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G A S  M I X T U R E  E X P A N D I N G  T H R O U G H  A S L O T  
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A c a l c u l a t i o n  i s  m a d e  of  the  k i n e t i c s  of  v i b r a t i o n a l  r e l a x a t i o n  of  CO 2 m o l e c u l e s  in a CO 2 -  
H ~ O - N  2 m i x t u r e  e s c a p i n g  into a vacuum f r o m  a s l o t .  The  e x a m i n a t i o n  of  v i b r a t i o n a l  r e l a x a -  
t ion  led  to a s o l u t i o n  of  the  k i n e t i c  equa t i ons  c o r r e s p o n d i n g  to the  m o s t  i m p o r t a n t  channe l s  of  
e n e r g y  exchange  in v i b r a t i o n - v i b r a t i o n  and v i b r a t i o n - t r a n s l a t i o n  p r o c e s s e s .  It p r o v e d  p o s -  
s i b l e  to c o n s i d e r  the  d y n a m i c s  of  a n o n e q u i l i b r i u m  gas  in an a p p r o x i m a t i o n  of  the  a d i a b a t i c  
m o t i o n  of  a m e d i u m  with an e f f ec t i ve  a d i a b a t i c  index  7 c o r r e s p o n d i n g  to a c e r t a i n  d e g r e e  of  
f r e e z i n g  in of  the v i b r a t i o n a l  c o m p o n e n t  of  the  hea t  capac i tT  of  the  g a s .  The  c a l c u l a t e d  v a l -  
ue s  of  the  ga in  index  a a g r e e  we l l  with e x p e r i m e n t a l  da t a .  The  ga in  index was c a l c u l a t e d  
with a l l o w a n c e  fo r  D o p p l e r  and L o r e n t z  m e c h a n i s m s  of  l ine  b r o a d e n i n g .  The  r e s u l t s  of  the  
c a l c u l a t i o n  w e r e  a n a l y z e d .  

1. E x p e r i m e n t s  on C O 2 - t t 2 0 - N  2 g a s d y n a m i e  l a s e r s  (GDL) w e r e  r e p o r t e d  on in [1, 2]. In [3] e x p e r i -  
m e n t a l  s t u d i e s  w e r e  conduc ted  on GDL with a high w a t e r  con ten t  in the  m i x t u r e ,  up to a r a t i o  o f  c o n c e n t r a -  
t i ons  of  (1 CO 2 : 1  H20 ). In c o n t r a s t  to the e x p e r i n a e n t s  conduc ted  with o r d i n a r y  s u p e r s o n i c  n o z z l e s  which 
had an open ing  angle  of  10-15 ~ [1, 2], the r a p i d  coo l ing  o f  the  gas  in [3] was a c c o m p l i s h e d  by e x p a n s i o n  
t h r o u g h  a n o z z l e - s l o t  with an open ing  angle  of  120 ~ which  wc wi l l  h e n c e f o r t h  c a l l  a s lo t .  The  use  of  a s lo t  
p r o v i d e d  h i g h e r  i n i t i a l  coo l ing  r a t e s  c o m p a r e d  with t h o s e  r e a c h e d  in [1, 2]. 

The  v i b r a t i o n a l  r e l a x a t i o n  of  the  CO 2 m o l e c u l e  in C O 2 - N  2 - H e  and CO 2 - N  2 m i x t u r e s  d u r i n g  f r e e  g a s -  
d y n a m i c a l  d i s p e r s i o n  s i m u l a t i n g  the d i s c h a r g e  f r o m  a s l o t  i s  e x a m i n e d  in [4]. A c o m p a r i s o n  of  t h e s e  c a l -  
e u ! a t i o n s  wi th  the d a t a  of  e x p e r i m e n t s  [5] i n d i c a t e d  on ly  q u a l i t a t i v e  a g r e e m e n t .  In the p r e s e n t  work  a c a l -  
c u l a t i o n  was m a d e  o f  the  k i n e t i c s  of  r e l a x a t i o n  fo r  the  C O 2 - H 2 0 - N  2 m i x t u r e  with m o r e  c o r r e c t  a l l o w a n c e  
for  the gas  d y n a m i c s  of  d i s c h a r g e  f r o m  a s l o t  [6]. 

