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PREFACE 

In r e c e n t y e a r s a number of n o n - l i n e a r Raman s p e c t r o s c o p i c 
t e c h n i q u e s have been s u b s t a n t i a l l y d e v e l o p e d and a r e now p r o v i n g 
t o be p o w e r f u l methods f o r the S o l u t i o n of many problems n ot o n l y 
i n s p e c t r o s c o p y but a l s o i n c h e m i s t r y , p h y s i c s and b i o l o g y . These 
t e c h n i q u e s i n c l u d e hyper R a y l e i g h and hyper Raman s p e c t r o s c o p y , 
c o h e r e n t a n t i - S t o k e s Raman S p e c t r o s c o p y (CARS), Raman Gain and I n 
v e r s e Raman S p e c t r o s c o p y , P h o t o a c o u s t i c Raman S p e c t r o s c o p y (PARS) 
and the Raman Induced K e r r E f f e c t ( R I K E ) . Hyper Raman s p e c t r o 
scopy a l t h o u g h e x p e r i m e n t a l l y d i f f i c u l t i s v a l u a b l e f o r i n v e s t i -
g a t i n g t r a n s i t i o n s which a r e not a c t i v e i n the i n f r a r e d o r i n the 
l i n e a r Raman e f f e c t ; and the o t h e r n o n - l i n e a r Raman e f f e c t s can 
p r o v i d e s i g n a l s t r e n g t h and r e s o l u t i o n w h i c h a r e Orders of magni-
tude h i g h e r than those o b t a i n a b l e w i t h l i n e a r Raman s p e c t r o s c o p y . 

The t h i r t y c h a p t e r s i n t h i s book w i l l f o rm the b a s i s of 
l e c t u r e s p r e s e n t e d a t the NATO Advanced Study I n s t i t u t e i n Bad 
Windsheim, F. R. Germany from August 23 - September 3, 1982. 
The c h a p t e r s have been a r r a n g e d i n t o e i g h t g r o u p s . The f i r s t 
group g i v e s S t a t e of the a r t r e p o r t s on l i n e a r Raman s p e c t r o s c o p y 
and i n f r a r e d s p e c t r o s c o p y . The second group forms an i n t r o d u c t i o n 
t o the b a s i c t h e o r y of n o n - l i n e a r l i g h t s c a t t e r i n g w i t h p a r t i c u -
l a r r e f e r e n c e t o the p o l a r i z a b i l i t y and h y p e r p o l a r i z a b i l i t y t e n -
s o r s and t h i r d o r d e r , n o n - l i n e a r s u s c e p t i b i l i t i e s . The r e m a i n i n g 
f i v e s e c t i o n s d e a l , i n d e t a i l , w i t h the t h e o r y and a p p l i c a t i o n s 
of hyper R a y l e i g h and hyper Raman s p e c t r o s c o p y , the s t i m u l a t e d 
Raman e f f e c t , c o h e r e n t a n t i - S t o k e s Raman s p e c t r o s c o p y i n c l u d i n g 
resonance e f f e c t s , i n v e r s e Raman and Raman g a i n s p e c t r o s c o p y , 
p h o t o a c o u s t i c Raman s p e c t r o s c o p y and the Raman i n d u c e d K e r r 
e f f e c t . 

We would l i k e t o thank the a u t h o r s f o r p r e p a r i n g t h e i r 
m a n u s c r i p t s a d e q u a t e l y i n advance, so t h a t t h i s book c o u l d be 
p u b l i s h e d i n time f o r use a t the I n s t i t u t e . We a r e much i n d e b t e d 
t o our s e c r e t a r i e s , M i s s M. Babendererde a t the U n i v e r s i t y of 
B a y r e u t h , and Mrs. D. C o u l t a n & Mrs. S. Gal l o w a y a t the U n i v e r s i t y 
of B r a d f o r d , who have h e l p e d i n many ways w i t h the p l a n n i n g of 

ix 
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LINEAR RAMAN SPECTROSCOPY : A STATE OF THE ART REPORT 

H.W. Schrötter 

S e k t i o n P h y s i k 
der LMU München 
München, West Germany 

1. INTRODUCTION 

I n e l a s t i c l i g h t s c a t t e r i n g by m o l e c u l e s was d i s c o v e r e d i n 
1928 by C.V. Raman i n l i q u i d s ( 1 , 2) and soon named a f t e r him. 
The e f f e c t had been p r e d i c t e d i n 1923 by Smekal ( 3 ) , when he 
t r i e d to g i v e a quantum t h e o r e t i c a l e x p l a n a t i o n f o r d i s p e r s i o n . 
Energy c o n s e r v a t i o n r e q u i r e s f o r a quantum m e c h a n i c a l l i g h t 
s c a t t e r i n g p r o c e s s 

