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Calculating the amplification fac tor  of the worldng medium of a CO gasdynamic l a se r  (GDL) is a c o m -  
plicated task.  Usually one must  analyze a sys tem of more than 20 differential equations describing the detailed 
kinetics of V - T  and V - V  p rocesses  together  with the equations of gasdynamics  [1-3]. 

In the presen t  ar t ic le  we establish the pa ramet r i c  equations which allow one to calculate the maximum 
amplification factor  of the w o r k i ~  medium of a CO gasdynamic l a se r  and the distance at which it is reached, 
s tar t ing f rom two initial pa r ame te r s  of the sys tem,  the f rozen- in  vibrational energy of the carbon monoxide 
molecules  and the t ranslat ional  t empera ture  of the gas in the resonator  region. 

- Let us consider  the escape of the working medium of a CO GDL from an expanding supersonic nozzle 
which changes, at a given expansion rat io S / S .  of the gas s t ream,  into a channel of constant c ross  section.  
The f reezing in of the vibrational energy of the molecules occurs  as the gas flows near  the cr i t ical  c ross  s ec -  
tion of the nozzle ,  while the format ion of a non-Boltzmarm distribution of carbon monoxide molecules  over  v i -  
brational levels result ing i n the  format ion of a par t ia l  population inversion of CO molecules occurs  in the plane-  
paral le l  sect ion of the nozzle.  The maximum amplification fac tor  ~ of the medium is reached at a cer ta in  
distance L f rom the s t a r t  of the plane section of the nozzle when a quasiequil ibrium distribution of molecules  
is achieved with respec t  to those vibrational levels fo r  which the amplification fac to r  is hig~hest. In this case 

a = ~r pffP(E, T,  ~ ) H ( a ) ,  (1) 

where r are  the mola r  concentrations of the components of the mixture (i = CO, N 2, At ,  H 2, H20 . . . .  ); T and p ,  
gas tempera ture  and p res su re  in the plane section of the nozzle; a = A c / ~ i  =f(T,  p), rat io of the collisions] 
width ~c of the spect ra l  line to the Doppler width A d of the spec t ra l  line; E, supply of specific vibrational en-  
ergy per  carbon monoxide molecule; ~ (E, T, r a function determining the maximum population inversion of 
CO molecules  for  a given supply of v~ra t iona l  energy E and t ranslat ions]  t empera ture  T of the gas; H(a), 
Voigt function [4]. 

It follows f rom (1) that the quantity ~ / ( r  is a function of the pa ramete r s  E, T, and r As ca l -  
culations show, the maximum amplification fac tor  of the medium is reached for  vibrational levels which are 
next to the level determining the minimum of the Treanor  distribution function of the molecules and far  f rom 
levels where V - T  relaxation becomes important .  Fo r  this reason ~ (E, T, r is a weak function of the mix-  
ture and has the form 

a/(~r162 pH(a)) = fo(E, T). (2) 

For  n i t rogen- f ree  working media of CO GDL the quantity E is pract ical ly  equal to the f rozen- in  v ibra -  
tional energy of the carbon monoxide molecules .  For  mixtures  containing nitrogen in a mola r  concentration 
CN 2 the quantity E can be found approximately f rom an expression obtained using Tea re ' s  equation [5], 

i + %---:-V~o~/Ik + 

where | and | a re  the charac te r i s t ic  t empera tures  of nitrogen and carbon monoxide molecules,  r e spec -  
tively; E 0 is the average,  specific,  f rozen- in  vibrational energy per  molecule of the N z + CO mixture.  

The quantity E 0 can be found f rom the solution of the equation of relaxation of vibrational energy of a gas 
in an expanding supersonic  s t r eam or approximately using the semiempir ica l  express ion 
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T A B L E  i 

Variantnumber T. ,  ~ p. ,  Pa 

t 
2 
3 
4 
5 
6 
7 
8 
9 

t0 
t t  
t2 
13 
14 
15 
t6 
t7 

r 

20O0 
2000 
2000 
2000 
2000 
2000 
t888 
t800 
2000 
2000 
2000 
2000 
2000 
3000 
3000 
3000 
3000 

