep resen t  the f requency  of V - V - e x c h a n g e  in accordance  with [4] in the fo rm 

i+i, ~ = Q~o (m -{- i) (i-~-i) exp{--A w (m-- i )  ~@0(m ..2hE . - -  0 ~ (m - -  0},  (2) 

where  AVV is a number  independent of the t empe ra tu r e  and the kind of molecules;  fo r  CO, for  example,  AVV = 
24/T;  AE is the anharmonic i ty  energy,  and 

0, x < 0, 
0 ( x ) =  i, x > 0 .  

The pr inciple  of detai led balancing is taken into account in Eq. (2), so that 

= 

Switching in (1) to a continuous var iab le  v and using the approximat ion of resonant  V -V -ex ch an g e ,  we 
obtain the following equation for  the dis tr ibut ion function f(v) [2]: 

d~Inf~] oI  , 

where  v = Q~oA-~/, V ' ~  [ i 4- 4 [ 2hE ~ [ h E  2 ~ ~'~ 2hE [-~ ~ - ~ n - a  (,_T_(~--~] exp (2T---~vv]; -2 = ~ - ' ;  Dp(x) is the parabol ic  cy l inder  function, 

= 1 -  50; 6(v) is the Dirac  delta function. The V - T - l o s s e s  a re  not taken into account in (3), as is valid 
at v e r y  la rge  v. In tegra t ing  (3) ove r  v, one can obtain 

K* (r (o) + ~ i(o)) + 4(f)% (P)" - -  • l" = (. + t)* (4) 

where  K ~ = a l  2 ~-~ �9 ~ is the d imensionless  magnitude of the intensi ty  of the incident radiat ion.  

Let  the distr ibution function sa t i s fy  the condition 

] /I'~ (1" (0) + y/(0)) [ ..>~ ~. r 
(v + i)= I "~'~ - u ,  �9 

(5) 

The re s t r i c t ions  which (5) imposes  on j and T will be d iscussed  below. Then one can wr i te  the solution of Eq. 
(4) approximate ly  in the following form:  

f2(v) = fa(0) e -~ ' : - l -  r + ~r "-l- eu(~+~)Et(- -~Y--x)  - e - ~ a , x [ e - ~  Ei(~) + e u E i ( - - ~ ) ] ,  (6) 

where  c~ = ~-  ( f  (0) -k ~f (0)) is the d imensionless  magnitude of the power absorbed by the sys tem and El(x) 

is the exponential  in tegra l  function. 

Using (6), it is possible to der ive  a re la t ion between the absorbed power,  the value of the distr ibution 
function at the origin,  and the radiat ion intensi ty  

~ ,  ! (o) ( i  - - 2  ~,/x) (7) 

4It -t- 2-~-~ (t + z eX Ei ( -- z)) ]" 

As is  evident f r om (6) and (7), sa tura t ion of the absorbed  energy  occu r s  fo r  l a rge  intensi t ies  of the pump- 
ing radiat ion 

s0 (8) 

t _  s , 

where  e% is the maximum absorbed energy  and K~ is the saturat ion intensi ty 

2 t %/~ 
K~ = ( i  + ~ o ~' Ei ( - -  ~))'I, ( i  --2 ~I~) ' / �9 (9) 

It is possible  to find the quantity ~10/2 f rom the normal iza t ion  condition of the limiting distr ibution func- 
tion f0(v) cor responding  to complete  sa turat ion.  Since it is possible at low t e m p e r a t u r e  to a s sume  ~2(v +1) ~ >>2 
with good accu racy  a l ready at v -> 2, it is possible to obtain 
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I (v) l~>~2--- ~ + i "  (1o) 

f r o m  (3) by an expansion in the p a r a m e t e r  2/x2(v +1) 2. It  is poss ib le  at l a rge  v to tal(e approx imate  account 
of V - T - p r o c e s s e s  by following [2]. Then, us ingthe  normal iza t ion  conditions, we obtain 

05~ 2--i/2 (l+zeUgf(~-x))il2(2--7)(t--2Wx) Ip" + ~ t  l n [ ~ l n  x_U_~ -i, (11) 

where  I* = Pao/~Sw [ 2 ] . .  

The supply of v ibra t iona l  quanta cor responding  to the comple te  sa tura t ion  mode is given by the e x p r e s -  
s io n 

where  f0(0) is the value of the d is t r ibut ion function at the or ig in  

fi(O) = 2= 0 (i - -  2V/x)- '( i  + z e"m (--  • (13) 

Condition (5) imposes  r e s t r i c t i ons  on the region of appl icabi l i ty  of Eqs .  (6)-(12). Taking (10) into ac -  
count, it is sufficient  to r equ i re  continuity of the dis t r ibut ion function at the origin,  i .e. ,  

272 < z- -  27 (14) 

In the case  of the CO molecule  the condition (14) is sa t i s f ied  when j < (T/2B) (Aj +~1 +~) .  

Now let us find the re la t ion of the dis t r ibut ion function at the origin to the absorbed  power  as I -~oo on the 
in te rva l  0-<v < 2 without using the continuous approx imat ion .  With (10) taken into account, the s y s t e m  (1) is 
r e so lved  for  i = 0, 1 

f0 ~ (0) = r 2, 

( Q~ 
A ---- ~10 o; B =  l ~  \ - - 3 -  - -  60 

(15) 

i 2 i ~21 
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t ( B + V  B2+ 4AC); where  D = ~-~ 
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Now it is possible to obtain f rom the normal izat ion condition and f rom (12) the absorbed power and the 
supply of quanta corresponding to the relation (15). 