M v 2 / 2 + E + hv = M v f 2 / 2 + E + hv , (1) m o n s 

where M i s the m o l e c u l a r mass, h P l a n c k * s c o n s t a n t , v and v' 
the v e l o c i t i e s , E m and E n the e x c i t a t i o n e n e r g i e s o f the 
m o l e c u l e s , and v Q and v g the f r e q u e n c i e s of the photons b e f o r e 
and a f t e r the s c a t t e r i n g p r o c e s s , r e s p e c t i v e l y . The change i n 
k i n e t i c energy l e a d s to Do p p l e r b r o a d e n i n g and i s n e g l e c t e d h e r e , 
and we can w r i t e 

h v = h v + E - E (2) o s n m 

The energy d i f f e r e n c e E n - E m c o r r e s p o n d s t o an e i g e n f r e q u e n c y 
v- o f the m o l e c u l e . I f E n>E m, the m o l e c u l e t a k e s the energy f o r 
i t s e x c i t a t i o n from the s c a t t e r e d photon and we speak o f a 
Stokes s c a t t e r i n g p r o c e s s ; i f E n < E m , the m o l e c u l e t r a n s f e r s i t s 
energy to the photon i n an a n t i - S t o k e s s c a t t e r i n g p r o c e s s . E n = E m 

c o r r e s p o n d s to R a y l e i g h s c a t t e r i n g . I f we i n t r o d u c e i n s t e a d o f 
the frequency \h the wavenumber o f the Raman s h i f t 

3 
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4 H. W. SCHRÖTTER 

(3) 
hc 

where c i s the v e l o c i t y o f l i g h t , we o b t a i n f o r the wavenumber 
of the s c a t t e r e d l i g h t 

v + v. 
o 3 

(4) 

I n the Stokes Raman spectrum (upper s i g n ) the l i n e s a r e s h i f t e d 
towards l o n g e r wavelengths from the R a y l e i g h l i n e v s = v Q , i n the 
a n t i - S t o k e s Raman spectrum ( l o w e r s i g n ) towards s h o r t e r wave
l e n g t h s . The i n t e n s i t y o f the a n t i - S t o k e s Raman l i n e s depends 
on the o c c u p a t i o n o f the energy l e v e l E m b e f o r e the s c a t t e r i n g 
p r o c e s s and i s t h e r e f o r e l o w e r t h a n the i n t e n s i t y o f the Stokes 
l i n e s . 

The m o l e c u l a r energy l e v e l s c o r r e s p o n d to v i b r a t i o n a l and/or 
r o t a t i o n a l e x c i t a t i o n , sometimes a l s o e l e c t r o n i c e x c i t a t i o n 
( e l e c t r o n i c Raman e f f e c t ) . F i g . 1 shows as an example the Stokes 
Raman spectrum o f hydrogen c h l o r i d e H C l . At r i g h t , n e x t to the 
e x c i t i n g l i n e , we see the n e a r l y e q u i d i s t a n t l i n e s o f the r o t a 
t i o n a l Raman spectrum, o r i g i n a t i n g from Av=0, AJ=2 t r a n s i t i o n s , 
a t l e f t the s t r o n g Q-branch o f the v i b r a t i o n a l band ( A v = l , AJ=0), 
and next t o i t the l i n e s o f the S-branch ( A v = l , AJ=+2) and the 
O-branch (Av=l, AJ=-2). We see t h a t the v i b r a t i o n - r o t a t i o n 
Raman band d i f f e r s i n i t s appearance from the i n f r a r e d band, f o r 
which the s e l e c t i o n r u l e s a r e Av=l, AJ=±1 (R- and P - b r a n c h ) . 

Soon a f t e r the f i r s t Raman s p e c t r a o f l i q u i d s were p u b l i s h e d 
( 2 ) , Landsberg and Mandelstam (4) p r e s e n t e d the f i r s t l i g h t 
s c a t t e r i n g spectrum of a c r y s t a l , namely q u a r t z , and Ramdas (5) 
t h a t o f e t h y l e t h e r i n the vapor S t a t e . So i t was e s t a b l i s h e d 
w i t h i n a few months a f t e r the f i r s t d i s c o v e r y , t h a t the Raman 
e f f e c t i s a u n i v e r s a l phenomenon t h a t o c c u r s i n the gaseous, the 
l i q u i d , and the s o l i d S t a t e . 

Over 50 y e a r s have passed s i n c e t h e n and Raman s p e c t r o s c o p y 
has matured and found wide a p p l i c a t i o n , so t h a t i t i s the s u b j e c t 
of b i - a n n u a l i n t e r n a t i o n a l C o n f e r e n c e s ( 6 - 9 ) . 

The purpose o f t h i s a r t i c l e i s to g i v e a s t a t e - o f - t h e - a r t 
r e p o r t on the achievements and l i m i t a t i o n s o f l i n e a r Raman 
s p e c t r o s c o p y as a b a s i s f o r a b e t t e r u n d e r s t a n d i n g o f t h e non
l i n e a r Raman t e c h n i q u e s t h a t a r e the s u b j e c t o f the s c h o o l . 

I n the f i r s t p a r t the S t a t e o f the i n s t r u m e n t a l development 
w i l l be d e s c r i b e d r e g a r d i n g P h o t o g r a p h i e and p h o t o e l e c t r i c 



LINEAR RAMAN SPECTROSCOPY 

S 0 

jJÜLULüli I n . . . 

