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1.0 INTRODUCTION AND THEORY 

1.1 FLOW DIAGNOSTICS USING A FABRY-PEROT INTERFEROMETER 

The  m e a s u r e m e n t  of both  r o t a t i o n a l  t e m p e r a t u r e  and n u m b e r  
d e n s i t y  u s i n g  l a s e r  R a m a n  s c a t t e r i n g  has  b e e n  s u c c e s s f u l l y  a c c o m -  
p l i s h e d  in h i g h - s p e e d  f low f i e ld s  of a e r o s p a c e  t e s t  f a c i l i t i e s  (Refs .  1 
and 2). Two a n t i c i p a t e d  d i f f i cu l t i e s  in the  a p p l i c a t i o n  of the  t e c h -  
n ique  a r e ,  f i r s t ,  the  n e e d  fo r  h igh  s p e c t r a l  r e s o l u t i o n  fo r  r o t a t i o n a l  
R a m a n  s c a t t e r i n g  (RRS) f r o m  a gas  m i x t u r e ,  the  s p e c i e s  h a v i n g  c o m -  
p a r a b l e  r o t a t i o n a l  c o n s t a n t s ;  and s e c o n d ,  the  low s i g n a l  l e v e l  of the  
s c a t t e r i n g  p r o c e s s .  Both  of t h e s e  d i f f i cu l t i e s  a r e  a m e l i o r a t e d  in  p r i n c i -  
ple" wi th  the  r e p l a c e m e n t  of the  u s u a l l y  e m p l o y e d  d i s p e r s i v e  s p e c t r o m -  
e t e r  by  a F a b r y - P e r o t  i n t e r f e r o m e t e r  (FPI ) .  T h e  h igh  r e s o l u t i o n  of 
the  F P I  i s  weU known and needs  no e l a b o r a t i o n .  The  i n c r e a s e  in RRS 
s i g n a l  l e v e l  i s  a r e s u l t  of bo th  a ga in  in l u m i n o s i t y  and o p e r a t i o n  of the  
F P I  as  a D i r a c  comb f i l t e r  (Refs .  3 t h r o u g h  5) w h e r e  the  t r a n s m i s s i o n  
m a x i m a  of the  F P I  a r e  m a d e  c o i n c i d e n t  wi th  the  p e r i o d i c  RRS s p e c t r u m .  
The  i n c r e a s e  in l u m i n o s i t y  r e l a t i v e  to the  d i s p e r s i v e  s p e c t r o m e t e r  can  
be  shown to be  4~//3 w h e r e / 3  i s  the  ang le  s u b t e n d e d  b y  the s p e c t r o m e t e r  
s l i t  a t  the  s o u r c e .  Obv ious ly ,  i f /3 i s  a t  i t s  m a x i m u m  va lue  of 27r, the  
l u m i n o s i t y  ga in  i s  two. F o r  t y p i c a l  cond i t i ons ,  ~ is  on the  o r d e r  of 
0 .02  to 0 .10  r a d i a n s ,  which  r e s u l t s  in a l u m i n o s i t y  ga in  on the  o r d e r  
of 100. 

The  gain  in s i g n a l  l e v e l  fo r  RRS,  as  a r e s u l t  of u s i n g  the F P I  as  a 
comb f i l t e r ,  can  m o s t  e a s i l y  be  s e e n  by  r e c o g n i z i n g  tha t  a l l  RRS s p e c -  
t r a l  l i n e s  a r e  t r a n s m i t t e d  s i m u l t a n e o u s l y  and a r e  m a n i f e s t e d  as  a 
f o c u s e d  F P I  r i n g  p a t t e r n .  C o n s e q u e n t l y ,  f o r  de t ec t i on  of the  RRS 
pho tons ,  one r e a p s  the  a d v a n t a g e  of m u l t i p l e x i n g  which  i s  a p p r o x i m a t e l y  
one o r d e r  of m a g n i t u d e  ga in  in  s e n s i t i v i t y ,  and the da ta  a c q u i s i t i o n  t i m e  
i s  r e d u c e d  a c c o r d i n g l y .  

F u r t h e r ,  i t  i s  s u g g e s t e d  tha t  r o t a t i o n a l  t e m p e r a t u r e  (T R) m e a s u r e -  
m e n t s ,  in  add i t ion  to s p e c i e  d e n s i t y  (n), a r e  p o s s i b l e  by s p e c t r a l l y  
b lock ing  the RRS a n t i - S t o k e s  r a d i a t i o n  and p a s s i n g  only the  RRS Stokes  
s i g n a l .  T h i s  s i g n a l ,  when r a t i o e d  to  the  to ta l  R R S - F P I  output s i g n a l  
wi th  no s p e c t r a l  b lock ing  wil l  p rov ide  a unique  v a l u e  of T R. 

C o n s e q u e n t l y ,  the  u s e  of the  F P I  o f f e r s  d i s t i n c t  a d v a n t a g e s  f o r  f low 
f i e ld  d i a g n o s t i c s  u s i n g  R a m a n  s c a t t e r i n g ,  and th i s  r e p o r t  d e s c r i b e s  the  
i n i t i a l  i n v e s t i g a t i o n  of the  u s e  of the  F P I  fo r  th i s  app l i ca t i on .  
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1.2 THEORY OF THE FABRY-PEROT INTERFEROMETER 

The F a b r y - P e r o t  i n t e r f e r o m e t e r  c o n s i s t s  of two o p t i c a l l y  f l a t  q u a r t z  
p l a t e s  which  p r o d u c e  i n t e r f e r e n c e  f r i n g e s  as  a r e s u l t  of m u l t i p l e  r e f l e c -  
t ions  f r o m  the  p a r t i a l l y  t r a n s p a r e n t  i n n e r  s u r f a c e s  of e a c h  p la te .  The  
i n t e n s i t y  (I t) of r a d i a t i o n  t r a n s m i t t e d  by the  F P I  f o r  an i nc iden t  i n t e n s i t y  
(I o) of w a v e l e n g t h  (X) i s  g i v e n  by the  w e l l - k n o w n  A i r y  func t i on  (Ref. 6): 

It/I o = [I - (i-~)]2[I . F sin 2(8/2)] "I (I) 

w h e r e  A and R a r e  the  a b s o r p t a n c e  and r e f l e c t a n c e  of the  p l a t e s  of the  
F P I .  The  t r a n s m i t t a n c e  T is  g i v e n  by 

T +  R + A = 1 

and the  quan t i t y  F is  de f ined  as  41R/ (1 - R) 2. 
g iven  by 

8 = (4~,/k) x ~ x d x 4" 

T h e  a n g u l a r  func t i on  6 i s  

- 2 ( I )  (2) 

where/~ is the index of refraction of the medium between the interferom- 

eter plates of separation distance (d), ~ " is the angle of refraction within 

the first plate, and ~ is a general phase angle for the reflection process. 
Obviously for a lossless system, normal incidence of radiation, and for 

= (4.t~d/A) + 2~ (3) 

Def in ing  the  o r d e r  of i n t e r f e r e n c e  (m) to be 6/2~r g i v e s  

m = (2~d/A) + 1 

F r o m  Eq.  (1), i t  i s  s e e n  tha t  t r a n s m i s s i o n  m a x i m a  o c c u r  p e r i o d i c a l l y  
when  6 equa l s  2~rrn and o c c u r  wi th  an  a n g u l a r  f r e q u e n c y  (t~) i n t e r v a l  

Ae = I/(2/zd) {4) 

i s  the  f r e e  s p e c t r a l  r a n g e  of the  F P I .  

F o r  m o n o c h r o m a t i c  i nc iden t  l i gh t  of a n g u l a r  f r e q u e n c y  (•), e x p r e s s e d  
in w a v e n u m b e r s ,  t hen  i t  i s  s e e n  f r o m  Eq.  (4] tha t  m a x i m a  of I t wi l l  
o c c u r  fo r  m i r r o r  d i s p l a c e m e n t s  Ad equa l  to 

Ad = I..'2~ = ;~/2# (5) 
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or  fo r  half  w a v e l e n g t h  d i s p l a c e m e n t s  of the  m i r r o r s .  Thus ,  by v a r y i n g  
d, the  f r e e  s p e c t r a l  r a n g e  m a y  be ad ju s t ed  to be equal  to the  f r e q u e n c y  
sp a c in g  of l i n e s  o c c u r r i n g  in p e r i o d i c  s p e c t r a  such  as t hose  found in a 
pu re  r o t a t i o n a l  R a m a n  s p e c t r u m .  Used  in th i s  m a n n e r ,  the  i n t e r f e r o m e -  
t e r  is e s s e n t i a l l y  a comb f i l t e r  in which  the  t e e t h  of the  comb  exac t l y  
m a t c h - a  g i v e n  p e r i o d i c  s p e c t r u m  and thus  t r a n s m i t  a l l  of the  l i n e s  in the  
s p e c t r u m  s i m u l t a n e o u s l y .  