The expressions for  the dimensional values of the power per  molecule and the intensity corresponding 
to complete saturation a re  of the fo rm 

W o = hco~ov• I o = -~- -~oV. 

The dependence of the limiting absorption rate of radiation quanta and the limiting supply of vibrational quanta 
per  CO molecule on the t empera tu re  of the medium is presented in Fig. 1 for  the cases  of absorption with 
A] = ~- 1 (mixture  of CO (0.2 mm Hg} +He (6 mm Hg) for  j =4. Curves 1 (Aj =--1) and 1" (Aj =1) cor respond to 
Eq. (13); curves  2 (Aj = - 1 )  and 2" (Aj =1) cor respond  to Eq. (15); the point 3 corresponds  to the result  of [3]). 
The good agreement  of the resul ts  obtained with the help of (13) and (15) permits  using with good accuracy  the 
analytic equations (8)-(13) in connection with the descript ion of the saturat ion mode. The disagreement  with 
the resul t  of [3] is evidently explained by the c rudeness  of the approximation adopted in [3] for the distribution 
function and by the inaccuracy  of the express ion for  the coefficient v in [3] (see (5)). The dependence of the 
saturat ion intensity on t empera tu re  is presented in Fig. 2; the conditions and notation are  the same as in Fig. 1. 

The dependences of the l imiting supply of vibrat ional  quanta and the absorbed power per  molecule on 
the rotational number  at which pumping occurs  a re  presented in Fig. 3 for a constant t empera tu re  (T =100~ 
the composit ion of the mixture and the notations a re  the same as in Fig.  1). 

One should note that in the case  of large intensities of the pumping radiation saturat ion of the absorption 
can occur  in the sys tem under discussion due to the finiteness of the rotational relaxation t ime.  The intensity 
I n e c e s s a r y  for  this to occur  is given by the es t imate  

where ~'r is the rotational relaxation t ime.  In o rde r  that the indicated effect not dominate the saturat ion effect 
produced by the finiteness of the V - V - e x c h a n g e  time, it is n e c e s s a r y  that the condition 
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B 
g~ Z,(2] 2hi l) e - ~ -  (~+~j)(i+~:+t) (16) -2- ~ r  < + + 

be sa t is f ied,  w:here Z r is the ro ta t ional  pa r t i t ion  function. Condition (16) is r ea l i zed  for  a l a rge  f rac t ion  of 
:absorption bands,  wi th  the except ion of the f a r  wings cor responding  to l a rge  j .  

The quanti ty W 0 c h a r a c t e r i z e s  the m a x i m u m  ra te  of energy  input into the s y s t e m .  Since all the energy 
in t roduced changes into t r ans la t iona l  degrees  of f r eedom,  it is poss ib le  to cons ider  W 0 as the l imit ing ra te  
of v ib ra t iona l  re laxat ion .  
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The  c h a r a c t e r i s t i c s  of gasdynamic  l a s e r s  based  on mix tu re s  of carbon monoxide with n i t r o -  
gen and ine r t  gases  w e r e  inves t iga ted  and the populations of v ibra t ional  levels  of CO m o l e -  
cules ,  the gain of the mix ture ,  and the genera t ion  power  were  de te rmined  in [1-8]. But the 
p a r a m e t e r s  of a gasdynamic  l a s e r  (GDL) in the op t imum emiss ion  mode have not been de-  
t e r m i n e d  up to now. The diff icult ies  in calculat ing the op t imum energy  c h a r a c t e r i s t i c s  a r e  
connected with the complexi ty  of the calcula t ing model and the l a rge  n u m b e r  of p a r a m e t e r s  
of the sy s t em .  The ene rgy  c h a r a c t e r i s t i c s  of a CO gasdynamic  l a s e r  a re  ca lcula ted  and 
op t imized  in the p r e s en t  r epo r t  on the bas i s  of a s imple  model .  

1. Calculat ing Model. Let  us cons ider  the e scape  of a b inary  gas mix tu re  r  +~NN2 (r  and CN a re  
the m o l a r  f rac t ions  of  CO and N2, respec t ive ly)  f r o m  the fiat supersonic  nozzle  of a gasdynamic  l a s e r  having 
a c r i t i ca l  c r o s s  sect ion with a height h ,  and an initial  a p e r t u r e  ha l f -angle  ~ .  At a degree  of expansion S0/S, 
the expanding par t  of the nozzle  changes into a p l ane -pa ra l l e l  sect ion where  the opt ical  r e s o n a t o r  is mounted.  

We make  the following as sumpt ions ,  pe rmi t t ing  a s impl i f ied  calculat ion of the ene rgy  c h a r a c t e r i s t i c s  of 
a CO gasdynamic  l a se r :  

1. Los se s  of v ibra t iona l  ene rgy  as a resu l t  of V - T  p r o c e s s e s  occur  main ly  in the initial  sect ion of 
superson ic  e scape  n e a r  the c r i t i ca l  c r o s s  sect ion of the nozzle.  

2. The t ime  the gas spends in the r e sona to r  exceeds  the c h a r a c t e r i s t i c  t ime  of es tab l i shment  of a quas i -  
s teady dis tr ibut ion of molecu les  o v e r  the v ibra t iona l  ene rgy  leve ls .  

3. We cons ider  a p l ane -pa r a l l e l  F a b r y - P e r o t  r e s o n a t o r  which f o r m s  a nondiverging light flux in a 
geome t r i ca l  t r e a t m e n t .  
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