2. F o l l o w i n g  the c l a s s i f i c a t i o n  g iven  in the  r e v i e w  [7] and on the b a s i s  of  the  r e s u l t s  of  [8-10] one can  
i s o l a t e  the m a i n  c h a n n e l s  of  e n e r g y  e x c h a n g e  in the  v i b r a t i o n - v i b r a t i o n  ( V - V )  and v i b r a t i o n - t r a n s l a t i o n  
( V - T )  p r o c e s s e s  which  d e t e r m i n e  the  k i n e t i c s  of  r e l a x a t i o n  o f  the  m o d e l  of  the  CO 2 m o l e c u l e s  in the  CO 2 -  
H 2 0 -  N 2 m i x t u r e :  

s 

N2* q- CO2 ~ N~ -i- CO~* (vs) 
k4a = 6.55. 101~ - ' ' '  [8] 

N,.* + H20 ._--: N~ -~- H20* (%) 

]qa = 10.5. t0 e exp (30.6T-',) [7] 

CO2" (v3) 3~ ~.  + .1I~:-__ ~ CO~* (vl, ~'~) ~ .U~ 

km 2.24.t0-=T 2.7a, k~ ) lj z.(u [8] 3 2  = ~ / 2 ' a 3 2  

kli~ ):~ = 2.32.107 [9] 

(2.1) 

(2,2) 

(2.3) 

( H e r e  and l a t e r  j = 1 c o r r e s p o n d s  to the CO 2 m o l e c u l e ,  j = 2 to the  N 2 m o l e c u l e ,  and j = 3 to the  H20 m o l -  
ecu le . )  
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30 (2.4) C02" (v,, ~2) + M.~ ~ C02 + Mj 

k(') = 8 lOVexp(-- 4t.6T-'/,), k~ ) ~v(1) 2o . . . .  ~0 [7] 
k(a) 

20 = 9.2"i06exp( - 34.5T-'J,) [10] 

w h e r e  k(J) a r e  the  c o n s t a n t s  o f  the  r e a c t i o n  r a t e s  of  (2.1)-(2.4)  ob t a ined  by a p p r o x i m a t i o n  o f  the  e x p e r i -  
e m  

m e n t a l  d a t a  o f  [7-10] in the  r a n g e  o f  gas  t e m p e r a t u r e s  T ~ 300-1000~ which  have  the  d i m e n s i o n a l i t y  
[ sec  -1 �9 a r m - l ] .  The  s y m m e t r i c ,  d e f o r m a t i o n ,  and a s y m m e t r i c  t y p e s  of  v i b r a t i o n s  of  the  CO 2 m o l e c u l e  a r e  
deno ted  by v 1, v 2, and v3, the  v i b r a t i o n  of the  N 2 m o l e c u l e  by v4, and d e f o r m a t i o n - t y p e  v i b r a t i o n s  of  the  H20 
m o l e c u l e  by  v 5. An e x c i t e d  s t a t e  of  the m o l e c u l e  is  m a r k e d  by an a s t e r i s k  in the  r e a c t i o n s ,  and which  v i -  
b r a t i o n s  a r e  e x c i t e d  i s  shown in p a r e n t h e s e s .  With  a l l owance  for  t h e s e  p r o c e s s e s  the  s y s t e m  of  r e l a x a t i o n  
equa t ions  t a k e s  the  f o r m  

deddt = - -  k4ap(1) [e, - -  %] - -  k4ap(a) [e 4 - -  e4 ~ 

d%/dt = ka3p(2) is, - -  831 - -  ~, k(~p(,) [% - -  83 ~ 
J (2.5) 