The  use  of th i s  t e c h n i q u e  for  the d e t e c t i o n  of a g iven  r o t a t i o n a l  R a m a n  
s p e c t r u m  is i l l u s t r a t e d  in Fig .  1, and the e f f ec t s  of m o l e c u l a r  c e n t r i f u g a l  
d i s t o r t i o n  have  b e e n  n e g l e c t e d .  The f r e q u e n c y  d i s t r i b u t i o n  of s p e c t r a l  
l i n e s  fo r  a pu re  r o t a t i o n a l  R a m a n  s p e c t r u m  is  g iven  by (Ref. 7): 

4 .I.B(j + 3:2) (6)  ("J , ]  = 6 . )  0 - 

w h e r e  •o is the  f r e q u e n c y  of the  exc i t ing  l a s e r  s o u r c e ,  B is  the  r o t a t i o n a l  
cons t an t  (in wave  n u m b e r s )  fo r  the p a r t i c u l a r  s p e c i e  u n d e r  c o n s i d e r a t i o n ,  
and J is the  r o t a t i o n a l  quantum n u m b e r .  F i g u r e  l a  is a s c h e m a t i c  r e p r e -  
s e n t a t i o n  of a s p e c t r u m  p r e d i c t e d  by Eq. (6). The f i r s t  two r o t a t i o n a l  
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R a m a n  l i n e s  (J = 0) a r e  s h i f t e d  away f r o m t h e  e x c i t i n g  f r e q u e n c y  by a va lue  
equa l  to 6B, w h e r e a s  the  f r e q u e n c y  of s e p a r a t i o n  b e t w e e n  the  i n d i v i d u a l  
r o t a t i o n  l i n e s  i s  found to be 4B. In F ig .  lb ,  the  v e r t i c a l  l i n e s  r e p r e s e n t  
the  t r a n s m i s s i o n  peaks  of the  F a b r y - P e r o t  i n t e r f e r o m e t e r  fo r  a f r e e  
s p e c t r a l  r a n g e  of 4B. F o r  t h i s  c a s e ,  t h e r e  i s  a o n e - t o - o n e  c o r r e s p o n -  
dence  be tween  the t r a n s m i s s i o n  peaks  of the  F a b r y - P e r o t  and the r o t a t i o n -  
a l  R a m a n  l i n e s  f r o m  the s p e c i e  u n d e r  i n v e s t i g a t i o n .  As can  be s e e n ,  a l l  
of the  r o t a t i o n a l  R a m a n  l i n e s  wi l l  be t r a n s m i t t e d  as  a s i n g l e  i n t e r f e r e n c e  
f r i n g e  m a x i m a ,  and the  R a y l e i g h  s c a t t e r e d  l i gh t  wi l l  be Mocked .  As the  
i n t e r f e r o m e t e r  p l a t e  s e p a r a t i o n  (d) i s  s c a n n e d  by a va lue  equa l  to 1/(4/JWo) , 
the  R a y l e i g h  l i ne  wi l l  be t r a n s m i t t e d ,  and a l l  of the  r o t a t i o n a l  R a m a n  
l i n e s  wi l l  be b locked .  F o r  w o ~ 20 ,000  c m ' l  a l t e r n a t i o n  of t r a n s m i s s i o n  
of f i r s t  1Rayleigh and t hen  R a m a n  l i n e s  o c c u r s  as  d is  v a r i e d  by 1 ,250  ~ .  
The  r e s u l t i n g  i n t e r f e r o g r a m ,  ob ta ined  by v a r y i n g  the  i n t e r f e r o m e t e r  
p l a t e  s e p a r a t i o n  in  the  r e g i o n  about  d = 1/(8/~B), i s  r e p r e s e n t e d  in  F ig .  
l c. The  v e r t i c a l  l i n e s  of cons t an t  a m p l i t u d e  r e p r e s e n t  the  R a y l e i g h  
f r i n g e s ,  and the s m a l l e r  v e r t i c a l  l i n e s  of v a r y i n g  a m p l i t u d e  r e p r e s e n t  
the  R a m a n  f r i n g e s .  The  R a m a n  f r i n g e  has  a m a x i m u m  va lue  when  the  
t e e t h  of the  t r a n s m i s s i o n  comb bes t  m a t c h  the  r o t a t i o n a l  R a m a n  s p e c t r u m .  
C l e a r l y ,  fo r  d i f f e r e n t  s p e c i e s  and, c o n s e q u e n t l y ,  d i f f e r e n t  v a l u e s  fo r  the  
r o t a t i o n a l  cons t an t  B, the  R a m a n  f r i n g e  m a x i m a  a r e  o b s e r v e d  fo r  p la t e  
s e p a r a t i o n s  d = 1/(8/JB). 

C e n t r i f u g a l  d i s t o r t i o n  of the  m o l e c u l e  p r o d u c e s  a s m a l l  J - d e p e n d e n t  
v a r i a t i o n  of the f r e q u e n c i e s  (wj) of the  r o t a t i o n a l  R a m a n  l i n e s .  The  only 
r e s u l t  of the  i n c l u s i o n  of t h i s  e f fec t  i s  tha t  the  c a s e  of a p e r f e c t  c o i n c i -  
dence  of a l l  of the  r o t a t i o n a l  R a m a n  l i n e s  wi th  the  F a b r y - P e r o t  comb 
can  n e v e r  be e x a c t l y  r e a l i z e d ,  and t h i s  wi l l  r e s u l t  in  a s l i g h t  d e c r e a s e  
in  the  a m p l i t u d e  of the  i n t e r f e r o g r a m  m a x i m a .  

It i s  p o s s i b l e  to ob ta in  o t h e r  i n t e r f e r e n c e  p a t t e r n s  fo r  v a l u e s  of the  
f r e e  s p e c t r a l  r a n g e  equa l  to c e r t a i n  m u l t i p l e s  of the  r o t a t i o n a l  ga s  con-  
s t an t .  T h e s e  o t h e r  c a s e s  can  be a d v a n t a g e o u s l y  u s e d  to r e j e c t  unwan ted  
l i g h t  f r o m  o t h e r  s p e c i e s  p r e s e n t  in  the  s a m p l e  r e g i o n .  H o w e v e r ,  f o r  
the  s cope  of t h i s  r e p o r t ,  on ly  the  4B r e s o n a n c e  c a s e  fo r  N 2 i s  of i n t e r -  
e s t .  A m o r e  c o m p l e t e  d i s c u s s i o n  of t h e s e  o t h e r  e f f ec t s  can  be found in 
R e f s .  3 t h r o u g h  5, 8, and 9 and wi l l  not  be  d i s c u s s e d  a t  t h i s  t i m e .  

2.0 EXPERIMENTAL APPARATUS 

The  e x p e r i m e n t a l  a p p a r a t u s  u sed  to s tudy  the  r o t a t i o n a l  R a m a n  
s p e c t r a  of n i t r o g e n  i s  shown  in F ig .  2. The  e x c i t i n g  s o u r c e  was  a 
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Figure 2. Schematic of the laboratory experimental arrangement. 

C o h e r e n t  Rad ia t ion  Model  CR-5 a r g o n - i o n l a s e r  m a n u a l l y  o p e r a t e d  at a 
n o m i n a l  p o w e r  l e v e l  of 3 .5  W at e i t h e r  488 .0  or  514.5  n m  w a v e l e n g t h .  
As shown in Fig.  2, the  unexpanded  l a s e r  b e a m  was f o c u s e d  by a 5 0 . 8 -  
m m - d i a m  f u s e d - s i l i c a  l e n s  of 2 5 0 - m m  foca l  l e n g t h  in to  the  c e n t e r  of the  
gas  s c a t t e r i n g  c h a m b e r .  Using  the  r e l a t i o n s  of Schwiesow (Ref. 10) the  
d i a m e t e r  of the  o b s e r v e d  s c a t t e r i n g  v o l u m e  was c a l c u l a t e d  to be 220 .5  
/~m. The  s c a t t e r i n g  ce l l  was  the s a m e  as that  u s e d  by W i l l i a m s  and 
L e w i s  (Ref. 11) and was  m a d e  of b lack  anod ized  a l u m i n u m .  The  l a s e r  
b e a m  e n t e r e d  the  s c a t t e r i n g  c h a m b e r  t h r o u g h  a f u s e d - s i l i c a  window, and 
f r o m  the  foca l  point  at the  c e n t e r  of the  c h a m b e r ,  the  b e a m  expanded  
and e n t e r e d  a s p e c i a l l y  p r e p a r e d  l a s e r  dump.  The  dump c o n s i s t e d  of a 
7 2 - c m - l o n g ,  5 - d e g  of fse t  cone of b lack  anod ized  a l u m i n u m .  The  cone 
was l o c a t e d  wi th in  a c l o s e d  end p i e c e  of b lack  a n o d i z e d  a l u m i n u m  tubing 
which  was bo l t ed  to the  s c a t t e r i n g  ce l l .  The  foca l  r e g i o n  of the  l a s e r  
b e a m  was o b s e r v e d  at 90 deg  t h rough  a f u s e d - s i l i c a  window. D i r e c t l y  
a c r o s s  the  ce l l  f r o m  the  o b s e r v a t i o n  por t  was  a v i ewing  dump that  
c o n s i s t e d  of a b lack  anod ized  15-deg  cone of 2 5 . 4 - c m  l e n g t h  h o u s e d  in a 
c l o s e d  end p i e c e  of b lack  anod ized  a l u m i n u m  tubing which  was bo l t ed  to 
the  s c a t t e r i n g  ce l l .  The  v i ewing  d u m p  p r o v i d e d  a b a c k g r o u n d  fo r  the  
o b s e r v a t i o n  of the  foca l  r e g i o n  of the  l a s e r  b e a m .  
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The  e n t i r e  s c a t t e r i n g  c h a m b e r  could be e v a c u a t e d  to a p r e s s u r e  of 
10 -5 t o r r  and was e s s e n t i a l l y  l e a k - f r e e .  N i t r o g e n  was l e a k e d  in to  the  
c h a m b e r  t h r o u g h  a s e r i e s  of v a l v e s ,  i nc lud ing  a n e e d l e  va lve ,  wh ich  w e r e  
c o n n e c t e d  to a h i g h - p r e s s u r e  gas  bot t le .  P r e s s u r e  in the  c h a m b e r  was  
m e a s u r e d  wi th  c a l i b r a t e d  Wal l ace  and T i e r n a n - ,  T e x a s  I n s t r u m e n t s  
Q u a r t z - ,  and 1VIKS B a r a t r o n - p r e s s u r e  g a g e s .  

