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The  e f fec t  of i nc iden t  f low p a r a m e t e r s  and c o m p o s i t i o n  of a CO 2 + N 2 + H20(He) m i x t u r e  on 
popu l a t i on  i n v e r s i o n  in the  r e l a x a t i o n  zone  of a n o r m a l  shock  wave  is  c o n s i d e r e d .  

E m p l o y m e n t  of r a p i d  hea t ing  of a gas  to  ob ta in  a popu la t i on  i n v e r s i o n  be tween  d i f f e r e n t  quan tum l e v e l s  
was p r o p o s e d  in [1]. In [2], u s ing  n u m e r i c a l  i n t e g r a t i o n  of the  equa t ions  of a n o r m a l  d i s c o n t i n u i t y ,  an i n v e r -  
s ion  was  ob ta ined  be tween  the l e v e l s  20~176  and 04~176  of CO 2 m o l e c u l e s  in a m i x t u r e  wi th  N 2 and 
He, whi le  in [3, 4] a n a l y t i c  so lu t i ons  fo r  d e t e r m I n a t i o n  of the  n u m b e r  of p a r t i c l e s  a t  d i f f e r e n t  o s c i l l a t o r y  
l eve l s  in the  r e l a x a t i o n  zone  behind  the  shock  wave  f ron t  and in the  e n t r o p y  l a y e r  in f low a round  a wedge  
w e r e  ob ta ined .  T h e s e  s o l u t i o n s  a r e  u se fu l  in a n a l y s i s  of the  f low of  m u l t i a t o m i c  g a s e s  and gas  m i x t u r e s  
whose  n o n e q u i l i b r i u m  p r o p e r t i e s  can  be  d e s c r i b e d  by m u l t i t e m p e r a t u r e  r e l a x a t i o n  t h e o r y .  

Study of t he  s t r u c t u r e  of the  r e l a x a t i o n  zone  behind the  s h o c k - w a v e  f r o n t  is  i m p o r t a n t  for  the  p u r p o s e  
of examin ing  the  g e n e r a l  p r o p e r t i e s  of n o n e q u i l i b r i u m  flow and fo r  d e v e l o p m e n t  of a p o s s i b l e  l a s e r  m e d i u m .  
In the  l a t t e r  c a s e  i t  i s  i m p o r t a n t  to  know the  e f fec t  of v a r i o u s  g a s d y n a m i c  p a r a m e t e r s  on the i n v e r s i o n  l e v e l  
and a m p l i f i c a t i o n  in the  shock  wave ,  the  o p t i m a l  c o n c e n t r a t i o n  and c o m p o s i t i o n  of the  l a s e r  m i x t u r e ,  the  
e f fec t  of a n o r m a l  or  ob l ique  s h o c k  wave  on p a r t i c l e  d i s t r i b u t i o n  o v e r  l e v e l s  in a s t r o n g l y  n o n e q u i l i b r i u m  
flow, fo r  e x a m p l e ,  in f low f r o m  a g a s d y n a m i c  l a s e r  nozz l e ,  e tc .  

F o r  so lu t ion  of t h e s e  p r o b l e m s  we wi l l  u t i l i z e  a m o d e l  of a n o n e q u i l i b r i u m  m u l t i a t o m i c  gas  with s e v -  
e r a l  r e l a x a t i o n  l e v e l s  [3], t o g e t h e r  with the  cond i t ion  tha t  in the  c a s e  of o s c i l l a t o r y  r e l a x a t i o n  the  t o t a l  o s c i l -  

l a t o r y  e n e r g y  ~ E~ is  s m a l l  in c o m p a r i s o n  to  the  t o t a l  en tha lpy  h0, i . e . ,  m a x  _~ Ei /h  o = e << I.  Then the 
i i 