1 

Here  e i = gi0ixi(1  - xi) -I  i s  the  e n e r g y  o f  the  h a r m o n i c  o s c i l l a t o r  of  the  i - t h  type  of  v i b r a t i o n  unde r  
cond i t ions  of  an e q u i l i b r i u m  d i s t r i b u t i o n  with a v i b r a t i o n a l  t e m p e r a t u r e  T i ,  which d i f f e r s  in g e n e r a l  f r om 
the gas  t e m p e r a t u r e  T; ci ~ i s  i t s  e n e r g y  when T i = T; 0 i = h v i / k  i s  the  c h a r a c t e r i s t i c  t e m p e r a t u r e  (01 = 
1990~ 02 = 960~ 03 = 3380~ 04 = 3350~ gi i s  the  m u l t i p l i c i t y  of  d e g e n e r a c y  of  the i - t h  v i b r a t i o n  (gl = g3 = 
g4 = 1, g2 = 2); x i = e x p ( - 0 i / T i ) ;  p(J) i s  the  p a r t i a l  p r e s s u r e  of  the  j - t h  c o m p o n e n t  of  the  m i x t u r e .  The  
m u l t i p l i e r  Z in the  l a s t  equa t ion  of  the  s y s t e m  (2.5) i s  connec ted  with the  p r e s e n c e  of  a r e s o n a n c e  i n t e r -  
ac t ion  o f  the  v i b r a t i o n s  v I and v 2 (01 ~ 202) which  p r o d u c e s  jo in t  r e l a x a t i o n  o f  the  v i b r a t i o n a l  e n e r g i e s  c 1 
and c 2. Since  T 1 ~ T2, 

d - de, 
-~t (e~ + ~ )  = z -~F'  Z = (1 + 4x2 + x~ ~) / (1 + x~) 2 

In w r i t i n g  the  k i n e t i c  equa t ions  (2.5) i t  i s  kep t  in mind  tha t  the  v i b r a t i o n a l  exchange  r e a c t i o n  (2.1) 
s a t i s f i e s  the  r e s o n a n c e  cond i t ion  (03 ~ 04), whi le  the  r e a c t i o n s  (2 .2)-(2 .3)  can  be  c o n s i d e r e d  in the  a p p r o x i -  
m a t i o n  o f  V - T  r e l a x a t i o n  s i n c e  the  v i b r a t i o n a l  t e m p e r a t u r e s  of  the  m o d e s  v~ and v 2 of  the CO2 m o l e c u l e  
and m o d e  u s of  the  H20 m o l e c u l e  a r e  c l o s e  to the  gas  t e m p e r a t u r e  b e c a u s e  of  the  s m a l l n e s s  of  the  c o r r e -  
spond ing  r e l a x a t i o n  t i m e s  [7]. 

3. F o r  a c o m p l e t e  d e s c r i p t i o n  o f  the  k i n e t i c s  of  r e l a x a t i o n  in a j e t  of  expand ing  g a s  the  s y s t e m  (2.5) 
m u s t  be  s u p p l e m e n t e d  b y  the c o r r e s p o n d i n g  g a s d y n a m i c a l  e q u a t i o n s .  In the  p r e s e n t  c a s e  i t  p r o v e s  p o s s i -  
b l e  to c o n s i d e r  the  d y n a m i c s  of  the  n o n e q u i l i b r i u m  gas  in the  a p p r o x i m a t i o n  o f  the  a d i a b a t i c  m o t i o n  o f  a 
m e d i u m  with an e f f e c t i v e  a d i a b a t i c  index  T which  c o r r e s p o n d s  to a c e r t a i n  d e g r e e  of  f r e e z i n g  in of  the  v i -  
b r a t i o n a l  c o m p o n e n t  of  the  hea t  c p a e i t y  of  the  ga s .  T h i s  e n a b l e s  one to u se  in the  k i n e t i c  equa t i ons  (2.5) 
the  s o l u t i o n s  o f  g a s d y n a m i c a l  equa t ions  c o r r e s p o n d i n g  to the  i s e n t r o p i e  f low of  the  gas  wi th  a c o n s t a n t  3'. 
In i s e n t r o p i c  p r o c e s s e s  the  p r e s s u r e  p and t e m p e r a t u r e  T of  the  g a s  a r e  d e t e r m i n e d  by  the equa t ions  