4.t06 
4. t0 G 
4.106 
4-106 
4.t0 ~ 
4. t06 
4. t0~ 
4. t06 

1,5- t06 
1,5. t06 
1,5- t06 

t0 ~ 
107 
107 
10 ~ 
107 
10 ~ 

0,2 
0,2 
0,2 
0,2 
0,2 
0,2 
0,895 
0,4 
0,2 
0,2 
0,2 
0,2 

0,2 
0,4 
0,6 
t 

~H~ 

0.1 
0A 
0.00t 
0.t 
0.005 
0.2 
0.i05 
0.t 
0.t 
0.t 
0.1 
0 
0 
0 
0 
0 
0 

p, Pa 

8,7.10:2 
8,7.t02 
1,2.t03 
8,8.10 z 
t,2.t03 
6,3-1021 
1,2.102 
6,4.t02 
3,3-102 
3,3.t02 
3,5.t02 
3,l.10 ~ 
2,8.i02 
t , t . t 0  a 
5,2.t02 
2,7.t02 
6,7.101 

E, ~ 

700 
530 
840 
740 
830 
6i0 
630 
560 
8t0 
820 
730 
850 
850i 

i740 
1740 
1740 
i740 

a/(ll~coPH(a)), 
(m.Pa)  -I 

2,2.10 -2 
0.t0-a 

3,4.10-~ 
2,5.10-z 
3,2.t0 -2 
1,5-i0 -2 
t,8.t0-2 
t,4-10 -2 
3,5.10-2 
3,6. l0 -2 
2,6. i0 -2 
3,t.10 -z 
3,l.10 -2 
t , I . i0  -1 
t,3. t0 -1 
t~3.10 -1 
1,2- t0 -1 

~CO pL, 
cm �9 Pa 

t,5.t0 a 
t,6. t0 ~ 
t,2.104 
8,3.10~ 
1,2.i04 
1,8. I0 a 
4,8.t04 
3,9.t0 a 

4,7.10 a 
6,8. l03 
2,8.103 
t,6.103 
1,7.10 a 
1,5.t03 

T A B L E  2 

Variant T. ,  OK I 
numbe~ 

�9 I 2400 
2 t600 
3 1600 
4 2000 
5 i 600 
6 t800 

p,, Pa 

t,5- t0 ~ 
1,5.10 s 

4. t0 s 
4-106 

t,5. l0 s 
1,5.i0 e 

$co  

0,2 
0,2 
0,t24 
0,2 
0,2 
0,2 

T, ~ 

50 
50 
50 
50 
75 
75 

p, Pa I E, ~ Icz/(r ~H(a))' 

2,9.t01 i200 I 
9,5.101 530 I 
3,1.t02 470 [ 
1,2-102 700 [ 

2,8- t02 

9,t.  10 -1 
3.t0 -1 

3,7.t0-~ 
4-10 -1 

5,3. t0 -~ 
8,5.10 -2 

r ~L, 
cm.  Pa 

9,3.102 
6,2- t02 
6,4. i02 

2.i03 
1,8.10 4 

T, /Tv  = 1 + 0,027o0.L (4) 

f o r  t he  f r o z e n - i n  v i b r a t i o n a l  t e m p e r a t u r e  T v [6], where r = r r / r  s i s  the r a t i o  of the  t i m e  of r e l a x a t i o n  r r of 
vibrational  energy  at the gas  temperature  T ,  and p r e s s u r e  p ,  in the cr i t i ca l  c r o s s  sec t ion  of the n o z z l e  to 
the charac ter i s t i c  t i m e  of  s t r e a m  expansion r s in the initial s ec t ion  of the n o z z l e .  

The analys is  of a s impl i f i ed  CO GDL model  a l so  al lows one to find the connection between the distance L 
at  which the  a m p l i f i c a t i o n  f a c t o r  of the  m e d i u m  in the  p l a n e - p a r a l l e l  s e c t i o n  of the n o z z l e  r e a c h e s  a m a x i m u m  
a n d  t h e  p a r a m e t e r s  E a n d  T of  t h e  w o r k i n g  m i x t u r e .  