The  s c a t t e r e d  r a d i a t i o n  was  c o l l e c t e d  by a 7 . 6 2 - c m - d i a m ,  1 2 . 7 - c m  
foca l  l e n g t h  g l a s s  c o l l e c t i o n  l e n s .  The  c o l l e c t e d  l i gh t  was  f o c u s e d  onto 
the  s u r f a c e  of a c i r c u l a r  a p e r t u r e  l o c a t e d  a p p r o x i m a t e l y  20 c m  f r o m  the  
c o l l e c t i o n  l e n s .  A m a g n i f i c a t i o n  of 0 .60  was thus  obta ined .  By ad ju s t i ng  
the  s i z e  of the  a p e r t u r e ,  any l e n g t h  of b e a m  could be o b s e r v e d .  F o r  t h i s  
s tudy,  a 1 - m m  l e n g t h  of l a s e r  b e a m  was o b s e r v e d .  The  c o l l e c t e d  l i gh t  
that  p a s s e d  t h r o u g h  the  a p e r t u r e  was  t h e n  c o l l i m a t e d  by a 5 0 . 8 - m m - d i a m ,  
2 5 0 - m m  foca l  l eng th ,  f u s e d - s i l i c a  l e n s  which  was l o c a t e d  2 5 0 - m m  f r o m  
the  l i m i t i n g  a p e r t u r e .  The  c o l l i m a t e d  l i gh t  t hen  p a s s e d  t h r o u g h  a s e c o n d  
a p e r t u r e  which  was m o u n t e d  on the  f r o n t  of the  F a b r y - P e r o t  i n t e r f e r o m e -  
t e r .  Th i s  a p e r t u r e  p r o v e d  to be the l i m i t i n g  a p e r t u r e  in the  c o l l e c t i o n  
op t ics  s y s t e m  and was s e t  to a d i a m e t e r  of 0 .60  ram. The  r e s u l t i n g  
c o l l e c t i o n  so l i d  angle  was  2 . 9 7  x 10 -3 s t .  The  c o l l i m a t e d  l i gh t  then  
p a s s e d  t h r o u g h  the  F a b r y - P e r o t  i n t e r f e r o m e t e r .  

The  F a b r y - P e r o t  i n t e r f e r o m e t e r  c o n s i s t s  of two B u r l e i g h  I n s t r u m e n t s  
f u s e d - q u a r t z ,  3 7 . 5 - m m ,  ~ / 1 0 0  i n t e r f e r o m e t e r  f l a t s  m o u n t e d  b e t w e e n  an 
i n v a r  s p a c e r .  The  p l a t e s  a r e  s l i gh t ly  p r i s m a t i c  to avoid  unwan ted  e f f ec t s  
of r e f l e c t i o n s  at the  o u t e r  u n c o a t e d  s u r f a c e s .  The  f l a t s  w e r e  coa t ed  fo r  a 
a r e f l e c t a n c e  of 1R = 97 .5  p e r c e n t  in the  r e g i o n  488 .0  to 550 .0  n m  ( see  
Fig .  3). The  i n t e r f e r o m e t e r  p la te  s e p a r a t i o n  was s e t  at a p p r o x i m a t e l y  
0 .0625  cm fo r  th is  e x p e r i m e n t ,  which  y i e l d s  a f r e e  s p e c t r a l  r a n g e  of 
8 .000 c m - 1 .  T he  o v e r a l l  work ing  f i n e s s e  of the  s y s t e m ,  wh ich  is de f i ned  
as  the  r a t i o  of the  f r e e  s p e c t r a l  r a n g e  to the  ful l  width  at hal f  m a x i m u m  of 
the  R a y l e i g h  peak,  was b e t w e e n  20 and 30, which,  fo r  the  p la te  s e p a r a t i o n  
u sed ,  c o r r e s p o n d s  to a r e s o l u t i o n  f r o m  0 .40  to 0 . 2 7  c m - 1 .  Th i s  a p p r o a c h -  
es  the  m a x i m u m  f i n e s s e  ob ta inab le  wi th  the  a r g o n  l a s e r  of 0 .15  c m  -1 l i n e  
width.  

The  i n t e r f e r o m e t e r  was u s e d  in two m o d e s .  In the  s c a n n i n g  m o d e ,  
the  s p e c t r a l  content  of the  inc iden t  l i gh t  was  o b s e r v e d  by m o v i n g  one 
m i r r o r  a long the  i n t e r f e r o m e t e r  ax is  wi thout  d i s t u r b i n g  the  p a r a l l e l i s m  of 
the  m i r r o r s .  Th i s  was a c c o m p l i s h e d  t h r o u g h  the  c o m b i n e d  u se  of a 
d i f f e r e n t i a l  s c r e w  a s s e m b l y  fo r  c o a r s e  m o t i o n  and t h r e e  B u r l e i g h  I n s t r u -  
m e n t s  P Z T - 4  p i e z o e l e c t r i c  t r a n s d u c e r  (PZT)  s t a c k s  fo r  f ine  tuning.  
The  d i f f e r e n t i a l  s c r e w  and t r a n s d u c e r  s t a c k s  w e r e  a t t a ched  to one m i r r o r ;  

10 
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Figure 3. Mirror reflectivity versus wavelength for the FPI. 

the  s econd  m i r r o r  was s t a t i o n a r y .  Af t e r  an  i n i t i a l  and c o a r s e  a l i g n m e n t ,  
the  P Z T  s t a c k s  w e r e  u sed  for  f ine  tun ing  and fo r  s c a n n i n g .  The  P Z T  
t r a n s d u c e r s  expand at  a r a t e  of 17 ~ / V  when a vo l t age  is  app l i ed  a long the  
po l ing  d i r e c t i o n  of the  c e r a m i c .  A r a m p  vo l t age  was  app l ied  in the  
s c a n n i n g  mode  by a B u r l e i g h  I n s t r u m e n t s  NIodel RC-41  g e n e r a t o r .  In 
the  s t a t i c  or  f i l t e r  mode ,  the  m i r r o r s  r e m a i n  s t a t i o n a r y  and t r a n s m i t  a 
s e l e c t e d  w a v e l e n g t h .  S e l e c t i o n  of d e s i r e d  w a v e l e n g t h  is  a c c o m p l i s h e d  by 
u s ing  the P Z T  t r a n s d u c e r s  wi th  a v a r i a b l e  d - c  vo l t age .  Af t e r  p a s s i n g  
t h r o u g h  the  i n t e r f e r o m e t e r ,  the  c o l l i m a t e d  l i gh t  was f o c u s e d  by a 5 0 . 8 - m m  
f u s e d - s i l i c a  f ocus ing  l e n s  of 2 5 0 - m m  foca l  l e n g t h  onto the s u r f a c e  of an  
a p e r t u r e  which  was moun ted  on the f ron t  of the  p h o t o m u l t i p l i e r  tube  
hous ing .  The  f ocus ed  l i g h t  p a s s e d  t h r o u g h  the  a p e r t u r e  and expanded  onto 
the pho toca thode  s u r f a c e  of the  p h o t o m u l t i p l i e r .  

In o r d e r  to r e c o r d  p h o t o e l e c t r i c a l l y  the  i n t e r f e r e n c e  f r i n g e s ,  the  
F a b r y - P e r o t  f r i n g e  p a t t e r n  (see  Fig .  4) is  i m a g e d  onto a foca l  p lane  con-  
t a i n i n g  a s m a l l  c i r c u l a r  hole  at the  c e n t e r  of the  f r i n g e  p a t t e r n .  F o r  
th i s  e x p e r i m e n t ,  a 1 . 5 - m m - d i a m  a p e r t u r e  was  used .  T h i s  a p e r t u r e  
a l lows  only the  l igh t  f r o m  the c e n t e r  f r i n g e  to be t r a n s m i t t e d  to the  pho to-  
m u l t i p l i e r .  The  i n t e r f e r o m e t e r  is  s c a n n e d  by p i e z o e l e c t r i c a l l y  chang ing  
the  op t i ca l  pa th  be tween  the  i n t e r f e r o m e t e r  m i r r o r s .  If, fo r  e x a m p l e ,  
the  i n t e r f e r o m e t e r  is  s c a n n e d  by v a r y i n g  d by o n e - h a l f  w a v e l e n g t h ,  the  
c e n t e r  f r i n g e  wil l  d i s a p p e a r ,  and the  f i r s t  r i n g  wil l  c o l l a p s e  to f o r m  the  
c e n t e r  f r i n g e .  If the  b r i gh t  c e n t e r  f r i n g e  of Fig .  4 c o r r e s p o n d s  to the  
nth i n t e r f e r e n c e  o r d e r  at  488 .0  nm,  then  the f i r s t  i n t e r f e r e n c e  r i n g  i s  the  
(n + 1)th o r d e r  at  514 .5  nm.  The  c e n t r a l  f r i n g e  could,  h o w e v e r ,  be 
f o r m e d  by the  (n + 1) th o r d e r  fo r  a w a v e l e n g t h  s l i g h t l y  d i f f e r e n t  than  
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488.0  rim. C lea r ly ,  any wavelength of r ad i a t ion  d i f fer ing  f r o m  Uo by 
in t eg ra l  mul t ip l e s  of the f r ee  s p e c t r a l  r ange  will  produce  the cen te r  f r inge .  
This  is  the f i l t e r ing  p r o p e r t y  of the F a b r y - P e r o t  i n t e r f e r o m e t e r  which 
is used advantageous ly  to t r a n s m i t  s imu l t aneous ly  a n  the ro t a t i ona l  Raman  
l i nes  f r o m  a gas.  