HCl 

ROT 

1 ! I I | 
1000 3000 cm 2000 

F i g . 1 Raman spectrum of hydrogen c h l o r i d e H C l . P r e s s u r e 
1 b a r , s l i t 2 cm"', time c o n s t a n t 1 s, s c a n n i n g 
speed 50 cm~Vmin, l a s e r power 800 mW a t 514.5 nm. 
Recorded by J ,G. Hochenbl.eicher. 

r e c o r d i n g , s i n g l e - c h a n n e l and m u l t i - c h a n n e l d e t e c t i o n , s h o r t 
time e x c i t a t i o n , m i c r o - s a m p l e , r o t a t i n g sample, and c a p i l l a r y 
c e l l t e c h n i q u e s . I n the second p a r t the e x p e r i m e n t a l methods 
f o r a c c u r a t e measurements o f wavenumbers, l i n e w i d t h s , d e p o l a r i -
z a t i o n r a t i o s and Raman s c a t t e r i n g c r o s s s e c t i o n s w i l l be 
re v i e w e d . Some s p e c i a l e f f e c t s w i l l be t r e a t e d i n the t h i r d 
p a r t : the resonance Raman e f f e c t (RRE), s u r f a c e enhanced Raman 
s c a t t e r i n g (SERS), the measurement o f c i r c u l a r i n t e n s i t y d i f f e -
r e n t a l s (CID), the e l e c t r o n i c Raman e f f e c t (ERE), and the stu d y 
o f e l ementary e x c i t a t i o n s i n c r y s t a l s . F i n a l l y we s h a l l t u r n t o 
examples f o r a p p l i c a t i o n s f o r the a n a l y s i s o f gas m i x t u r e s , 
remote Raman s p e c t r o s c o p y , the measurement o f t e m p e r a t u r e s , and 
a p p l i c a t i o n s i n geology, b i o l o g y , and m e d i c i n e . 

I n v i e w of the c o n t r a s t between the v a s t amount o f r e s u l t s 
and the l i m i t e d time and Space t h a t a r e a v a i l a b l e , the s e l e c t i o n 
o f examples w i l l be r a t h e r a c c i d e n t a l and i s based more on 
p e r s o n a l p r e f e r e n c e of the a u t h o r t h a n on s c i e n t i f i c m e r i t on 
some i m p a r t i a l s c a l e , and a p o l o g i e s a r e extended t o a l l who are 
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not mentioned. 

2. STATE OF INSTRUMENTAL DEVELOPMENT 

The i n t r o d u c t i o n of the l a s e r as l i g h t s o u r c e (10-13) has 
l e d to an upsurge of i n t e r e s t i n Raman s p e c t r o s c o p y and to a 
r a p i d development o f I n s t r u m e n t a t i o n . The p r e s e n t s t a t e - o f - t h e -
a r t w i l l be d e s c r i b e d i n the f o l l o w i n g . 

2.1. P h o t o g r a p h i c R e c o r d i n g • 

A l t h o u g h most Raman s p e c t r a a r e now r e c o r d e d by p h o t o -
e l e c t r i c t e c h n i q u e s , the P h o t o g r a p h i e p l a t e has s t i l l i t s m e r i t s 
f o r Raman s p e c t r a o f gases. I t a l l o w s t h e a c c u m u l a t i o n o f the 
a v a i l a b l e Raman s c a t t e r e d l i g h t o v e r l o n g exposure t i m e s and a 
v e r y p r e c i s e d e t e r m i n a t i o n o f wavenumbers. S i x i n s t r u m e n t s w i t h 
f o c a l l e n g t h s between 1mand 8 mare used f o r such i n v e s t i g a t i o n s 
i n Europe and N o r t h A m e r i c a and were d e s c r i b e d by B r o d e r s e n (14) 
and Weber (15) i n t h e i r r e v i e w a r t i c l e s . The b e s t r e s o l u t i o n 
a c h i e v e d was 0.05 cm"^ i n the Q-branch o f the v i b r a t i o n - r o t a t i o n 
band o f oxygen (16) by u s i n g s i n g l e mode argon i o n l a s e r e x c i t a 
t i o n and compensation of changes of a t m o s p h e r i c p r e s s u r e , d r i f t s 
of the l a s e r f r e q u e n c y , and m e c h a n i c a l d e f o r m a t i o n s o f the 
s p e c t r o g r a p h (17, 18). The s e n s i t i v i t y o f the P h o t o g r a p h i e 
p l a t e s i s u s u a l l y enhanced by p r e - b a k i n g i n a n i t r o g e n o r h y d r o -
gen atmosphere ( 1 9 ) . 

From the r o t a t i o n - v i b r a t i o n Raman bands of s e v e r a l i s o t o p i c 
m o l e c u l e s of n i t r o g e n ( 2 0 ) , oxygen ( 2 1 ) , and hydrogen (22-24) 
the e q u i l i b r i u m d i s t a n c e s were d e t e r m i n e d w i t h h i g h p r e c i s i o n 
and a r e p r e s e n t e d i n T a b l e 1. Another r e c e n t example f o r P h o t o 
g r a p h i e r e c o r d i n g i s the d e t e r m i n a t i o n o f the bond l e n g t h i n 
the ground S t a t e o f P^ as r Q = 222.28 ± 0.05 pm ( 2 5 ) . W i t h g r e a t 
c a r e i t i s a l s o p o s s i b l e to o b t a i n good i n t e n s i t y d a t a by the 
P h o t o g r a p h i e t e c h n i q u e ( 1 4 ) , and w i t h Computer e v a l u a t i o n o f 
the d a t a i t i s even p o s s i b l e to s e p a r a t e the p u r e l y i s o t r o p i c 
p a r t o f the Raman i n t e n s i t y , as has been demonstrated f o r the 
2v^ band o f methane ( 2 6 ) . But i n g e n e r a l p r e c i s e i n t e n s i t y 
measurements a r e e a s i e r to p e r f o r m w i t h the p h o t o e l e c t r i c 
t e c h n i q u e . 
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Table 1. E q u i l i b r i u m D i s t a n c e s o f N u c l e i i n I s o t o p i c S p e c i e s 
o f N i t r o g e n , Oxygen, and Hydrogen 

Sp e c i e s r
e ^ m Ref. 