W h e n  a n o n - B o l t z m a r m  d i s t r i b u t i o n  of C O  m o l e c u l e s  o v e r  v i b r a t i o n a l  l e v e l s  i s  f o r m e d  in  t h e  p l a n e  s e c t i o n  

of  t h e  n o z z l e  t h e  m a x i m u m  a m p l i f i c a t i o n  f a c t o r  of t h e  m e d i u m  i s  r e a c h e d  f o r  a q u a s i s t a t i o n a r y  d i s t r i b u t i o n  

of m o l e c u l e s  o v e r  v i b r a t i o n a l  l e v e l s  i n  t h e  r e g i o n  of the  m i n i m u m  of t h e  T r e a n o r  d i s t r i b u t i o n  f u n c t i o n .  T h e  

c h a r a c t e r i s t i c  t i m e  of  e s t a b l i s h m e n t  of  s u c h  a d i s t r i b u t i o n  f o r  n i t r o g e n - f r e e  m i x t u r e s  i s  d e t e r m i n e d  m a i n l y  

b y  V - V  e x c h a n g e  b e t w e e n  C O  m o l e c u l e s  w h i c h  a r e  a t  t h e  v i b r a t i o n a l  l e v e l  v .  c o r r e s p o n d i n g  t o  t h e  m i n i m u m  

of  t h e  T r e a n o r  f u n c t i o n  a n d  m o l e c u l e s  w h i c h  a r e  a t  t h e  f i r s t  l e v e l ,  w h e r e  a l a r g e  p a r t  of  t h e  v i b r a t i o n a l  e n e r g y  

i s  c o n c e n t r a t e d .  T h e  v a r i a t i o n  of t h e  p o p u l a t i o n  of the  v ,  l e v e l  w i t h  t i m e  c a n  b e  r e p r e s e n t e d  a p p r o x i m a t e l y  

through a certain function F(nv,, n i, T) describing the kinetics of V-V exchange, 

dn v ,  
U ~ = "~copF (n~,, nl, T) ,.~ ~copF (n~,, E ,  T), (5) 

s i n c e  n 1 = n l ( E ) .  H e r e  u i s  t h e  v e l o c i t y  of t h e  g a s  s t r e a m ;  n 1 a n d  n v ,  a r e  t h e  r e l a t i v e  p o p u l a t i o n s  of  t h e  f i r s t  
a n d  v . - t h  v i b r a t i o n a l  l e v e l s  of t h e  c a r b o n  m o n o x i d e  m o l e c u l e s ,  r e s p e c t i v e l y ;  x i s  t h e  c u r r e n t  l e n g t h .  

T h e  s o l u t i o n  of E q .  (5) w i t h  t h e  i n i t i a l  c o n d i t i o n  n v ,  ~ 0 h a s  t h e  f o r m  

n~. = h (~copx/u, E, Z). (6) 
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TABLE 3 

Varian~ 
number: T,, oK 

1 2000 
2 2000 
3 3000 
4 3OO0 
5 3000 
6 3000 
7 2000 
8 2000 
9 BOO0 

t0 3000 
t t 3000 
t2 3000 
t3  3000 
t4 3000 
t5 3000 
t6  3000 

%0 

0,2 
i 
0,~ 
0,4 
0,~ 
t 
0,2 
t 
0,2 
OA 
0,6 
i 
0,2 
9,4 
9,6 
) ,8 

W~ ~ 

75 
75 
75 
75 
75 
75 
50 
5O 
5O 
5O 
5O 
5O 
30 
~0 
30 
30 

p,, Pa 

t , 4 . 1 0  a 
t , i . l O  2 
4,8-102 
2,3.i0 "2 
t , i . t 0 2  
2,7.i01 
4.8.103 
2,7.101 
t ,6. t02 
6,7.i01 
2,7-101 

6,7 
4. t01 

i,3.tO 1 
6,7 
i , i  

E~ ~ 

85( 
85( 

i74s 
i74C 
i74C 
i74C 
850 
850 

1740 
i740 
1740 
i740 
1740 
i740 
i740 
t740 

(m .Pa) "1 

9,2.i0 -2 
IA. lO -I 
3,6- iO -1 
3,6.t0 -1 
3,6. iO -1 
3,4. iO -1 
4,8. i0 -1 
5,3. I0 -1 

L2 
1,3 
t,4 
t,5 
9,5 
7,9 
8,7 
9,7 

~CO pL, 
cm .Pa 

i ,6 .  tO a 
2,5.i0 a 
7,5.i02 
6,7.103 
7,3.i0 ~ 
6 ,9 . i02  

4. t03 
6,7. t0 ~ 
2,3. iO 2 
2,4. iO 2 
2,8.102 
2.4- l02 
1,1.10 2 
1,1.10 3 
i , 1 . t 0  2 