The pho tomul t ip l i e r  tube was an EMI-9502B with a 1 0 - m m - d i a m  
photocathode.  The tube was contained in a t h e r m o e l e c t r i c a l l y  cooled,  
P roduc t s  for  R e s e a r c h ,  Inc . ,  Model TE-104 housing.  The housing could 
opera te  cont inuously  at -26 ° C, which provided  a r educ t ion  in dark  c u r r e n t  
by app rox ima te ly  a f ac to r  of 45 f r o m  the r o o m  t e m p e r a t u r e  value.  Power  
to the pho tomul t ip l i e r  was supplied by a P r e c i s i o n  Power  Supply Model 
122B. 

The output of the pho tomul t ip l i e r  tube was p r o c e s s e d  by an ORTEC 
photon counting s y s t e m  which is shown in block d i a g r a m  f o r m  in Fig.  5. 

Photomultiplier 454 Amplifier 

Discriminator 
Timer/Counter 

I Ratemeter I I X-Y Plotter I I I 
Figure 5. Block diagram of the photon counting system. 

The coaxia l  output cable f r o m  the pho tomul t ip l i e r  tube was t e r m i n a t e d  
with a 50-ohm r e s i s t o r  at the Model 454 a m p l i f i e r  input. The a m p l i f i e r  
pu lses  were  then  passed  through a Model 436 d i s c r i m i n a t o r  to both a 
Model 715 dual c o u n t e r / t i m e r  and a Model 441 r a t e m e t e r .  The r a t e m e t e r  
output was d isp layed  by e i t he r  a Tek t ron ix  Model 502 osci].loscope or  a 
Moseley  Model 2DR-2A X-Y r e c o r d e r .  

3.0 R ESU LTS 

3.1 INTERFEROGRAM MEASUREMENTS 

P r i o r  to each  l a b o r a t o r y  m e a s u r e m e n t ,  a ca re fu l  opt ica l  a l ignment  
of the l a s e r  beam, s c a t t e r i n g  volume,  co l lec t ion  opt ics ,  F a b r y - P e r o t ,  
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and de tec t ing  phototube had to be accompl i shed .  With the a rgon  l a s e r  
ope ra t ing  at a v e r y  low power,  the l a s e r  beam was al igned through the 
c e n t e r l i n e  of the gas  s c a t t e r i n g  chamber .  The quar tz  focus ing  l ens  was 
then  i n s e r t e d  in the path  of the l a s e r  beam 254 m m  f r o m  the cen te r  of 
the cel l  and was au tocol l imated ;  i. e . ,  a l igned so tha t  a l l  r e f l e c t i n g  
beams  f rom the l ens  pass  back along the l a s e r  beam path. Next, with 
the gas  s c a t t e r i n g  cel l  and quar tz  lens  r emoved ,  a p e n t a p r i s m  was 
i n s e r t e d  at the pos i t ion  of the s c a t t e r i n g  volume.  The p e n t a p r i s m  has  
the p r o p e r t y  of p r e c i s e l y  def lec t ing  an inc ident  beam at 90 deg. By us ing 
this  def lec ted  beam which defined the co l lec t ion  opt ical  axis ,  the F a b r y -  
Pe ro t  i n t e r f e r o m e t e r  was then al igned.  In the s t a t i c  mode,  the i n t e r f e r o m -  
e t e r  m i r r o r s  were  se t  to a s e p a r a t i o n  d i s t ance  of 0. 0625 m m  us ing  a 
f e e l e r  gage and the d i f f e r en t i a l  s c r e w s .  The m i r r o r s  were  then cen te red  
on the opt ical  axis  and au toco l l ima ted  so that  they  were  p a r a l l e l  to each  
o ther  and p e r p e n d i c u l a r  to the opt ical  axis .  F ina l  ad jus tmen t  was a c c o m -  
p l i shed  l a t e r  p i e z o e l e c t r i c a l l y .  The phototube was then placed on the 
opt ica l  axis  so that  the beam of l a s e r  l ight  p a s s e d  th rough  the cen te r  of 
the pho tomul t ip l i e r  tube housing a p e r t u r e  and i l lumina ted  the cen t e r  of 
the photocathode su r f ace .  F ina l ly ,  the col lec t ion,  co l l imat ion ,  and focus -  
ing l e n s e s  were  p laced  on the opt ical  axis  and au tocol l imated ;  the pen ta -  
p r i s m  was r emoved ,  and the gas  s c a t t e r i n g  cel l  and focus ing l ens  were  
r ep l aced .  F ina l  ad jus tmen t  of the col lec t ion  opt ics  s y s t e m  was then made  
by f i l l ing  the gas  cel l  with pipe smoke  and obse rv ing  the image  of the s c a t -  
t e r i ng  volume on the s e l ec t i ng  a p e r t u r e  and the pinhole  a p e r t u r e  at the 
pho tomul t ip l i e r .  By v e r y  s m a l l  ad jus tmen t s  of the co l lec t ion  l ens ,  the 
c en t r a l  f r i nge  d i a m e t e r  was cen te red  on the pinhole a p e r t u r e .  The a p e r -  
t u re  d i a m e t e r  was then made  equal to the cen t r a l  f r i nge  d i a m e t e r .  

Af ter  evacuat ing  the gas  chambe r  to 10 -5 t o r r ,  n i t r ogen  gas  was 
s lowly  bled into the c h a m b e r  unt i l  a p r e s s u r e  of one a t m o s p h e r e  was 
obtained.  The F a b r y - P e r o t  i n t e r f e r o m e t e r  was then se t  in the scann ing  
mode so that  the pla te  s e p a r a t i o n  (d) was r e p e t i t i v e l y  changed us ing the 
r a m p  g e n e r a t o r  and a scan  r a t e  of 5 F S R / s e c .  The output of the photo- 
m u l t i p l i e r ,  or  the t r a n s m i s s i o n  of the i n t e r f e r o m e t e r ,  was then d i sp layed  
on the osc i l l o scope  s c r e e n  as a l i n e a r  funct ion of the m i r r o r  s e p a r a t i o n  
(Fig.  6). F ina l  ad jus tmen t  was made  by obse rv ing  the Ray le igh  wave-  
f o r m s  and us ing  the P Z T  t r a n s d u c e r s  to adjus t  for  a m a x i m u m  f i n e s s e .  

F i g u r e  7 shows the ~ = 4B i n t e r f e r o g r a m  prof i le  fo r  ro t a t i ona l  R a m a n  
s c a t t e r i n g  in N 2 gas  at a p r e s s u r e  of one a t m o s p h e r e  and T o equal  to 
295 K. Th is  i n t e r f e r o g r a m  was gene ra t ed  by d i sp lac ing  one of the F a b r y -  
Pe ro t  m i r r o r s  th rough  a to ta l  d i s tance  of app rox ima te ly  0 .04  mm.  This  
c o r r e s p o n d s  to a s c a n  of about 175 o r d e r s  at 488.0  nm. The l a r g e  peaks 
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Figure 6. Transmitted intensity as a function of plate separation. 

which  a r e  off s c a l e  in F ig .  7 a r e  N 2 R a y l e i g h  s c a t t e r i n g  peaks .  A l t e r -  
na t ing  wi th  the  R a y l e i g h  f r i n g e s  a r e  the  r o t a t i o n a l  R a m a n  f r i n g e s .  F o r  
the  s c a n s  shown  in F ig .  7, the  r a m p  g e n e r a t o r  was  se t  so that  the  p la te  
s e p a r a t i o n  was v a r i e d  by one FSR in 100 s e c  fo r  e a c h  a v e r a g e  cavi ty  
s e p a r a t i o n  (d), and as  shown in Fig .  7, s i x t e e n  g r o s s  cav i ty  s t e p s ,  e a c h  
of a p p r o x i m a t e l y  0. 00125 m m ,  w e r e  m a d e .  

From Fig. 7, it is seen that, near 4B resonance, i.e., d = 1/(8B), 
both the Stokes and anti-Stokes components of the Raman spectrum contri- 
bute to the interferogram profile that has a single maximum. As the 
Fabry-Perot interferometer is scanned to greater (or smaller) plate 
separations, further from the resonance matching condition, however, 
the  s i ng l e  m a x i m u m  sp l i t s  into two d i s t i n c t  m a x i m a ;  one m a x i m u m  
c o r r e s p o n d s  to the S tokes  c o m p o n e n t  of the  R a m a n  s p e c t r u m ,  and the  
o t h e r  to the  a n t i - S t o k e s  componen t .  E v e n t u a l l y ,  when  the  p l a t e s  have  b e e n  
s c a n n e d  su f f i c i en t l y  f a r  f r o m  the  4B r e s o n a n c e  condi t ion ,  no m a t c h e s  
b e t w e e n  the  r o t a t i o n a l  R a m a n  l i n e s  and the  i n t e r f e r o m e t e r  t r a n s m i s s i o n  
c o m b  occu r ,  and the  R a m a n  s igna l  is  c o m p l e t e l y  r e j e c t e d .  