1 4 N 2 109.7700 ± 0.0007 (20) 

1 4 N 1 5 N 109.7702 ± 0.0004 (20) 

1 5 N 2 109.7700 ± 0.0008 (20) 

J 6 0 2 120.754 ± 0.001 (16) 

120.754 ± 0.002 (21) 

1 7 0 2 120.754 ± 0.002 (21) 

1 7 0 1 8 0 120.754 ± 0.002 (21) 

1 8 0 2 120.756 ± 0.003 (21) 

!H 74.151 ± 0.002 (24) 

lH 2H 74.154 ± 0.002 (24) 

Vh 74. 149 ± 0.001 (23) 

2 H 2 74. 152 ± 0.001 (24) 

2H 3H 74.151 ± 0.002 (23) 

3 H 2 74.150 ± 0.001 (23) 
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2.2. S i n g l e - C h a n n e l P h o t o e l e c t r i c R e c o r d i n g 

A l l commercial Raman s p e c t r o m e t e r s a r e equipped f o r photo
e l e c t r i c r e c o r d i n g . Most of th e s e i n s t r u m e n t s c o n s i s t o f a 
p o w e r f u l l a s e r (argon o r k r y p t o n ) , a sample compartment w i t h 
p r o v i s i o n s f o r v a r i o u s a c c e s s o r i e s f o r d i f f e r e n t k i n d s o f 
samples, a double o r t r i p l e monochromator, o f t e n equipped w i t h 
h o l o g r a p h i c g r a t i n g s , a p h o t o m u l t i p l i e r as s i n g l e - c h a n n e l 
d e t e c t o r , and more and more f r e q u e n t l y a d e d i c a t e d Computer f o r 
s p e c t r o m e t e r s c a n n i n g and d a t a a c q u i s i t i o n . 

The Performance t h a t can be a c h i e v e d w i t h such an 
i n s t r u m e n t i s demonstrated here w i t h examples from the a u t h o r f s 
l a b o r a t o r y . F i g . 2 shows the pure r o t a t i o n a l Raman spe c t r u m o f 

H2(J) 29 18 16 14 2 10 8 S 4 2 0 

02(J) 2 7 2S 23 21 19 17 IS 3 1 1 9 7 S 3 1 

180 cm 120 60 0 

F i g . 2 Pure r o t a t i o n a l Raman spe c t r u m o f l a b o r a t o r y a i r . 
S l i t 0.25 cm""', time c o n s t a n t 0.5 s, s c a n n i n g speed 
4 cm"'/min, l a s e r power 7 W a t 514.5 nm ( 2 7 ) . 

a i r i n the l a b o r a t o r y (27) o b t a i n e d i n a s i n g l e s c a n . The two 
l i n e s o f n i t r o g e n and oxygen a t 60 cm""' a r e 0.67 cm - 1 a p a r t 
and a r e c l e a r l y r e s o l v e d u s i n g a s p e c t r a l s l i t w i d t h o f 0.25 cm""', 
which r e p r e s e n t s a p p r o x i m a t e l y the l i m i t o f r e s o l u t i o n o f 
commercial Raman s p e c t r o m e t e r s w i t h a f o c a l l e n g t h o f the o r d e r 
of I m . The s p i n s a t e l l i t e s of the R a y l e i g h l i n e a t 2 cm""' due 



LINEAR RAMAN SPECTROSCOPY 9 

to oxygen (28-30) a r e w e l l s e p a r a t e d from the e x c i t i n g l i n e , 
d e m o n s t r a t i n g the low s t r a y l i g h t l e v e l o f h o l o g r a p h i c g r a t i n g s . 
In CO2 the weak R-branch l i n e s a t 1.5 cm"' c o u l d a l s o be 
r e s o l v e d ( 3 1 ) . 

The s e n s i t i v i t y i s m a i n l y l i m i t e d by the r e f l e c t i v i t y o f 
the g r a t i n g s and m i r r o r s i n the monochromator and the quantum 
e f f i c i e n c y and dark c u r r e n t count r a t e o f the p h o t o m u l t i p l i e r . 
Phototubes w i t h a quantum e f f i c i e n c y of 20 t o 40 % and a dark 
count r a t e of 1 to 5 cps a t -30° C a r e a v a i l a b l e . The s i g n a l 
l e v e l can be i n c r e a s e d by i n t r a c a v i t y e x c i t a t i o n (12, 32) o r 
m u l t i p a s s i n g o f the l a s e r beam (33) and the s i g n a l - t o - n o i s e 
r a t i o by s i g n a l a v e r a g i n g t h r o u g h m u l t i p l e s c a n n i n g (34) w i t h 
a s t e p motor d r i v e o r Computer c o n t r o l o f the s p e c t r o m e t e r . 