1,3. t03 

When a q u a s i s t a t i o n a r y  d i s t r i b u t i o n  of CO m o l e c u l e s  ove r  v i b r a t i o n a l  l e v e l s  is r e a c h e d  at  a d i s t ance  x = L, 

f~(@coPX/U, E,  T)Ix =L = 0 and  hence  r  =f2(E, T). Since u is  a s lowly  v a r y i n g  func t ion  in a l l  the  v a r i -  
an ts  of CO GDL ca l cu l a t i ons  of p r a c t i c a l  i n t e r d s t ,  we f ind tha t  the quant i ty  @coPL is  a func t ion  of the  p a r a m -  
e t e t e r s  E and  T, 

*co pL  = ],(E, T). (7) 

A s i m i l a r  r e l a t i o n  can be  obta ined  fo r  n i t r o g e n - c o n t a i n i n g  m i x t u r e s  with ~N~ >> ~bCO: 

CN,pL = h (Eo - -  , ooE ,  r). (8) 

T h e  conc re t e  f o r m  of the func t ions  (2), (7), and (8) can be found by n u m e r i c a l  ca l cu l a t i ons  of ind iv idua l  

CO GDL v a r i a n t s .  

In the p r e s e n t  work  we c a r r i e d  out a n u m e r i c a l  e x p e r i m e n t  wi th  work ing  m i x t u r e s  of a CO g a s d y n a m i c  
l a s e r  conta in ing  CO, H 2, At ,  and H20 in v a r y i n g  c o n c e n t r a t i o n s  fo r  d i f f e ren t  i n i t i a l  p a r a m e t e r s  T ,  and p .  of 
the m i x t u r e  and f ina l  t e m p e r a t u r e s  of the  expanded  gas  s t r e a m .  In the  g e n e r a l  case  we so lved  a s y s t e m  of 
g a s d y n a m i c  equa t ions  fo r  a work ing  m i x t u r e  e scap ing  f r o m  a s u p e r s o n i c  nozz le  toge the r  with the k ine t ic  equa -  
t i ons  [1-3] d e s c r i b i n g  V - V  and V - T  exchange  be tween  the lower  26 v i b r a t i o n a l  l eve l s  of the CO mo l e cu l e ,  as 
wel l  as the deac t iva t ion  of v i b r a t i o n a l l y  exc i ted  c a r b o n  monoxide  m o l e c u l e s  on H 2, At ,  H20, and hyd rogen  a toms .  
The r a t e  cons tan t s  of the V - V  and V - T  p r o c e s s e s  w e r e  ca l cu l a t ed  f r o m  the equa t ions  of [1-3, 7], d rawing  
upon the known e x p e r i m e n t a l  da ta  on r e l a x a t i o n  t i m e s .  

The ca l cu l a t i on  was  c a r r i e d  out  in a w i d e  r ange  of v a r i a t i o n  of the  GDL p a r a m e t e r s  p , ,  T , ,  S / S , ,  and 
9 and the c o n c e n t r a t i o n s  of the componen t s  of the  m i x t u r e  (9 is the in i t i a l  h a l f - a n g l e  of the  nozz le  ape r tu r e ) :  
1.5 �9 106_ < p ,  _< 10 ~ Pa,  1800 -< T ,  _< 3000~ 100<_ S / S ,  _< 15,000, 0.5_< tan  9 -< r The c o r r e s p o n d i n g  v a i -  

ues  of the  s t a g n a t i o n  t e m p e r a t u r e  and p r e s s u r e  T o and Po a r e  T o = T ,  (7 + 1 ) / 2  and P0 = P ,  ( T o / T , )  ~//(7-1),  
where  T is the effect ive  ad iaba t ic  index of the m i x t u r e .  F o r  ~/ = 1.4, T o = 1.2 T , ,  andP0 = 1.89 p , .  The hy-  
d rogen  c o n c e n t r a t i o n  CH~ in the m i x t u r e  was  v a r i e d  f rom z e r o  to 30% while  the w a t e r  vapor  c o n c e n t r a t i o n  was  

v a r i e d  f r o m  z e r o  to 10%. 