The  shape  of the  i n t e r f e r o g r a m  p ro f i l e  (or  e q u i v a l e n t l y  the  n u m b e r  of 
s i n g l e  m a x i m a  o b s e r v e d )  is  a s t r o n g  func t ion  of the  r o t a t i o n a l  cons tan t  
B of the  p a r t i c u l a r  gas  u n d e r  i nves t i ga t i on .  This  m a y  be d e m o n s t r a t e d  
by c o n s i d e r i n g  N 2 which  has  a r o t a t i o n a l  cons t an t  B = 2 .00065 cm -1 
(Ref. 7) and HF which  has  a cons tan t  B = 20. 5596 c m  -1 (Ref. 7). To s c a n  
one f r e e  s p e c t r a l  r a n g e  fo r  e i t h e r  of the  two m o l e c u l e s ,  the  p la te  spac ing  
m u s t  change  by the  s a m e  amoun t ,  i . e . ,  k o / 2  = 244 .0  ~m.  The  v a r i a t i o n  
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in  f r e e  s p e c t r a l  r a n g e ,  wh ich  is a m e a s u r e  of the  m a t c h i n g  cond i t ion  and 
c o n s e q u e n t l y  r e p r e s e n t a t i v e  of the  shape  of the  i n t e r f e r o g r a m  p ro f i l e ,  i s  
found f r o m  Eq.  (4) to be 

8(Ar~) = (2tLd2) " l  ( 7 )  

F o r  the  4B r e s o n a n c e  cond i t ion  d = 1 / (8pB) ,  so  that  

8('A~,) = 32pB 2 (8 )  

F o r  the  v a l u e s  of B g iven  above,  

8(h~) ~2 = ]28.08 (cm'l) 2 

a n d  

8(Aoj) H F = 13525.3] (cm-] )  2 

for /~  = 1. Thus ,  the  r a t e  of change  of the  f r e e  s p e c t r a l  r a n g e  ~ wi th  
r e s p e c t  to d is  about  two o r d e r s  of m a g n i t u d e  g r e a t e r  n e a r  the  4B 
r e s o n a n c e  r e g i o n  fo r  HF than  fo r  N 2. In both c a s e s ,  h o w e v e r ,  the p la te  
sp a c in g  is  changed  by the  s a m e  amoun t  so that  the  r e s o n a n c e  cond i t ion  
fo r  N 2 c o v e r s  a m u c h  l a r g e r  r a n g e  of p la te  s e p a r a t i o n s  than  does  the 
r e s o n a n c e  cond i t ion  fo r  HF. 

3.2 NITROGEN DENSITY MEASUREMENTS 

N i t r o g e n  n u m b e r  d e n s i t y  (n) m e a s u r e m e n t s  w e r e  p e r f o r m e d  wi th  the  
s a m e  e x p e r i m e n t a l  a r r a n g e m e n t  u s e d  fo r  the  i n t e r f e r o g r a m  s tudy.  
H o w e v e r ,  i n s t e a d  of s c a n n i n g  the  p l a t e s  o v e r  a wide  r a n g e  of d, the  p la te  
s e p a r a t i o n  u s e d  was that  c o r r e s p o n d i n g  to the  n i t r o g e n  4B r e s o n a n c e  
m a x i m u m ;  i . e . ,  d = 1 ] 8 t t B  = 0 . 0 6 2 5  c m w h e r e  B = 2 .  0 0 0 6 5  c m  -1 fo r  N 2. 

The  e x p e r i m e n t a l  s y s t e m ' s  a l i g n m e n t  was  c h e c k e d  us ing  the m e t h o d  
d e s c r i b e d  p r e v i o u s l y .  The  s c a t t e r i n g  ce l l  was  t h e n  e v a c u a t e d  to 10 -5 
t o r r ,  and N 2 was s l o w l y  b l ed  into the  c h a m b e r  un t i l  the  d e s i r e d  p r e s s u r e  
was  ob ta ined .  The  l a s e r  p o w e r  was  t h e n  se t  to 2 .9  W at ko  = 488 .0  nm,  
and the  i n t e r f e r o m e t e r  was  se t  to s c a n  one FSR in 200 sec .  The  output  
of the  p h o t o m u l t i p l i e r  was  p r o c e s s e d  by the  ORTEC count ing  s y s t e m ,  and 
the  v a r i a t i o n  in t r a n s m i t t e d  s i gna l  as  ob ta ined  f r o m  the  r a t e m e t e r  v e r s u s  
p la te  s e p a r a t i o n  was r e c o r d e d  by the  Model  2DR-2A X-Y p l o t t e r  ( s e e  
F ig .  8). The  R a m a n  s igna l  above b a c k g r o u n d  was ob ta ined  in th i s  m a n n e r  
fo r  a r a n g e  of p r e s s u r e s .  The  r e s u l t s  a r e  shov 'n  in Fig.  9. 
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Pure rotational Raman spectrum for N2: transmitted pattern 
with the FPI set to pass only N2 rotational Raman lines. 
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Figure 9. Variation of total pure rotational Raman signal 
with pressure for N2 gas. 

3.3 REJECTION QF SIGNAL FROM INTERFERING SPECIES 

In o r d e r  to i n v e s t i g a t e  the ab i l i ty  of the  F a b r y - P e r o t  to r e j e c t  the  
i n t e r f e r i n g  r o t a t i o n a l  R a m a n  s i g n a l  f r o m  i m p u r i t y  s p e c i e s ,  a s i m i l a r  
p r o c e d u r e  to tha t  d e s c r i b e d  in Sec t i on  3 . 2  was  u s e d .  F o r  th i s  m e a s u r e -  
m e n t ,  the p la te  s e p a r a t i o n  was  kep t  at the s a m e  va lue  n e c e s s a r y  fo r  the  
n i t r o g e n  4B r e s o n a n c e .  The  s c a t t e r i n g  cel l  was  then  e v a c u a t e d  to 10 -5 
t o r r ,  and CO 2 gas  was  i n - b l e d  to a p r e s s u r e  of one a t m o s p h e r e .  T h e  
i n t e r f e r o m e t e r  was  s e t  to s c a n  one FSR in 200 s e c ,  and the  s i g n a l  was  
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p r o c e s s e d  th rough  the r a t e m e t e r  and r e c o r d e d  as a funct ion  of p la te  
s e p a r a t i o n .  The r e s u l t s  a r e  shown in Fig.  10. A c o m p a r i s o n  of F i g s .  8 
and 10 d e m o n s t r a t e s  the ab i l i ty  of the F a b r y - P e r o t  i n t e r f e r o m e t e r  to 
r e j e c t  the unwanted ro t a t iona l  Raman  s igna l  f r o m  CO 2 while at the s a m e  
t ime  de tec t ing  the N 2 s c a t t e r i n g  s igna l .  

l0 

9 

6 
"m. 
.+ 
~ 5  

4 

P4B-N2 
'N 2 

3 

at 

0 
Plate Separation -. 

Figure 10. Pure rotational Raman spectrum for CO2: transmitted pattern 
with the FPI set to pass only N2 rotational Raman lines. 
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' : - . . "  4.0 THEORETICAL PERFORMANCE CALCULATIONS 
• . I  

: • 

:T~h'e p r e c e d i n g  d i s c u s s i o n ,  e x p e r i m e n t a l  r e s u l t s ,  a n d ' c o m p a r i s o n  of 
the  F a b r y - P e r o t  count  r a t e s  wi th  p r e v i o u s l y  a c q u i r e d  R a m a n  da ta  (Ref .  
I 1) d e m o n s t r a t e s  the  ga in  in  sys tem•  s e n s i t i v i t y  which  can  be r e a l i z e d  by 
u s i n g  F a b r y - P e r o t  i n t e r f e r o m e t r y  fo r  R a m a n  s c a t t e r i n g  of s i m p l e  m o l e -  
c u l a r  g a s e s .  H o w e v e r ,  an i n c r e a s e  in  s e n s i t i v i t y ,  o r  d e t e c t i v i t y ,  i s  a 
n e c e s s a r y  but not  s u f f i c i e n t  cond i t ion  fo r  the  c o n s i d e r a t i o n  of u se  of the  
t e c h n i q u e  fo r  f low d i a g n o s t i c s  a p p l i c a t i o n s .  It ha s  been  s e e n  tha t  the  
to t a l  t r a n s m i t t e d  i n t e n s i t y  (I T ) i s  l i n e a r l y  dependen t  on gas  d e n s i t y  fo r  
r o o m  t e m p e r a t u r e .  A p e r t i n e n t  f e a t u r e ,  h o w e v e r ,  r e g a r d i n g  s t u d i e s  of 
flow f i e l d s  wi th  v a l u e s  of T R wh ich  v a r y  s i g n i f i c a n t l y  t h r o u g h o u t  the  flow, 

i s  t he  v a r i a t i o n  of I T wi th  T R. T h a t  i s  to s ay ,  is  I T dependen t  not  only  
on gas  d e n s i t y  but a l s o  on TR,  and, ff so,  wi th  what  p r e c i s i o n  m u s t  T R 
be known  to y i e l d  a s p e c i f i e d  p r e c i s i o n  in  n u m b e r  d e n s i t y .  A d d i t i o n a l l y ,  
f o r  f low f i e l d s  fo r  wh ich  the v i b r a t i o n a l  t e m p e r a t u r e  (T v) e x c e e d s  T R, 
the  v a r i a t i o n  of the  RRS i n t e n s i t i e s  m u s t  be e v a l u a t e d  as  a func t ion  of the  
d e g r e e  of 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 .  To q u a n t i t a t i v e l y  eva lua t e  the  
m a g n i t u d e  of t h e s e  e f f e c t s ,  an a n a l y s i s  of the  v a r i a t i o n  of the  RRS i n t e n -  
s i t i e s  wi th  T R and T v was  p e r f o r m e d ;  the  fo l lowing  p a r a g r a p h s  out l ine  
t h e s e  c a l c u l a t i o n s  and t h e i r  r e s u l t s .  