P = P0 (1 -k I/2 (7 - -  1) M2)-~:('~1), T = T0(l + 1/., (7 - -  1) M~) -1 (3.1) 

H e r e  M = u / c  i s  the  l o c a l  Mach  n u m b e r ,  u and c = 4 " ~ a r e  the  l o c a l  f low v e l o c i t y  and s p e e d  o f  sound,  
is  the  e f f ec t ive  a d i a b a t i c  index ,  p i s  the  g a s  d e n s i t y ,  T o i s  the  s t a g n a t i o n  t e m p e r a t u r e ,  and P0 i s  the  t o t a l  

g a s  p r e s s u r e .  

In the  c a s e  o f  d i s c h a r g e  f r o m  a s l o t  into a vacuum the va lue s  of  M(X, Y) a r e  found by n u m e r i c a l  i n -  
t e g r a t i o n  of  the  g a s d y n a m i c a l  equa t ions  fo r  s t e a d y  p l a n e  i s e n t r o p i c  f low.  The  c a l c u l a t i o n s  w e r e  conduc ted  
by I~. A. A s h r a t o v  and G. K. Bunina  by  the  m e t h o d  of  c h a r a c t e r i s t i c s  [11]. The  r e s u l t s  of  the  c a l c u l a t i o n s  
a r e  p r e s e n t e d  be low,  in p a r t i c u l a r ,  the  v a l u e s  of  M(~) a long the  c e n t r a l  f low l ine  ( je t  ax i s )  a t  ~/ = 1.3,  1.4,  
and 1.5 ( second ,  t h i r d ,  and fou r th  l i n e s ,  r e s p e c t i v e l y ) .  The  d i s t a n c e  ~ f r o m  the s l o t  i s  e x p r e s s e d  in un i t s  
of  h0, w h e r e  h 0 i s  the ha l fwid th  of  the  s l o t :  ~ = X / h  0. 

i 2 5 lo 20 50 t00 

M i .48 2.0 2.87 3.58 4.2 5.i5 5.9 
M 1.5 2.06 3.0 3.82 4.68 5.95 7.0 
M i .5i 2.t 3.2 4.i6 5.23 6.9 8.37 
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4. In Eqs .  (2.5) it  is c o n v e n i e n t  to change  to the d i m e n s i o n l e s s  v a r i a b l e  ~ in a c c o r d a n c e  with d t / d t  = 
uho -I d/d~. 

The system (2.5) together with (3.1) was solved by the Runge-Kutta method on an M-220 electronic 

computer. The dependence M(~) for the central flow line was provided by interpolation of the correspond- 

ing data presented above. In the temperature region where experimental data are absent the rate constants 

were taken in accordance with their approximate expressions for the reactions (2.1)-(2.4). The initial state 

of the gas at ~ = 0 was assumed to be an equilibrium state with a single intial temperature T i = T, = T02/~/ 

+ i, initial pressure p, = P0(2/7 + I)~//(T -I), and flow velocity u = c, = ~-~, for the vibrational and 

translational degrees of freedom. Before the slot the gas was at rest (u = 0) and its temperature and pres- 

sure were T o and P0, respectively. The calculations were conducted for a CO2-H20-N~ mixture with a 

large water vapor content. The vibration-rotation population inversion AN = N' - N was calculated for the 
transition ()'0 = 10.6 ~) of the CO 2 molecule (001, J' = 21)~ (i00, J = 22): 

,',W .:.= g' {,.,,.'B' exr,[-- j--1 e. p [-- }_ 
no' = z3 (l - -  x3) (1 --  x2 ~') (i --  x~) ~ ,Oco,, (4.1) 

n~ = xl (1 - -  x3) (1 - -  x~ ~) (1 --  xo) 20co, 

where  n v and n v a r e  the popu la t ions  of the v i b r a t i o n a l  l eve l s  (001) and (100); PCO2 is the c o n c e n t r a t i o n  of 