I n s u f f i c i e n t r e p r o d u c i b i l i t y o f the g r a t i n g d r i v e o f a 
commercial double monochromator f o r the l a t t e r mode of O p e r a t i o n 
can be overcome by s t a r t i n g the m u l t i p l e scans a t the p o i n t o f 
s t e e p e s t s l o p e o f a c a l i b r a t i o n l i n e f r om a h o l l o w cathode lamp 
(35) and s c a n n i n g f o r a l i m i t e d ränge. F i g . 3 shows as example 
f o r t h i s k i n d o f O p e r a t i o n the Raman s p e c t r u m o f the c o m b i n a t i o n 
band V1+V4 of a c e t y l e n e ( 3 5 ) , w h i c h a l s o c o n t a i n s c o n t r i b u t i o n s 
from the and bands. The spe c t r u m was r e c o r d e d i n two 
p a r t s w i t h m u l t i s c a n n i n g 30 times each. W i t h an average count 
r a t e of 16 cps a r e s o l u t i o n o f 0.8 cm"' was a c h i e v e d , u s i n g a 
s p e c t r a l s l i t w i d t h of 0.5 cm"'. 

The p h o t o e l e c t r i c a l l y r e c o r d i n g Raman s p e c t r o m e t e r w i t h 
the b e s t r e s o l u t i o n (~0,07 cm -') was c o n s t r u c t e d by F l e t c h e r e t 
a l . (36, 37) around a monochromator w i t h a f o c a l l e n g t h o f 2 m 
and a 128 mmx254 mm r u l e d g r a t i n g . The r e s o l u t i o n i n the Q-
br a n c h of oxygen a t a p r e s s u r e o f 25o mbar (37) i s r a t h e r l i m i 
t e d by p r e s s u r e b r o a d e n i n g t h a n by the i n s t r u m e n t f u n c t i o n . 

2.3. M u l t i - C h a n n e l P h o t o e l e c t r i c D e t e c t i o n 

The m u l t i p l e x advantage of the P h o t o g r a p h i e p l a t e and the 
much h i g h e r quantum e f f i c i e n c y o f p h o t o e l e c t r i c d e t e c t o r s can 
be combined by the use o f image i n t e n s i f i e r s and t e l e v i s i o n 
cameras f o r the r e c o r d i n g of Raman s p e c t r a , a t e c h n i q u e which 
has been m a i n l y developed by Delhaye and B r i d o u x (38-40). 

Experiments w i t h c o n t i n u o u s and gated image i n t e n s i f i e r 
tubes (41) and w i t h a m u l t i c h a n n e l image i n t e n s i f i e r p l a t e (42, 
43) were a l s o performed i n the a u t h o r T s l a b o r a t o r y . F i g . 4 shows 
examples of r e c o r d i n g s o f the pure r o t a t i o n a l Raman spectrum o f 
oxygen a t a p r e s s u r e o f 1 bar w i t h d i f f e r e n t modes o f e x c i t a t i o n 
and d e t e c t i o n ( 4 1 ) . Spectrum A a t l e f t was e x c i t e d w i t h 50 mW 
o f a He-Cd l a s e r a t 441.6 nm and r e c o r d e d f o r 3s w i t h a 3-stage 
image i n t e n s i f i e r RCA 4549 and a t e l e v i s i o n camera w i t h a SEC 



4o6o 4o4o 4o2o 4ooo 398o 396o 394o 392o cm 

F i g . 3 Measured (exp.) and s i m u l a t e d ( c a l c . ) Raman spectrum o f the 'vj+v^ 1 band o f a c e t y l e n e . 
P r e s s u r e 1 b a r , s l i t 0.5 cm"', 30 scans averaged and Computer smoothed, l a s e r power 9 W 
a t 514.5 nm w i t h o p t i c a l m u l t i p a s s ( 3 5 ) . 
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wo so o c m - i l 0 0 so cm*' 100 

F i g . 4 Pure r o t a t i o n a l Raman spectrum of O 2 , P r e s s u r e 1 b a r . 
A: e x c i t e d w i t h 150 mJ a t 442 nm, B and C 3600 mJ a t 
532 nm ( 4 1 ) . See t e x t f o r d e t a i l s . 