The m a i n  r e s u l t s  of the  ca l cu l a t i on  a re  p r e s e n t e d  in  T a b l e s  1-3 .  The height  of the c r i t i c a l  c r o s s  s e c t i o n  
of the nozz le  was  chosen  as 0.3 m m  and the half:~angle 9 was 28 ~ for  p ,  = 4 �9 106 P a  and 45 ~ fo r  p ,  = 1.5 �9 106 
Pa .  F o r  h y d r o g e n - f r e e  m i x t u r e s  wi th  p ,  = 10 ? P a  we u s e d  a model  of i n s t a n t a n e o u s  expans ion  of the m i x t u r e .  
In Table  1 we p r e s e n t  the r e s u l t s  of a ca l cu la t ion  of the p a r a m e t e r s  of the work ing  m e d i u m  of a CO GDL for  
T = 100~ and d i f fe ren t  in i t i a l  va lues  of p ,  and T ,  and c o n c e n t r a t i o n s  of the componen ts  CO, Ar ,  and H 2 in the  
m i x t u r e .  V a r i a n t  2 c o r r e s p o n d s  to  a ca l cu l a t i on  for  a m i x t u r e  con ta in ing  an a dmi x t u r e  of 0.5% H20 and v a r i -  
ant 11 to 1% H20. In v a r i a n t  4 we ignored  the r e l a x a t i o n  of CO m o l e c u l e s  on h y d r o g e n  a toms ,  while in  v a r i a n t  
9 the cons tan t  for  r e l a x a t i o n  of CO molecu l e s  on  h y d r o g e n  a toms was  doubled.  The r e s u l t s  of a ca l cu la t ion  
with ~H 2 = 0.1 and r = 0 and d i f fe ren t  va lues  of p , ,  T , ,  T ,  and r  a r e  p r e s e n t e d  in  Ta b l e  2, while the r e -  
su l t s  f o r  a h y d r o g e n - f r e e  C O - A t  m i x t u r e  with p ,  = 10 ~ P a  a r e  p r e s e n t e d  in  Table  3. 
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v ~  

a/'  q; pH(a), 

b" 

{d'< 

i 
~d2 

I 

4 O 0  

m- Pa)" 
5 

"~ 2 

600 ;000 2000 

c~/r pH(a). (m- Pa) "1 

~0 % I CpL, xt.Pa 

f ~ "tO4 . 

fO -2 ~0 

25 50 75 'lO0 T, ~ 400 

1 

6OO 

4 ~  
E,~ 

@oo ~ooo 2000 

Fig. 1 Fig. 2 Fig. 3 

~Vne calculated values of the p a r a m e t e r  ~ / ( r  for  different values of the energy E at a fixed 
t ranslat ional  gas t e m p e r a t u r e  T = 100, 75, and 50~K (Tables 1-3) are presented in Fig. 1 {curves 1-3, r e s p e c -  
tively). The resul ts  of the numerical  experiment  for  each value of T are  well described by one universal  curve.  
With an increase  in the f rozen- in  vibrational energy of the CO molecules the value of the pa r ame te r  ~ / ( r  " 
pH(a)) increases  sharply.  Analogous dependences also occur  for  other values of the tempera ture  T. Fo r  a 
fixed energy E, c~/(r  grows with a decrease  in T (Fig. 2, E = 1740, 850, and 530~ for  curves 1-3, 
respect ively) .  

The quantity r  which determines  the distance at which the amplification factor  of the medium 
reaches  the maximum value, essential ly depends on the value of the initial pa r ame te r  E (Fig. 3, T = 100, 75, 
50, and 30~ for  curves 1-4, respectively),  decreas ing as E increases  at a fixed tempera ture  T. For  a given 
value of E the p a r a m e t e r  r  is the l a rger ,  the higher T. 

In o rder  to es t imate  the maximum value of the amplification fac tor  of the working medium of a gas -  
dynamic l a se r  and the corresponding nozzle length L for  any set  of initial CO GDL pa rame te r s  using Figs.  
1-3, one must  f i r s t  f ind the  values of p and T in the region of the GDL resonator  f rom gasdynamic calcula-  
tions and determine the value of the initial pa r ame te r  E by a numerica l  calculation or f rom the empir ical  
equation (4). 

The use of the pa ramet r i c  equations offered in the presen t  ar t icle  can be helpful for  a rapid est imate of 
the charac te r i s t i cs  of the working medium of a CO GDL with a rb i t r a ry  pa rame te r s .  
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