CO 2 m o l e c u l e s  in the m i x t u r e ;  F(J ' )  and F(J) a r e  the e n e r g i e s  of the r o t a t i o n a l  t e r m s  of the upper  and lower  
s t a t e s ;  B'  and B a r e  the c o r r e s p o n d i n g  r o t a t i o n a l  c o n s t a n t s ;  g '  and g a r e  the s t a t i s t i c a l  weights  of the up-  
pe r  and lower  l a s e r  l e v e l s  (001, J ' )  and (100 J). The r o t a t i o n a l  t e m p e r a t u r e  was t aken  as equal  to the gas 
t e m p e r a t u r e .  Fo r  the gain  index ~(ko) at the c e n t e r  of  the l ine  an e x p r e s s i o n  [12] was used  which takes  
into accoun t  the c o m b i n e d  effect  of  Doppler  and Lo r e n t z  m e c h a n i s m s  of b r o a d e n i n g :  

a (~o) =: Go ~- / 8n) A:VT.t'~S (ko) 

S (k0) := 2~ -~i~ (k ,; v) a \ (a ~ -]- y~ -I exp (-- !1"-) dy (4.2) 

a =: (Av}.lAv~)) l / i n 2 ,  ~, = V 2 k T / m ,  5VD = V $/:h-~/'c~.o 

Au D and Au L a r e  the Doppler  and Lo ren t z  hal fwidths  of the l i ne s .  Because  of the absence  of e x p e r i m e n t a l  
da ta  on the c o l l i s i o n a l  b r o a d e n i n g  of CO 2 in wa te r  vapor  i t  was a s s u m e d  to be  the s a m e  as in  the case  of 
pu re  c a r b o n  dioxide.  In th is  ca se  Au L = 0.1 p d-3-6"~-T'atm -1 �9 cm -I and the t r a n s i t i o n  p robab i l i ty  T~l 1 = 0.21 
sec  -1 [13]. 

The ef fec t ive  index 5, was d e t e r m i n e d  in a c c o r d a n c e  with the equa t ion  ( ignor ing  d i s s o c i a t i o n  of the 
gas) 

"~ = I : 2 (5  ---~ 6 / X ~ :1 )4H20 / ~4) -1 

• ~ PIt,O ' :pCO, ,  • - -  PN: / PC0, ,  • := | -:- • --- • 

where  PCO 2, PrimO, and PN~ a r e  the c o n c e n t r a t i o n s  of the c o r r e s p o n d i n g  m o l e c u l e s .  Th i s  equat ion  takes  ac -  
count  of the fact" that  the v i b r a t i o n s  v~ of the N 2 m o l e c u l e  and v 3 of the CO~ m o l e c u l e  can be c o n s i d e r e d  as 
f rozen  in when e s t i m a t i n g  ~/, while  the v i b r a t i o n s  u 1 and u 2 of the CO 2 m o l e c u l e  and u 5 of the H20 mo lecu l e ,  
be ing  in e q u i l i b r i u m  with the gas t e m p e r a t u r e ,  can  be a s s u m e d  to be fully exci ted  in the m o s t  i m p o r t a n t  
r eg ion  of  the je t  for  the r e l a x a t i o n  and g a s d y n a m i c s  of the d i s c h a r g e  at s t agna t i on  t e m p e r a t u r e s  T ~ 2000 ~ 
which a r e  of i n t e r e s t .  