tube. The t o t a l l a s e r energy r e q u i r e d to produce the spectrum 
was o n l y 150 mJ. S p e c t r a B i n the m i d d l e and C a t r i g h t were 
e x c i t e d w i t h 1800 l a s e r p u l s e s o f 2 mJ o f a f r e q u e n c y doubled 
Nd-YAG l a s e r a t 532 nm w i t h the i n t e n t i o n a l l y low r e p e t i t i o n 
r a t e of 1 Hz and r e c o r d e d w i t h a 3-stage image i n t e n s i f i e r RCA 
C 33047 BP1 and the same SEC camera. For spe c t r u m B the image 
i n t e n s i f i e r was gated open f o r 800 ns f o r e v e r y l a s e r p u l s e , 
so t h a t the t o t a l s a m p l i n g time amounts t o o n l y 1.4 ms and the 
dark c u r r e n t was s u p p r e s s e d , whereas f o r s p e c t r u m C the gate 
remained open f o r füll 30 min. and a s t r o n g background 
accumulated. Through replacement o f the SEC camera w i t h a SIT 
t e l e v i s i o n camera the s e n s i t i v i t y was i n c r e a s e d to be e q u i v a l e n t 
to photon c o u n t i n g w i t h a quantum e f f i c i e n c y o f 10 % ( 4 1 ) . Further 
experiments w i t h a m u l t i c h a n n e l image i n t e n s i f i e r p l a t e (L-4263 
from L i t t o n ) , w hich can be gated e a s i e r t h a n the 3-stage 
i n t e n s i f i e r tube, a l s o showed the p o s s i b i l i t y t o r e a c h s i n g l e 
photon c o u n t i n g s e n s i t i v i t y (42-44) w i t h t h e s e m u l t i - c h a n n e l 
d e t e c t i o n d e v i c e s , and a g a i n i n r e c o r d i n g time can be r e a l i z e d 
w h i c h i s equal to the number o f s p e c t r a l elements t h a t can be 
r e s o l v e d by the image i n t e n s i f i e r o r the t e l e v i s i o n camera, 
r e s p e c t i v e l y . 
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Freeman e t a l . (45) have used an ISIT t e l e v i s i o n camera and 
demonstrated a g a i n i n r e c o r d i n g speed by a f a c t o r o f 1000 over 
s i n g l e - c h a n n e l r e c o r d i n g . W i l b r a n d t e t a l . (46, 47) made use of 
a s i m i l a r d e t e c t i o n System, w h i c h i s i n t e g r a t e d i n t o an e l e c t r o -
o p t i c a l m u l t i c h a n n e l s p e c t r o m e t e r w i t h c o m p u t e r i z e d d a t a 
h a n d l i n g ( 4 8 ) , to r e c o r d the resonance Raman spectrum o f p-
t e r p h e n y l i n i t s t r a n s i e n t t r i p l e t S t a t e , w h i c h was produced by 
e l e c t r o n i r r a d i a t i o n , w i t h e x c i t a t i o n by a s i n g l e l a s e r p u l s e . 

S o l i d - s t a t e p h o t o d i o d e a r r a y s have now a t t a i n e d such a 
Standard o f Performance t h a t they can r e p l a c e t e l e v i s i o n cameras 
f o r r e c o r d i n g o f s p e c t r a . Surbeck, Hug e t a l . have used a 1024 
element l i n e a r a r r a y from R e t i c o n i n c o n n e c t i o n w i t h a concave 
g r a t i n g s p e c t r o g r a p h t o r e c o r d the Raman s p e c t r a o f n i c o t i n e 
and t o l u e n e (49) i n r e c o r d i n g times o f l e s s than 1 s and pure 
r o t a t i o n a l Raman s p e c t r a o f some gases (50) i n r e c o r d i n g times 
of 14 s w i t h 1 W of argon l a s e r e x c i t a t i o n . Comparison of the 
oxygen spectrum (50) w i t h t h a t i n F i g . 4A o f t h i s a r t i c l e shows, 
however, t h a t the ph o t o d i o d e a r r a y a l o n e has i n s u f f i c i e n t 
s e n s i t i v i t y to p r o v i d e s i n g l e photon c o u n t i n g e f f i c i e n c y . 

The a d d i t i o n o f an image i n t e n s i f i e r o p t i c a l l y c o u p l e d t o 
the d i o d e a r r a y e n abled B r i d o u x e t a l . (51) to r e c o r d a complete 
Raman spectrum o f I ^ S J Q as p o l y c r i s t a l l i n e powder w i t h e x c i t a t i o n 
by a s i n g l e 25 ps l a s e r p u l s e o f 1 mJ a t 532 nm. A double g r a t i n g 
foremonochromator w i t h s u b t r a c t i v e d i s p e r s i o n as bandpass f i l t e r 
p r o v i d e d the s t r a y l i g h t s u p p r e s s i o n r e q u i r e d f o r s o l i d samples, 
whereas r e c o r d i n g o f s i n g l e p i c o s e c o n d - p u l s e e x c i t e d Raman 
s p e c t r a of l i q u i d s had a l r e a d y been a c h i e v e d e a r l i e r ( 5 2 ) . 

2.4. M i c r o - S a m p l i n g Techniques 

The s m a l l e s t sample volume from w h i c h a Raman spectrum can 
be o b t a i n e d i s l i m i t e d by the s p o t s i z e t o w h i c h a l a s e r can be 
f o c u s e d , the power d e n s i t y w h i c h the sample can w i t h s t a n d , and 
the s e n s i t i v i t y o f the d e t e c t i o n System. Delhaye and Dhamelin-
c o u r t (53, 40, 54) and Rosasco e t a l . (55, 56) have d e v e l o p e d 
Raman mi c r o p r o b e i n s t r u m e n t s w i t h w h i c h samples o f a few um 
di a m e t e r can be i n v e s t i g a t e d w i t h l i t t l e d i f f i c u l t y . The 
c o m m e r c i a l l y a v a i l a b l e Raman mi c r o p r o b e MOLE a l l o w s to 
i n v e s t i g a t e a g i v e n sample i n f i v e s u c c e s s i v e S t e p s . F i r s t the 
sample i s viewed t h r o u g h a m i c r o s c o p e i n the l i g h t o f the 
e x c i t i n g l a s e r f r e q u e n c y and the p r o p e r f i e l d o f v i e w i s 
s e l e c t e d on a t e l e v i s i o n s c r e e n . I n a second Step the t o t a l 
Raman spectrum o f the viewed sample a r e a can be r e c o r d e d and the 
components i d e n t i f i e d t h r o u g h t h e i r c h a r a c t e r i s t i c Raman l i n e s . 
Then the l a s e r beam can be f o c u s e d on s m a l l S p o t s , e.g. 
c r y s t a l l i t e s or i n c l u s i o n s , and the Raman s p e c t r a of the s i n g l e 
components a re o b t a i n e d s u c c e s s i v e l y . To d e t e r m i n e the s p a t i a l 
d i s t r i b u t i o n o f a component the s p e c t r o m e t e r i s tuned t o a 
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c h a r a c t e r i s t i c Raman l i n e o f t h i s Compound and the sample a r e a 
i s seen i n the l i g h t o f t h i s l i n e o n l y . F i n a l l y the Raman 
sp e c t r u m of a s e l e c t e d a r e a can be r e c o r d e d i n the m u l t i - c h a n n e l 
mode o v e r a s p e c t r a l r e g i o n o f 100 cm"' and temp o r a l changes o f 
the sample c o m p o s i t i o n can be d e t e c t e d and c h e m i c a l r e a c t i o n s 
f o l l o w e d . Examples o f a p p l i c a t i o n s w i l l be g i v e n below. 