so lu t ion  of the  g a s d y n a m i c  equa t ions  m a y  be  sough t  by the  method of s u c c e s s i v e  a p p r o x i m a t i o n s  in the  p a -  
r a m e t e r  ~. T h e s e  so lu t i ons  in e x p l i c i t  f o r m  def ine  a l l  m a c r o s c o p i c  gas  p a r a m e t e r s  behind the  s h o c k - w a v e  
f ron t ,  and so  the  p a r t i c l e  d i s t r i b u t i o n  o v e r  quantum l e v e l s  can a l s o  be  ob ta ined  f r o m  known r e l a t i o n s h i p s .  
We wi l l  a p p l y  the  s o l u t i o n s  of [4] to  a n a l y s i s  of f low of t y p i c a l  l a s e r  m i x t u r e s  CO 2 + N 2 + H20(He ) . The  r e l a x -  
a t ion  t i m e  Ti f o r  e v e r y  o s c i l l a t o r y  mode  m a y  be  c a l c u l a t e d  f r o m  r e l a t i o n s h i p s  p r e s e n t e d  in [5], usIng  r e a c -  
t ion r a t e  da ta  f r o m  [6] ( i = 1 ,  2, 3 c o r r e s p o n d  to s y m m e t r i c ,  d e f o r m a t i o n ,  and a n t i s y m m e t r i c  CO 2 m o l e c u l e  
o s c i l l a t i o n  m o d e s ) .  A s m o r e  a c c u r a t e  da t a  on e l e m e n t a r y  p r o c e s s  r a t e s  a p p e a r  the  r e l a x a t i o n  t i m e  ~'i v a l u e s  
can  be  r e f i n e d .  

We wi l l  c o n s i d e r  the  e f fec t  of i nc iden t  f low cond i t i ons  on popu la t ion  i n v e r s i o n  in the r e l a x a t i o n  zone 
behind a n o r m a l  s h o c k - w a v e  f ron t .  C~ lcu l a t i ons  show tha t  the i n v e r s i o n  c u r v e s  have  a t y p i c a l  r e s o n a n c e  
f o r m  with  m a x i m u m  i n v e r s i o n  wi th in  the  r e l a x a t i o n  zone.  T a b l e  1 p r e s e n t s  m a x i m u m  i n v e r s i o n  v a l u e s  
A N m a x / N  In the  r e l a x a t i o n  zone fo r  a m i x t u r e  of 90% N 2 + 10% CO 2 for  v a r i o u s  M ~  v a l u e s ,  p ~  =0.5 a t m ,  
Too = 300~ t o g e t h e r  wi th  the  c o o r d i n a t e s  Xma x at  which  th is  va lue  is  a t t a i ned .  It is  ev iden t  tha t  with In-  
c r e a s e  in M~ the length  of the i n v e r s i o n  zone  Ax  i s  r e d u c e d ,  and Xma x a p p r o a c h e s  the d i s c o n t i n u i t y  f ron t .  
Then wi th  g rowth  in Moo the i n v e r s i o n  f i r s t  i n c r e a s e s ,  then  f a l l s ,  which is  connec t ed  with the  g r a d u a l  popu-  
l a t ion  of h ighe r  quan tum l e v e l s .  We note  tha t  in v i ew of b i p o l a r  k i n e t i c s  behind the  s h o c k - w a v e  f ron t  the  
r e l a t i o n s h i p  po x =  c o n s t  is  va l id ,  so tha t  wi th  f ixed v a l u e s  of gas  v e l o c i t y  u~ and t e m p e r a t u r e  Too the length  
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TABLE 1 