Typ ica l  d i s t r i b u t i o n s  of the gas t e m p e r a t u r e  T and the v i b r a t i o n a l  t e m p e r a t u r e s  T i a long the c e n t r a l  
flow l ine  of the je t  for  a C O 2 - H 2 0 - N  2 m i x t u r e  a re  p r e s e n t e d  in Fig.  1. The c ompos i t i on  and p a r a m e t e r s  of 
the m i x t u r e  ~re  as fo l lows:  • = 4, y.H2 O = 0.5, T o = 2000~ Po = 20 arm,  h 0 = 0.04 cm.  C u r v e s  1, 2, and 

3 show the d i s t r i b u t i o n s  of T4, T~, and ' r .  I t i s  s een  f rom Fig .  1 that  s e p a r a t i o n  of the v i b r a t i ona l  t e m p e r -  
a t u r e  T 4 of the N 2 m o l e c u l e  o c c u r s  i m m e d i a t e l y  behind  the s lot ,  followed by s e p a r a t i o n  of the v i b r a t i o n a l t e m -  
p e r a t u r e  T 3 of the CO, m o l e c u l e  f rom the gas  t e m p e r a t u r e  at d i s t a n c e s  of t ~  to t h r e e  un i t s .  The v i b r a -  
t i ona l  t e m p e r a t u r e s  of modes  u 1 and u 2 of the CO 2 m o l e c u l e  co inc ide  with the gas t e m p e r a t u r e  (T 1 = T 2 = T) 
b e c a u s e  of the high r a t e  of V - T  r e l a x a t i o n  caused  m a i n l y  by the p r e s e n c e  of wa te r  vapor .  The behav io r  
of the v i b r a t i o n a l  d e g r e e s  of f r e e d o m ,  in  which s o m e  of them a r e  r ap id ly  f rozen  in while o the r s  r e m a i n  in 

e q u i l i b r i u m  with the t r a n s l a t i o n a l  d e g r e e s  of f r e e d o m  in the p r o c e s s  of expans ion ,  is  r e s p o n s i b l e  for the 
p o s s i b i l i t y  of an ad iaba t i c  d e s c r i p t i o n  of the m o t i o n  of a gas with v i b r a t i o n a l  n o n e q u i l i b r i u m .  
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Fig .  2 

T y p i c a l  d e p e n d e n c e s  of  a , N ' / g ' ,  A N / g ' ,  and N / g  on 
the d i s t a n c e  ~ a long  the j e t  ax i s  f r o m  the s lo t  fo r  the CO 2 -  
H 2 0 - N  2 m i x t u r e  a r e  p r e s e n t e d  in F ig .  2. The  c o m p o s i t i o n  
and p a r a m e t e r s  of  the  m i x t u r e  a r e  the  s a m e  as  fo r  F ig .  1. 
C u r v e s  1, 2, 3, and 4 c o r r e s p o n d  to the  d i s t r i b u t i o n s  of  a ,  
N t / g  ' ,  A N / g ' ,  and N / g .  I t  i s  s e e n  f r o m  Fig .  2 tha t  the  ga in  
index a(~)  and the popu la t i on  i n v e r s i o n  AN i n c r e a s e  r a p i d l y  
at  f i r s t  (the m o m e n t  of  f o r m a t i o n  o f  the  i n v e r s i o n  in F ig .  2 
c o r r e s p o n d s  to the  po in t  of  i n t e r s e c t i o n  of  the  c u r v e s  N ' / g '  
and N/g)  and then ,  p a s s i n g  th rough  m a x i m a ,  s lowly  d e -  
c r e a s e  wi th  i n c r e a s i n g  d i s t a n c e .  The  m a x i m u m  ~(~) = a m 
in g e n e r a l  d o e s  not co inc ide  with the  p o s i t i o n  o f  the m a x i -  
m u m  AN m and i s  l o c a t e d  at  d i s t a n c e s  w h e r e  the  gas  d e n s i t y  
i s  low (p ~ 2-3 .1017 cm-3}.  It i s  c onve n i e n t  to a n a l y z e  the  
d e p e n d e n c e  a(~)  p r e s e n t e d  in F ig .  2 by s i m p l i f y i n g  Eq. (4.2): 

I T-V, exp ( - -  0 a / Ta* ) when AvL L~> Avo 
A N S  (Xo) (4.3) / pT -x exp (- -  0 a / Ta* )whcn Av1.--"~ Av~ 