2.5. S p e c i a l Techniques 

F o r the. i n v e s t i g a t i o n o f resonance Raman s p e c t r a o f 
a b s o r b i n g S o l u t i o n s K i e f e r and B e r n s t e i n (57) have i n v e n t e d the 
r o t a t i n g sample t e c h n i q u e . Based on t h i s i d e a t e c h n i q u e s f o r 
s o l i d samples, f o r d i f f e r e n c e Raman s p e c t r o s c o p y , and f o r 
a u t o m a t i c s c a n n i n g o f the d e p o l a r i z a t i o n r a t i o and the r e v e r s a l 
c o e f f i c i e n t were d e v e l o p e d and d e s c r i b e d by K i e f e r (58) i n d e t a i l . 
F o r a combined a p p l i c a t i o n o f t h e s e t e c h n i q u e s r e c e n t l y a f o u r -
c h a n n e l p h o t o n - c o u n t e r was d e v e l o p e d (59) t o g e t h e r w i t h the 
a p p r o p r i a t e four-compartment r o t a t i n g c e l l ( 6 0 ) . Examples o f 
such a p p l i c a t i o n s w i l l be p r e s e n t e d below. 

A r o t a t i n g c e l l f o r o b t a i n i n g Raman s p e c t r a o f m i c r o 
samples (150 u l ) i n the b a c k s c a t t e r i n g geometry i s used by Rogers 
and Strommen (61) f o r resonance Raman i n v e s t i g a t i o n s o f b i o l o g i c a l 
Compounds w i t h UV e x c i t a t i o n . 

V e r y i n t e n s e Raman s p e c t r a o f l i q u i d s w i t h h i g h r e f r a c t i v e 
i n d e x can be o b t a i n e d by the l i q u i d c o r e o p t i c a l f i b e r t e c h n i q u e 
of W a l r a f e n and Stone ( 6 2 ) . E x p e r i m e n t a l i n v e s t i g a t i o n s have so 
f a r been made on benzene, where many new o v e r t o n e and combina-
t i o n bands were d e t e c t e d (62, 63, 58, 4 1 ) , and t e t r a c h l o r o -
e t h y l e n e (62, 41, 6 4 ) , where about 30 new second o r d e r Raman 
l i n e s were found. 

3. EXPERIMENTAL METH0DS 

3.1. Wavenumber Measurement 

The c a l i b r a t i o n o f the wavenumber s c a l e o f Raman s p e c t r o 
meters i s u s u a l l y performed w i t h Fe (65) or Th (66, 67) h o l l o w 
cathode lamps. Wavelengths measured i n a i r have t o be c o n v e r t e d 
to vacuum wavenumbers ( 6 8 ) . 

Fo r the e v a l u a t i o n o f p h o t o g r a p h i c a l l y r e c o r d e d Raman 
s p e c t r a B r o d e r s e n and Be n t s e n (69) use an i n t e r p o l a t i o n f o r the 
l i n e p o s i t i o n s w i t h a p o l y n o m i a l o f 4 t h o r d e r , the t h r e e h i g h e s t 
c o e f f i c i e n t s o f which were de t e r m i n e d as f u n c t i o n o f the g r a t i n g 
a n g l e from 60 sp e c t r o g r a m s . The p r e c i s i o n t h a t can be a c h i e v e d 
i s 0.002 to 0.005 cm"^ f o r r e l a t i v e l i n e p o s i t o n s and 0.02 cm~' 
on an a b s o l u t e s c a l e (14) and i s r e f l e c t e d i n the d a t a o f N 2 i n 
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T a b l e 1. 