S ince  the  p r i m a r y  a p p l i c a t i o n  of t h i s  t e c h n i q u e  i s  fo r  f low f i e l d s  whose  
c o n s t i t u e n t s  a r e  s i m p l e  m o l e c u l a r  s p e c i e s ,  s u c h  as  N 2, 0 2, H 2, HF,  and 
CO 2, the  m o l e c u l e  i s  a s s u m e d  to be a r i g i d  r o t a t o r  wi th  v i b r a t i o n a l -  
r o t a t i o n a l  coupl ing  m a n i f e s t e d  by a v i b r a t i o n a l  q u a n t u m  (v) -dependen t  
r o t a t i o n a l  cons t an t  (By). F u r t h e r ,  the  m o l e c u l a r  s p e c i e s  is  a s s u m e d  to 
be c h a r a c t e r i z e d  by a s i n g l e t  g round  e l e c t r o n i c  s t a t e ;  a l though  th i s  i s  
not  the  c a s e  f o r  0 2 , the  n e g l e c t  of i t s  t r i p l e t  f ine  s t r u c t u r e  is  j u s t i f i e d  
fo r  the  p u r p o s e s  of t h i s  c a l c u l a t i o n .  

It is  known that the Stokes (S-branch) and ant i -Stokes  (O-branch) 
intens i t ies  ( I ~  2 and I ~  2, re spec t ive ly )  can be represented  as RRS (Ref. 

12): 

(Ao/A;2)  4 b J x [nCv,J) /nT]  , J _> 0 (9)  [J ffi J+2 
+2 
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and 

lj 2 = (,~o..'A;2) 4 b J × [n(v.J)."n. r] .] > 2 (I0) 
• J-2 

w h e r e  b j  J, i s  the  p h o t o n - m o l e c u l e  RRS s t r e n g t h  f a c t o r  f o r  the  J -~ j r  
t r a n s i t i o n ,  ~t o i s  the  inc iden t  l a s e r  w a v e l e n g t h ,  ~ ; 2  and k j2  a r e  the  

w a v e l e n g t h s  of the  S and O b r a n c h e s ,  r e s p e c t i v e l y ,  and n(v, J ) / n  T is  the  
f r a c t i o n  of m o l e c u l e s  in v i b r a t i o n a l  l e v e l  (v) and r o t a t i o n a l  l e v e l  (J). 
All  u n i m p o r t a n t  g e o m e t r i c a l  and f u n d a m e n t a l  c o n s t a n t s  have  b e e n  n e g l e c t e d .  

It i s  a s s u m e d  tha t  the  r o t a t i o n a l  mode  of m o t i o n  i s  c h a r a c t e r i z e d  by 
a B o l t z m a n n  d i s t r i b u t i o n  and, c o n s e q u e n t l y ,  a r o t a t i o n a l  t e m p e r a t u r e  
(TR). F u r t h e r ,  the  v i b r a t i o n a l  mode  is  a l so  to be B o l t z m a n n  and c h a r a c -  
t e r i z e d  by T v. S ince  a l l  m o l e c u l e s  of i n t e r e s t  f o r  t h i s  work  a r e  l i n e a r ,  
two r o t a t i o n a l  d e g r e e s  of f r e e d o m  ex i s t ,  and for  a l l  s p e c i e s ,  excep t  CO 2, 
only one v i b r a t i o n a l  mode  e x i s t s .  F o r  CO2, the p o s s i b i l i t y  of m u l t i p l e  
T v ' s  h a s  not been  a l lowed,  and f u r t h e r  work is  r e q u i r e d  to a c h i e v e  
r e a l i s t i c  CO 2 r e s u l t s  fo r  c a s e s  of s i g n i f i c a n t  v i b r a t i o n a l  exc i t a t i on .  

+2 2 Obv ious ly ,  the  c a l c u l a t i o n  of I j  and I j  u s ing  E q s .  (9) and (10) r e q u i r e s :  

(a) c a l c u l a t i o n  of the  S and O b r a n c h  w a v e l e n g t h s ,  (b) c a l c u l a t i o n  of the  
a p p r o p r i a t e  s t r e n g t h  f a c t o r s  b J,  , and (c) d e t e r m i n a t i o n  on n(v,  J ) / n  T fo r  
v a r i o u s  v a l u e s  of T R, T v, and m o l e c u l a r  c o n s t a n t s .  

F o r  the  m o d e l  a s s u m e d ,  the r o t a t i o n a l  t e r m  va lue  F(v,  J) is  

F(v..I) = 13v.l(J + 1) ( 1 1 )  

where  h i g h e r  o r d e r  t e r m s  a r e  neg lec t ed .  It is  e a s i l y  s e e n  tha t  t h i s  neg l ec t  
i n t r o d u c e s  an e r r o r  in  F(v,  J) of l e s s  than  a p p r o x i m a t e l y  one pa r t  p e r  
t housand  fo r  v a l u e s  of J < 10 f o r  N 2. It i s  w e l l - k n o w n  tha t  

B v --: I'] e - a e ( v +  ] / 2 )  ( 1 2 )  

C o n s e q u e n t l y ,  the wave n u m b e r  change  &c0(v, J) is  g i v e n  by 

A~,(~,.]) -- : -1.B,.(.I ,-3.'2) , j >_ 0 (13) 

w h e r e  the uppe r  and l o w e r  s i g n s  a r e  the  O and S b r a n c h e s ,  r e s p e c t i v e l y ,  
and J is  the  l o w e r  l e v e l  J va lue .  

24 



AE DC-TR-76-61 

1 2 ) :  

T h e  R R S  l i n e  s t r e n g t h s  f o r  t h e  S a n d  O b r a n c h e s  a r e  g i v e n  by  (Ref .  

b J = ( 3 / 2 ) ( J  + l ) ( J  + 2 ) / [ ( 2 J  + 1)(2J + 3)1 J > o 
~ 2  ' - ( 1 4 )  

a n d  

b J = (3/2)J(J - 1)/[(2J - 1)(2J + 1)] J > 2 (15) 
J - 2  ' - 

g 
O b v i o u s l y ,  b j _  2 i s  z e r o  f o r  J = 0 and  1, and  it i s  to  b e  n o t e d  t h a t ,  h e r e ,  

J i s  t h e  i n i t i a l  l e v e l  q u a n t u m  n u m b e r .  F u r t h e r ,  i t  i s  of i n t e r e s t  t o  t a k e  

n o t e  of  t h e  m a g n i t u d e  of t h e  bJ+2j c o e f f i c i e n t s ,  and  T a b l e  1 l i s t s  t h e s e  

J Table 1. Rotational Raman Scattering Strength Factors bj+_2. 

J 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
40 
50 

100 

J ,O  J ,O  
b j + 2 , 0  b j _ 2 , 0  

J - 0 , 1 , 2 , . . .  J - 2 , 3 , 4 , . . .  

1. 000 
0 .6000  
0.  514285 
0 .47619  
0.  45454 
0 .44056 
0.  43077 
0 .42353  
0 .41796  
0.  41353 
0.  40994 
O. 40696 
0 :40444 
O. 402298 

0 
0 

0.  2000 
0 .25714  
0 .28571  
0.  30303 
0 .31468  
O. 32308 
0 .32941  
0.  33436 
0.  33834 
0 .34161  
0 .34435  
O. 34667 

0 . 4 0 0 4 4  
O. 39883 
0 . 3 9 7 4 0  
O. 39614 
O. 39501 
0 , 3 9 4 0 0  
O. 39308 
O. 39225 
0 . 3 9 1 4 9  
O. 39079 
O. 39016 
O. 387 57 
0.  38902 
O. 388 52 
O. 38805  
0 . 3 8 7 6 1  
O, 38720 
O. 38420 
0 .  38239 
0 . 3 7 8 7 2  

O. 34866 
0 . 3 5 0 3 9  
0 . 3 5 1 9 1  
O. 3532 5 
O. 35444 
O, 35551 
O. 35647 
O. 35734 
O. 35814 
O, 35886 
0 . 3 5 9 5 3  
0 .  36014 
O. 36071 
0 .36123  
0 .36172 
0.  36218 
0.  36260 
0.  36568 
0.  367 54 
0 .37126  
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v a l u e s  f o r  a r a n g e  of J v a l u e s .  T h e i r  r e l a t i v e  c o n s t a n c y  f o r  J > 3  is  t o  
b e  n o t e d .  F i n a l l y ,  t h e  l i m i t i n g  v a l u e  of b y + 2  as  J -* oo i s  ~ 

lim b J = (3"2) I[ini /-J + 1 '~][,in"l /J + 2 ~] 
.I-,~ L I-,~ 

= 3.:8 = 0.3750 (16) 

J w h e r e ,  s i n c e  t h e  b j +  2 s e q u e n c e s  a r e  c o n v e r g e n t ,  t he  l i m i t  of a p r o d u c t  

i s  t h e  p r o d u c t  of  t h e  l i m i t s .  An  i d e n t i c a l  r e s u l t  f o l l o w s  f o r  l i r a  b J _ 2 .  
J--~ 

T h e  c a l c u l a t i o n  of t h e  n u m b e r  d e n s i t y  d i s t r i b u t i o n  f u n c t i o n  n(v ,  J ) / n  T 

i s  s o m e w h a t  m o r e  t e d i o u s .  S i n c e  t h e  r o t a t i o n a l  e n e r g y  E ( v ,  J)  i s  g i v e n  by 

E(v,J) = hc x I"(v.J) ( 1 7 )  

and  vibration-rotation coupling is i n c l u d e d ,  

n(v,J)/'n T = tn(v)."n T] × [n(viJ)"n T] (18) 

w h e r e  n ( v ) / n  T is  t h e  f r a c t i o n  of m o l e c u l e s  in  v i b r a t i o n a l  l e v e l  (v) and  

n ( v I J ) / n  T is  t h e  f r a c t i o n  of m o l e c u l e s  in  l e v e l  (J) g i v e n  t h a t  t h e  v i b r a -  

t i o n a l  l e v e l  i s  v .  O b v i o u s l y ,  n ( v t J ) / n  T is  a c o n d i t i o n a l  p r o b a b i l i t y  

f u n c t i o n .  If G(v) i s  t h e  v i b r a t i o n a l  t e r m  v a l u e  f o r  l e v e l  (v) f o r  t h e  M o r s e  
oscillator, 

G(v) = coe(v ~ 1/2) -a~exe(v  + 1."2) 2 (19) 

where b) e and t~eX e are the vibrational frequency and anharmonicity factors, 

respectively, in wave number units. The vibrational energy E(v) is 

therefore, 

E(v) = h x c x G(v) (20) 

n(v).:n, r = exp [-hc G(v) 'k'l" v]/Qv (2 i) 

where Qv is the vibrational partition function. The task remaining is the 

calculation of n(vlJ)/nT; for a heteronuclear specie, 

n(viJ)."n T = (2.1 ~- 1) exp [-hc BvJ(J + l)."kTltl"Q n (22) 
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where QR is the rotational partition function. For a homonuclear 
species of nuclear spin I, nuclear atomic number A, and symmetric 
electronic eigenfunction with respect to interchange of nuclei for even 
A molecules 

I - 1 ( 2 J  + 1) e x p [ - h e F ( v , J ) / k T i I ]  

n ( v / J ) n T -  21 - ] x QE (23) 

for  

J = 0 , 2 . 4 . . . .  

and 

where 

I (2J + 1) e x p [ - h c F ( v , J ) / k T  R] 
n ( v / ' l ) / n T -  21 + I x 

QE= 
J=0 ,2 ,4  . . .  