Here  i t  i s  c o n s i d e r e d  tha t  when n'  >> n v fo r  l e v e l s  with J m  c o r r e s p o n d i n g  to the  m a x i m u m  in the  v i -  
b r a t i o n - r o t a t i o n  i n v e r s i o n  (Jm ~ T1/2) v 

AN ~ pT-V, exp ( - -  03/ T.~*) 

w h e r e  T3* i s  the  f r o z e n - i n  value  of  the  v i b r a t i o n a l  t e m p e r a t u r e  T 3. In the  r e g i o n  o f  ~ w h e r e  the  gas  d e n s i t y  
i s  high and the  s h a p e  of  the  l i ne  i s  L o r e n t z i a n  (Av L >> Au D) the  va lue  of  ~ d o e s  not depend  on p.  S ince  
T3* ~ c o n s t  whi le  the  gas  t e m p e r a t u r e  T d e c r e a s e s  with an i n c r e a s e  in ~, a c c o r d i n g  to Eq. (4.3) the ga in  
index a m u s t  i n c r e a s e .  At  l a r g e  d i s t a n c e s  ~ w h e r e  t h e r e  i s  a D o p p l e r  l i ne  shape  (Av L << AVD) the v a r i a t i o n  
in the d e n s i t y  a n d n o t i n t h e  gas  t e m p e r a t u r e  (T ~ p y - l ;  w h e n y  = 1.3,  pT  -1 ~ p0.7) i s  the  d e t e r m i n i n g  f a c t o r  
fo r  a ( ~ ) , a n d a  d e c r e a s e  in ~z i s  o b s e r v e d  with  an i n c r e a s e  in ~. The  m a x i m u m  in ~(~) i s  r e a c h e d  at  the  
d i s t a n c e  ~m w h e r e  the  c o l l i s i o n a l  and D o p p l e r  l ine  wid ths  a r e  a p p r o x i m a t e l y  c o m p a r a b l e  in va lue :  Av L 
Au D. A c c o r d i n g  to the  c a l c u l a t i o n s  t h i s  c o r r e s p o n d s  to p r e s s u r e  of  5-10 m m  Hg and d i s t a n c e s  o f  ~ ~ 1 0 0  
( s ee  c u r v e  1 in F i g .  2). With  an i n c r e a s e  in T O and P0 the  p o s i t i o n  of  the m a x i m u m  of  a(~)  i s  sh i f t ed  in the  
d i r e c t i o n  of  l a r g e r  ~m. A c c o r d i n g  to the  c a l c u l a t i o n s  conduc ted  the g r e a t e s t  va lues  of  the  ga in  index and 
popu la t i on  i n v e r s i o n  in a j e t  of  the  CO 2 - H 2 0 - N  2 gas  m i x t u r e  (~-N = 4, ~H20 = 0.5-1)  expand ing  th rough  a 
s l o t  wi th  h 0 = 0.04 c m  a r e  r e a c h e d  at  T ~ 2200~ and p ~ 20 arm and a r e  a m = 0.5 �9 10 -2 e m  -1 and AN m = 
1 �9 1014 c m  -3 at  ~ t t20  = 0.5 and a m = 0 . 3 . 1 0  -2 c m  -1 and AN m = 0.5 �9 1014 c m  -3 at  ~<H2 O = 1. The  p r e s e n c e  