Mco 

max AN04~ t0 ~ 
N 

Xmax04~ 
AN20~ max 103 

N Xma x 20~ 
Ax, mv, mm 

04~ 
5x. ~, mm 

rq]oo 0 

2,46 

0,75 
1,95 

0,7 
'7,95 

5,95 

7,0 

0,35 
6,t5 

0,27 
2,9 

2,3 

9,5 

0,16 
8,75 

0,15 
t ,65 

J,26 

10,0 

0,07 
9,9 

0,05 
0,82 

0,68 

8,5 

0,04 
9,3 

0,025 
0,45 

0,39 

7,4 

0,02 
8,6 

0,0t5 
0,27 

0,23 

T A B L E  2 

XCO' ] XN* 

0,1 0,9 
0,i 0,89 
0,t . 0,8 
0,t 0,8 
03 0,5 
0,i 0,1 

] XH20 [ XHe ih x 04~ A x20~ 
Imm ram 

0 
0,01 
0,t 
0 
0 
0 

0 I 9,5 0 9,i5 
o 
0,1 
0,4 / 4 4 
0,8 I --3',t 

8,75 
8,55 
6,4 
7,2 
4,25 

--2,9 

0,t6 
0,t5 
0,i3 
0,2 
0,28 
0,25 

0,i5 
0,12 
0,09 
0,t5 
0,2 
0,23 

t ,65 
1,4 
0,67 
t,5 
o~ 

t,26 
i,t4 
0,54 
i,2 
0,74 
0 

Note:  M ~ = 5 ;  T :c=300~  P ~ = 0 . 0 5 a t m .  
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t 

of the  i n v e r s i o n  zone may  be  r e g u l a t e d  by changing  the  p r e s s u r e  
4 x ram 

o72~ ~ p, whi le  not  a f f ec t ing  the v a l u e  A N m a x / N  (the i n d i c e s  ~ ,  0 c o r r e -  
spond to g a s d y n a m i c  pa ra  m e t e r s  ahead  of and behind the s h o c k -  

8=90 ~ 
wave  f ron t ) .  

S tud ies  of the  f low of expand ing  l a s e r  m i x t u r e s  CO 2 + N 2 + 
H20(He ) in n o z z l e s  show tha t  fo r  f ixed CO 2 c o n c e n t r a t i o n  add i t i on  
of  w a t e r  v a p o r  o r  h e l i u m  a f f e c t s  the  popu la t i on  i n v e r s i o n  f a v o r -  
ab ly .  S ince  in shock  waves  the  CO 2 m o l e c u l e  00~ l eve l  is  the  

F ig .  1 l ower  l a s e r  l eve l ,  the  r o l e  of n i t r o g e n  m u s t  be  tha t  of c o l l e c t i n g  
o s c i l l a t o r y  e n e r g y  f r o m  the a n t i s y m m e t r i c  o s c i l l a t i o n  mode  of 

However ,  in c o n t r a s t  to expans ion  f lows,  the popu la t ion  i n v e r s i o n  zone  is  l oca t ed  in the  h i g h - t e r n -  CO 2 [71. 
p e r a t u r e  r e g i o n .  Hence  the  u s e f u l n e s s  of w a t e r  v a p o r  o r  h e l i u m  add i t i on  u n d e r  t h e s e  cond i t ions  is  not  ob-  
v ious .  C a l c u l a t i o n s  show tha t  for  an unchanged quan t i ty  of CO 2 i n c r e a s e  in H20 o r  He c o n c e n t r a t i o n  l e a d s  
to a d e c r e a s e  in i n v e r s i o n  and r e d u c t i o n  in i n v e r s i o n  zone  length  Ax behind the  s h o c k - w a v e  f ron t  (Tab le  2). 