Qo (24) 

(2.1 -,- 1) exp [ - h c F ' f v , J l / k T  n] 

and 

Qo= j=  1.3,5, . . .  
(2.1 + 1) exp [ -  h c F ( v , J ) / k T l l ]  

F o r  odd A spec ies ,  the spin mul t ip l i ca t ive  f ac to r s  (I + 1)(2I + 1) and 
I](2I  + 1) a r e  r e v e r s e d  in Eqs.  (23) and (24) for  even and odd J. 

A compute r  p r o g r a m  was wr i t ten ,  which p e r f o r m s  the ca lcu la t ion  
of Eqs.  (9) and (10) us ing  the r e l a t i ons  jus t  p r e sen t ed .  The r e s u l t s  of 
this  ca lcu la t ion  only for  N2 will be d i scussed  in this  r epo r t .  The c o m -  

puted parameters include 17 2'-2 , lq "2'-2 = ~'.I I~ 2"-2s the ratio lq'2/IT 2 , 

and QE and Qo for each vibrational level v. The intensity functions 
are, of course, weighted by the fraction n(v)/n T, which was com- 
puted according to the equation, 

n ( v ) / n  T = [1 - e x p  ( - u ) ]  exp  [ - u v ( l  - XeV)(] + Xe)] , ' ]  I- [2XeVexp(-2u)][1 - exp  ( - u ) ]  "2 

where 

u = hc(¢o e - COeXe)/k 

(25) 
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F i g u r e  11 shows  the  v a r i a t i o n  of QE,  O fo r  N 2 wi th  T1R; the  v i b r a t i o n a l  

l e v e l s  v = 0 and 2 a r e  shown exp l i c i t l y  to i nd i ca t e  the  d i f f e r e n c e  to be 

100 

50 

2O 

0E, O 

10 

V -  

-0 

l I ~ i i i i [ i i i  i "  i i I i ' 

I0 2O 50 lO0 200 5OO 

T R, K 

Figure 11. Variation of rotational partition functions Oe and Oo 
with rotational temperature TR of N2. 

I ! 

1,000 

e x p e c t e d  in QE, O as a r e s u l t  of v i b r a t i o n - r o t a t i o n  coupl ing .  F o r  an a r g o n -  
ion l a s e r  l i ne  of w a v e l e n g t h  514.52 nm,  the  v a r i a t i o n s  wi th  T R of the  S 

+2 and O b r a n c h  to ta l  i n t e n s i t i e s  I T and I , r e s p e c t i v e l y ,  w e r e  c a l c u l a t e d ,  

and Fig .  12 shows  the  r e s u l t s .  T v is  a s s u m e d  h e r e  to be su f f i c i en t l y  low 

to p r e c l u d e  s i g n i f i c a n t  v i b r a t i o n a l  exc i t a t i on .  F o r  N 2, t h i s  cond i t ion  is  
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s a t i s f i e d  fo r  T v < 1 , 0 0 0 K .  Since I T , the  s u m  o f I ~  2 and I T  2, is the  

p a r a m e t e r  d e t e r m i n e d  by o p e r a t i n g  the  F P I  at the  4B r e s o n a n c e  cond i t ion ,  
the  v a r i a t i o n  of I T wi th  T R is  a l so  shown in th i s  f i gu re .  S ince  +2 I T , I ~  2, 

and I T a r e  al l  l i n e a r l y  d e p e n d e n t  on the  d e n s i t y  n T, the  c o n s t a n c y  of 

I T wi th  T R d e m o n s t r a t e s  that  n T can  be d e t e r m i n e d  un ique ly  u s i n g  t he  F P I  
wi thout  any c o r r e c t i o n  fo r  T R. The  r a t i o  I ~ / I ~  2 is  shown  in F ig .  13 as  

a func t ion  of T R, and the  ab i l i ty  to d e t e r m i n e  T R us ing  th i s  r a t i o  is  
obvious .  C l e a r l y ,  the  u s e  of a s p e c t r a l  b lock ing  f i l t e r ,  o r  i ts  e q u i v a l e n t ,  

wi l l  be r e q u i r e d  to p a s s  only I+~ 2 in  the  f i r s t  i n s t a n c e  and t h e n  upon i t s  
i+2 +.-2 ~,~ T 2 ~2 • r e m o v a l  to p a s s  T ~T " x n e  v a r i a t i o n  of I T and I / I  wi th  T R is  

a l so  shown in F ig .  14 fo r  wh ich  the  low t e m p e r a t u r e  l i m i t  i s  c l e a r l y  s e e n .  
The  d e v i a t i o n  of I T f r o m  i t s  cons t an t  va lue  b e c o m e s  s i gn i f i c an t  f o r  

TR~ 100 R w h e r e  O R is 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  of the  s p e c i e s  and 
is  g i v e n  by 

O R = hc B v / k  

_+2, -2 
which  fo r  N 2 is  a p p r o x i m a t e l y  2 .88  K. The  l i m i t i n g  v a l u e s  of I T 

T R -~ 0 a r e  of i n t e r e s t .  F o r  h e t e r o n u c l e a r  m o l e c u l e s ,  the  popu la t ion  

n u m b e r  d e n s i t y  c o l l a p s e s  to the  J = 0 l e v e l  as T R -~ 0 and 

a s  

lira I~,2 = l 
T R--,0 

lira [~2 = 0 
l 

T- R-.O 

F o r  h o m o n u c l e a r  m o l e c u l e s ,  a d i f f e r e n t  s i t u a t i o n  a r i s e s .  F o r  the  
a s s u m e d  m o d e l  fo r  e v e n  A s p e c i e s ,  one can e a s i l y  show that  

and, as b e f o r e ,  

+2 (1.5 I - l ) / ( 2 I  + 1) lira I T = 
TRy0  

lim I~2 = 0 

T R~O 
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Figure 13. 
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Figure 12. 
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Temperature variation of rotational Raman intensity 
parameters for N 2 . 
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Tempe ra tu re  var ia t ion  o f  ro ta t i ona l  Raman an t i - s tokes - to -S tokes  
ra t io  fo r  N2.  
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Temperature variation of rotational Raman intensity 
parameters for N2. 

0.90 

0.80 IT 

O. 70 

F o r  o d d  A s p e c i e s ,  

+2 (1.51 + 0.5)/(21 + 1) lira I T = 
T R--,0 

a n d  a g a i n  I T 2 -~ 0. T a b l e  2 e x h i b i t s  t h e s e  l i m i t i n g  v a l u e s  f o r  t h e  r a n g e  of  

n u c l e a r  s p i n  of  0 to  2. 

F i n a l l y ,  t h e  e f f e c t s  of  v a r i a t i o n  of T v o n  t h e  r e s u l t s  f o r  t h e  R R S  i n t e n -  

s i t y  f u n c t i o n s  w e r e  i n v e s t i g a t e d  f o r  t h e  T v r a n g e  f r o m  300 to  3 , 0 0 0  K ,  a n d  

F i g .  15 s h o w s  t h e  v a r i a t i o n  O f n v / n  T o f N  2 w i t h T  v.  F o r  T v ~ 1 , 0 0 0 K ,  

i t  i s  s e e n  t h a t  t h e  c o n t r i b u t i o n  f r o m  v i b r a t i o n a l  l e v e l s  v _> 1 i s  on  t h e  o r d e r  
of  3 p e r c e n t  o r  l e s s .  I t  w a s  f o u n d  t h a t  t h e  c a l c u l a t e d  v a l u e s  o f  t h e  r a t i o  

I T 2 / I T  2 f o r  t h e  i n d i v i d u a l  v i b r a t i o n a l  l e v e l s  v = 0, 1, a n d  2 d i f f e r e d  by  n o  

m o r e  t h a n  2 p e r c e n t ;  i . e . ,  I ~ 2 / I ~  2 i s  e s s e n t i a l l y  i n d e p e n d e n t  of  t h e  v i b r a -  
+2 

t i o n a l  l e v e l  f o r  w h i c h  R R S  o c c u r s .  T h e  v a r i a t i o n  of  I T w i t h  T v i s  s h o w n  

in  F i g .  16 f o r  t h e  v = 0 l e v e l  s p e c i e s  f o r  T R = 10, 20,  a n d  100 K.  T h e  
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Table 2. Spin Dependence of I ;  2 for TR = O. 

0 1/2 1 3/2 2 

1.000 0.9000 0.8667 0.8500 0.8400 

- - -  0.7000 0.7333 0.7500 0.7600 

E v e n  A 

Odd A 

nv 

nT 

10-1 

10-2 

Figure 15. 