of  the o p t i m a  a m and AN m with r e s p e c t  to the  p r e s s u r e  and s t a g n a t i o n  t e m p e r a t u r e  i s  e x p l a i n e d  by the fac t  
tha t  with an i n c r e a s e  in T o and P0 the r e l a x a t i o n  r a t e  of  CO 2 (001) i n c r e a s e s  a long  with the  i n c r e a s e  in the 
i n i t i a l  s t ock  of  e x c i t e d  CO 2 m o l e c u l e s .  Whi le  the  f i r s t  c i r c u m s t a n c e  c o n t r i b u t e s  to the  i n c r e a s e  in a m and 
ANm the s econd  c i r c u m s t a n c e  o p p o s e s  i t .  
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The water vapor in the mixture considerably increases  the ra tes  of the relaxation p rocesses ,  includ- 
ing the p rocess  of deactivation of the upper l ase r  level CO 2 (001). In connection with this high cooling ra tes  
are  required in the gas jets to obtain the necessa ry  population inversion and gain per  unit length. One pos-  
sible means of increas ing  the cooling rate  dT/d t  is a dec rease  in the size of the slot. As calculations show 
(see [6]), a marked increase  in a, m and AN m can be obtained with a constant value of the so-cal led s imi-  
lari ty pa rame te r  p0h0 = const  through a dec rease  in h 0. The optimum value of the s imilar i ty  pa ramete r  for 
the CO 2 - H 2 0 - N  2 mixture (~N2 = 4, ~,~H20 = 0.5-1) proves to be p0h0 ~ 0.8 arm �9 cm. The cooling rate is also 
determined by the composit ion of the mixture o r  more  accura te ly  by its effective adiabatic index v. High 
cooling ra tes  dT/dt  correspond to large values of 7.  Therefore  it is expedient to increase  7 by adding to 
the mixture components which have a large ~/ and are  inefficient in deactivating the upper l a se r  level CO 2 
(001), such as Ite, Ar,  and N 2. In the present  case nitrogen fulfills a double function: it increases  the ef-  
fective relaxation t ime of CO 2 (001) and ra i ses  the effective adiabatic index 7 of the mixture.  

5. Experimental  values of a [3] and those calculated in the present  work as a function of the distance 
from the slot along thc jet axis are  presented in Fig. 3. The calculated dependences of the population in- 

version ~ N / g '  a re  shown by dashed lines in Fig. 3~ The experiments  of [3] were conducted on a shock tube. 
The gas, heated by a ref lected shock wave to the tempera ture  T 5 (pressure  Ps), escaped through a nar row 
slot of halfwidth h 0 = 0.04 cm into a chamber  with a low inflation p re s su re  Poo < 1 mm Hg. 

In the experiments  the gain index for the weak signal of CO 2 l a se r  emiss ion at ~0 = 10.6p was mea-  
sured at the jet axis of a C O 2 - H 2 0 - N 2  gas mixture;  the optical axis was paral le l  to the slot. Curves 1 and 
3 (Fig. 3) cor respond to the gain index c~ and population inversion AN/g'  calculated for a C O 2 - N 2 - H 2 0  

mixture  with ~'~N2 = 4, Y~H2 O = 0~ T o = 1700~ and P0 = 47 arm. The experimental  points of ~ co r respond-  
ing to these conditions are  denoted by c i rc les .  The other  data presented in Fig. 3 pertain to a C O 2 - N 2 - H 2 0  

mixture with the p a r a m e t e r s :  • = 4, ~H~oO = 1, T o = 2250~ P0 = 22 arm. In comparing the theory and ex- 
per iment  it was assumed that the }low was stabilized and the pa rame te r s  T O and P0 coincide with the gas 
pa r ame te r s  T 5 and P5 behind the reflected shock wave. 

The time of es tabl ishment  of s ta t ionary d ischarge  T s can be est imated as in [14], where it is shown 
that for one-dimensional  flow of an ideal gas in nozzles  T s ~ 10 l/u, where l is the nozzle length and u is 
the flow velocity'~ In the present  case the nozzle length can be taken as l ~  5 cm; u ~ 105 c m / s e c  and T s 
500 psec~ In the same time (~ 300 psec) following the moment  of a r r iva l  of the d ischarge  front in the ex-  
per iments  of [3] stable gain was observed which lasted ~ 2 msec .  There  is sa t i s fac tory  agreement  between 
the calculations and the resul ts  of the experiment  [3]. 

The authors thank A. S. Biryukov and N. N. Sobolev for advice and comments  and E. A. Ashratov and 
G. K. Bunin for conducting the gasdynamical  calculation on an electronic  computer ,  
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