We wi l l  c o n s i d e r  e f fec t s  r e l a t e d  to  d e v e l o p m e n t  of a c o m p r e s s i o n  d i s c o n t i n u i t y  in a nonequ i l ib r ium 
flow, fo r  e x a m p l e ,  in f low of a m i x t u r e  in a g a s d y n a m i c  l a s e r  nozz l e  in the  f r e e  f low mode .  In th i s  c a s e  
the  so lu t ion  of [4] is  a l s o  a p p l i c a b l e ,  but  b e c a u s e  of the  s i g n i f i c a n t  n o n e q u i l i b r i u m  in the  e x t e r n a l  f low it  
is  conven ien t  to t ake  the  s m a l l  p ~ r a m e t e r  ~ in the  f o r m  p r o p o s e d  in [81. It is  obvious  tha t  the  p r e s e n c e  
of a n o r m a l  or  i nc l i ned  d i s c o n t i n u i t y  wi l l  a d v e r s e l y  a f fec t  the  popu la t ion  i n v e r s i o n  b e t w e e n  00~176  l e v e l s  
of the  CO 2 m o l e c u l e s ,  the  n o r m a l  l a s e r  t r a n s i t i o n .  Quan t i t a t i ve ly ,  th i s  e f fec t  w i l l  depend  on the  amoun t  of 
hea t i ng  of t r a n s l a t i o n a l  and o s c i l l a t o r y  d e g r e e s  of f r e e d o m  in the  d i s c o n t i n u i t y  f ron t .  O s c i l l a t o r y  d e g r e e s  
of f r e e d o m  d i r e c t l y  behind the d i s c o n t i n u i t y  f ron t  r e m a i n  f r o z e n .  Depending  on the  i n t ens i t y  of the  shock  
wave ,  s e v e r a l  c h a r a c t e r i s t i c  f low r e g i m e s  may  o c c u r  in the  r e l a x a t i o n  zone .  If the  gas  t e m p e r a t u r e  T O b e -  
hind the f ron t  e x c e e d s  the  a n t i s y m m e t r i c  mode  t e m p e r a t u r e  T 3 o r  is  l e s s  than  it wi th in  the  l i m i t s  T J T  0 
@3/@1 (where  | is  the  c h a r a c t e r i s t i c  o s c i l l a t o r y  t e m p e r a t u r e )  the  i n v e r s i o n  behind the shock  wave  (if i t  
took  p l a c e  d i r e c t l y  ahead  of the front)  d i s a p p e a r s  a t  a d i s t a n c e  1 ~uoT1,2 i . e . ,  a t  lengths  of the  o r d e r  of the  
r e l a x a t i o n  length  of the s y m m e t r i c  and d e f o r m a t i o n  modes  of o s c i l l a t i o n .  

F o r  T i T  o ~ 03/| and T O > T1, T O > T 2 the  i n v e r s i o n  d e c r e a s e s  but w i l l  be  m a i n t a i n e d  ove r  a l onge r  
d i s t a n c e ,  d e t e r m i n e d  by the  r e l a x a t i o n  t i m e  T3(Po, To). F i n a l l y ,  behind v e r y  w e a k  s h o c k  waves  the  i n v e r -  
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s ion  change  wi l l  t ake  p l a c e  in p r a c t i c a l l y  the  s a m e  f a s h i o n  as  in f r o n t  of the  wave ,  but  r e l a x a t i o n  p r o c e s s e s  
w i l l  be a c c e l e r a t e d  due to  s o m e  i n c r e a s e  in p and T. The  a b o v e  f a c t s  a r e  i l l u s t r a t e d  by the  da ta  in F ig .  1, 
w h e r e  the  change  in d i s t r i b u t i o n  of p a r t i c l e s  be tw e e n  the  l e v e l s  00~176  of the  CO 2 m o l e c u l e  in the  r e l a x -  
a t i on  zone  behind  a n o r m a l  c o m p r e s s i o n  d i s c o n t i n u i t y  (To = 1950~ and a d i s c o n t i n u i t y  inc l ined  at  an  ang le  
0 = 22 ~ t o w a r d  the  i nc iden t  f low (To = 600~ a r e  shown.  

In i t i a l  da t a  w e r e  a s  fo l l ows :  M ~ = 4 . 9 5 ;  T ~ = 3 9 7 ~  T ~ l = 5 4 5 ~  T~2=553~  T~3=893~  Too4 = 
918~ p~  = 0.019 a t m  and c o r r e s p o n d  to one v a r i a n t  of c a l c u l a t i o n  of a g a s d y n a m i c  l a s e r  n o z z l e  with m i x -  
t u r e  10% CO 2 + 89% N 2 + 1% H20 a t  the  output  s e c t i o n  p e r f o r m e d  by the a u t h o r s  of [9]. A l though  a t  th i s  noz -  
z le  s e c t i o n  popu la t ion  i n v e r s i o n  has  not ye t  been  a t t a ined ,  the t e m p e r a t u r e  i ne qua l i t y  is  s i g n i f i c a n t .  It is  
ev iden t  tha t  the  n o r m a l  shock  wave  s i g n i f i c a n t l y  d e c r e a s e s  the va lue  of A N / N .  The  m i n i m u m  in th i s  c u r v e  
is  exp l a ined  by the n o n l i n e a r  d i s t r i b u t i o n  of p a r t i c l e s  among  l e v e l s  a s  a func t ion  of T. 
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