500 

1 

I 

1.000 1.500 2,000 2,500 3,000 
Tv, K 

Variation of n(v)/nT of N2 with Tv. 
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1.0 

0.5 

0.2 

2O 

v ~ 0  

0.  I i I I I I I I L I I I I 

200 500 I, 000 2, 000 .5, 000 
T v, K 

Variation of the total'Stokes RRS intensity I~ 2 with 
vibrational temperature Tv ,for N2. 

Figure 16. 

+2 w i t h  T is  c l e a r l y  a r e s u l t  of  t h e  d e p l e t i o n  of v = 0 m o l e -  d e c r e a s e  in  I T v 

c u l e s  w i t h  i n c r e a s i n g  T v. In F i g .  17 is  s h o w n  t h e  v a r i a t i o n  w i t h  T v o f l  T 

f o r  v = 0 at  T R = 10, 20• and  100 K. T h e  d e c r e a s e  in I T w i t h T  v is  s e e n  

to  be  s m a l l e r  t h a n  t h a t  of  I ~  2 w i t h  T v. A l s o  s h o w n  in F i g .  17 is  t h e  s u m  

+2 f o r  t he  v i b r a t i o n a l  l e v e l s ' v  = 0," 1, and  2 f o r  T R = 20 of i n t e n s i t i e s  I T 

and  100 K.  It i s  s e e n  f r o m  F i g .  17 t h a t  s i g n i f i c a n t  v a r i a t i o n s  in  t h e  v a l u e  of 
I T f o r  v = 0 o c c u r  as  T i n c r e a s e s  a b o v e  a p p r o x i m a t e l y  1 000 K C o n -  

V • ° 

s e q u e n t l y ,  t he  u s e  of t h e  4B r e s o n a n c e  c o n d i t i o n  of t h e  F P I  f o r  RRS 

m e a s u r e m e n t s  of N 2 g a s  n u m b e r  d e n s i t y  r e q u i r e s  a c o r r e c t i o n  f o r  t h e  

v i b r a t i o n a l  t e m p e r a t u r e  if T v ~ 1 ,000  K. Of c o u r s e ,  s e p a r a t e  m e a s u r e -  

m e n t s  of I T f o r  v = 0 and  e i t h e r  v = 1 o r  v = 2, o r  both•  e a c h  at  t h e i r  

r e s p e c t i v e  4B p l a t e  s e p a r a t i o n s  p r o v i d e s  an  e x p e r i m e n t a l  m e a s u r e m e n t  
of T v, w h i c h  t h e n  c a n  be  u s e d  f o r  c o r r e c t i o n  of t he  I T d a t a .  
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(Asymptotic Value as Tv...O Is O. 73) 
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200 500 1, OO0 2, 0OO 5, OO0 

Tv.K 
Figure 17. Variation of RRS intensity IT with vibrational 

temperature Tv. 

5.0 DISCUSSION A N D  CONCLUSIONS 

The e x p e r i m e n t a l  F P I  r e s u l t s  d e m o n s t r a t e  the advantages  to be gained 
in s e n s i t i v i t y  of the Raman  s c a t t e r i n g  m e a s u r e m e n t  of gas  dens i ty .  A 
c o m p a r i s o n  of the peak ampl i tudes  for  the Ray le igh  s c a t t e r e d  in t ens i ty  and 
the Raman  s c a t t e r e d  in t ens i ty  shows th is  conclus ion  quite c l e a r l y  if one 
r e c a l l s  that  the r a t i o  of Ray le igh  and ro t a t i ona l  Raman  s c a t t e r i n g  c r o s s  
s ec t ions  is on the o r d e r  of 1,000. The p r e s s u r e  v a r i a t i o n  of the R a m a n  
s igna l  t r a n s m i t t e d  by the F P I  for  N 2 at r o o m  t e m p e r a t u r e  shows the 

l i n e a r i t y  of the F P I  R a m a n  s igna l  with gas  dens i ty ,  and t he reby ,  i ts  
potent ia l  use  for  flow f ie ld  d iagnos t i c s .  Addi t ional ly ,  the r e j e c t i o n  of the 
CO2 s igna l  by  the F a b r y - P e r o t  when used  with p la te  s e p a r a t i o n s  
a p p r o p r i a t e  for  the 4B r e s o n a n c e  ca se  of N 2 d e m o n s t r a t e s  the po ten t ia l  
u se  of the technique  for  gas m i x t u r e s  of CO2 and N 2. 

The ca lcu la ted  v a r i a t i o n  of the RRS i n t ens i ty  funct ion with ro t a t i ona l  
t e m p e r a t u r e ,  the sum of the i n t e n s i t i e s  S and O b r a n c h e s ,  shows for  N 2 
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the  potent ia l  absence  of any c o r r e c t i o n  to the m e a s u r e d  gas  dens i ty  for  
T R. Consequent ly ,  t he r e  is a one - to -one  c o r r e s p o n d e n c e  betv 'een I T 
and N 2 number  dens i ty  so long as T v ~ 1,000 K. F o r  h ighe r  va lues  of 
T v, the v ib ra t iona l  t e m p e r a t u r e  mus t  be kno~vn or  m e a s u r e d ,  the l a t t e r  
of ~.hich can be p e r f o r m e d  us ing  the s p e c t r a l l y  r e s o l v e d  cont r ibut ions  
of I T f rom the individual  v ib ra t iona l  l eve l s .  

The enhancemen t  of s p e c t r o m e t r i c  speed of the F a b r y - P e r o t  s y s t e m ,  
i ts  apparen t  abi l i ty  to provide  m e a s u r e m e n t s  of gas  number  dens i ty ,  
ro t a t i ona l  and v ib r a t i ona l  t e m p e r a t u r e s ,  and the compac tness  of the i n s t r u -  
men t  all  provide  incent ive  for  cont inuat ion of the inves t iga t ion  of the 
technique.  C u r r e n t  r e s e a r c h  ef for ts  in th is  a r e a  include the inves t iga t ion  
of i t s  appl ica t ion  to s tud ies  of o ther  s ing le  gaseous  s p e c i e s ,  b i n a r y  and 
mul t ip l e  spec ie  m i x t u r e s ,  and flow f ield s tud ies .  The i n t e r f ac ing  of the 
device  with an image  i n t e n s i f i e r / v i d i c o n  is  in p r o g r e s s ,  and th is  s tep  wil l  
y ie ld  the full  advantages  of mul t ip lex ing  by obse rv ing  al l  the r ing  pa t t e rn s  
s imu l t aneous ly .  Addi t ional ly ,  the use  of a s p e c t r a l  blocking f i l t e r  with 
the F P I  for  T R m e a s u r e m e n t s  is planned.  
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NOMENCLATURE 

A 

B 

C 

d 

Absorp tance ,  a tomic  number  

Rotat ional  constant  

Sca t te r ing  s t r eng th  f ac to r  

Speed of light 

P la te  s epa ra t i on  d i s tance  
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E (v, J) 

FSR 

F(v, J) 

FPI 

h 

I 
i~2, -2 

+2, -2 
I T 

I T 

I t 

I o 

J 

m 

n , n  T 

n(v, J) /n T 

n(vIJ)/n T 

n(v) / n T 

Po 

Q 

QE 
QO 
Qv 
R 

RRS 

T 

T R 

T v 

E n e r g y  of r o t a t i o n - v i b r a t i o n  l e v e l  (v, J) 

F r e e  s p e c t r a l  r a n g e  

T e r m  va lue  fo r  e n e r g y  E(v,  J) 

F a b r y - P e r o t  i n t e r f e r o m e t r y  (or i n t e r f e r o m e t e r )  

P lanck '  s cons tan t  

N u c l e a r  sp in  

In t ens i t y  of r o t a t i o n a l  R a m a n  sca t t . e r ing  fo r  l e v e l  J 
for S(+2) and O(-2) branches 

-+2, -2 for S and O branches Intensity of the sum of all Ij 

+2 and -2 Total intensity, sum of I T I T 

Transmitted intensity 

Incident intensity 

Rotational quantum number 

Order of interference 

Gas number density 

F r a c t i o n  of m o l e c u l e s  in l e v e l  v, J 

F r a c t i o n  of m o l e c u l e s  in r o t a t i o n a l  l e v e l  J g i v e n  that  
the  v i b r a t i o n a l  l e v e l  is v 

F r a c t i o n  of m o l e c u l e s  in v i b r a t i o n a l  l e v e l  v 

Gas p r e s s u r e  

P a r t i t i o n  func t ion  

E v e n  J p a r t i t i o n  func t ion  

Odd J p a r t i t i o n  func t ion  

V i b r a t i o n a l  p a r t i t i o n  func t ion  

R e f l e c t a n c e  

Ro ta t iona l  R a m a n  s ca. t ter ing 

T r a n s m i t t a n c e  

Ro ta t iona l  t e m p e r a t u r e  

V i b r a t i o n a l  t e m p e r a t u r e  
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T o 

G 

# 

4"  

~J 

WO 

Note: All units  

Gas t e m p e r a t u r e  

Solid angle 

P h a s e  change p a r a m e t e r  

Wavelength  

Index of r e f r a c t i o n  

P h a s e  change p a r a m e t e r  

Angle of r e f r a c t i o n  

Col lect ive  sol id angle 

Angula r  f r equency  in wavenumber  uni ts  

Angu la r  f r equency  in te rva l ,  f r e e  s p e c t r a l  r ange  

F r e q u e n c i e s  of the pure  ro ta t iona l  R a m a n  l ines  

F r e q u e n c y  of the l a s e r  exci t ing sou rce  

a r e  m e t r i c  un less  o the rwise  speci f ied .  
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