Sm a l l l i n e s h i f t s due t o s o l v e n t e f f e c t s can be a c c u r a t e l y 
d etermined by d i f f e r e n c e Raman s p e c t r o s c o p y (70, 58, 71, 72). 
Any e r r o r s a r i s i n g from the wavenumber s c a n n i n g a r e a v o i d e d by 
r a p i d r o t a t i o n o f a two-compartment sample c e l l c o n t a i n i n g 
S o l u t i o n and s o l v e n t , r e s p e c t i v e l y , so t h a t the Raman s p e c t r a o f 
b o t h samples a r e e x c i t e d n e a r l y s i m u l t a n e o u s l y and the c o r r e s -
p o n d i n g s i g n a l s a r e counted i n two Channels o f a photon c o u n t i n g 
System and s u b t r a c t e d from each o t h e r . S m a l l s o l v e n t s h i f t s o f 
Raman l i n e s r e s u l t i n a d e r i v a t i v e - l i k e shape i n the d i f f e r e n c e 
spectrum from which wavenumber s h i f t s can be d e t e r m i n e d w i t h a 
p r e c i s i o n o f up to 0.01 cm""' i n f a v o r a b l e c ases ( 7 1 ) . The 
te c h n i q u e has been a p p l i e d t o m i x t u r e s o f C S 2 i n benzene, P y r i 
d i n e i n benzene, and C h l o r o f o r m i n acetone ( 7 2 ) . The i s o t o p i c 
s h i f t o f the V£=261 cm""' Raman band of l i q u i d C h l o r o f o r m upon 
d e u t e r i u m S u b s t i t u t i o n was measured t o be (1.05±0.08) cm"' (73) 
and a l s o l i n e s h i f t s upon i s o t o p i c d i l u t i o n were s t u d i e d i n 
C h l o r o f o r m ( 7 4 ) . 

3.2. L i n e w i d t h Measurement 

The l i n e shapes and l i n e w i d t h s i n Raman s p e c t r a a r e 
dete r m i n e d by the l i f e t i m e s o f the m o l e c u l a r s t a t e s and can 
t h e r e f o r e be used t o stu d y i n t e r m o l e c u l a r f o r c e s and i n t e r -
a c t i o n s . S r i v a s t a v a and Z a i d i (75) have r e v i e w e d t h e o r e t i c a l 
and e x p e r i m e n t a l s t u d i e s on l i n e b r o a d e n i n g i n gases by 
c o l l i s i o n s . Because the i n s t r u m e n t a l w i d t h has t o be s i g -
n i f i c a n t l y narrower than the p r o f i l e t o be measured, l i n e w i d t h s 
below 2 cm"' can o n l y be d e t e r m i n e d w i t h i n t e r f e r o m e t r i c 
t e c h n i q u e s (76, 77). The n a r r o w e s t l i n e w i d t h found i n a l i q u i d 
was 0.067 cm"' f o r l i q u i d n i t r o g e n ( 7 6 ) . I n low p r e s s u r e gases 
D o p p l e r b r o a d e n i n g becomes the d o m i n a t i n g p r o c e s s f o r the l i n e 
w i d t h and f o r w a r d s c a t t e r i n g has the advantage o f the s m a l l e s t 
momentum t r a n s f e r (77, 78). I n g e n e r a l , the p r o f i l e o f a Raman 
band i s a V o i g t f u n c t i o n , a c o n v o l u t i o n o f a L o r e n t z i a n and a 
Ga u s s i a n p r o f i l e ( 7 9 ) . 

3.3. D e p o l a r i z a t i o n R a t i o Measurement 

The d e p o l a r i z a t i o n r a t i o o f a Raman l i n e v. i s 

where a j , the l i n e a r a v e r a g e , and Yj > the a n i s o t r o p y , a r e the 
i n v a r i a n t s o f the d e r i v e d p o l a r i z a b i l i t y t e n s o r . p: i s 

J 

(5) 
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measured by f o r m i n g the r a t i o o f the component o f the s c a t t e r e d 
i n t e n s i t y t h a t i s p o l a r i z e d p e r p e n d i c u l a r to the p o l a r i z a t i o n 
o f the i n c i d e n t l a s e r , I i i , t 0 t h a t p o l a r i z e d p a r a l l e l t o i t , 
IjU . Allemand (80) has l i s t e d and t e s t e d e i g h t d i f f e r e n t 
v a r i a n t s of t h i s measurement. When s m a l l d e p o l a r i z a t i o n r a t i o s 
a r e t o be measured a c c u r a t e l y , d i v e r g e n c e e r r o r s have t o be 
t a k e n i n t o account ( 8 1 ) . 

K i e f e r and Topp (82) have shown, how I_L, I j | , and p can be 
r e c o r d e d s i m u l t a n e o u s l y by c h a n g i n g the p o l a r i z a t i o n p l a n e o f 
the i n c i d e n t l a s e r beam w i t h a r o t a t i n g s p l i t p o l a r i z a t i o n 
r o t a t o r , c o u n t i n g the s i g n a l s a l t e r n a t e l y i n t o the two Channels 
o f a photon c o u n t e r , and d i v i d i n g them e l e c t r o n i c a l l y . 

I n some cases the p o l a r i z a b i l i t y t e n s o r may not be Symmetrie, 
e.g. i n resonance Raman s p e c t r a (83) and the e l e c t r o n i c Raman 
e f f e c t ( 8 4 ). Then the d e p o l a r i z a t i o n r a t i o i s 

2 2 3y. + 567 
P. « - \ — v • ( 6 ) 

J 45a7 + 4yf 
J J 

2 
where 6j i s the a n t i s y m m e t r i c a n i s o t r o p y o f the d e r i v e d 
p o l a r i z a b i l i t y t e n s o r . The r e l a t i v e magnitude o f the t h r e e 
i n v a r i a n t s can now o n l y be d e t e r m i n e d by an a d d i t i o n a l measure
ment o f the r e v e r s a l c o e f f i c i e n t f o r c i r c u l a r l y p o l a r i z e d l i g h t 

«T? 
P = j (1) 
i 2 2 2 ' K J 

J 45a7 + y- + 567 J J J 
w h i c h i s o b t a i n e d i n a 180° b a c k s c a t t e r i n g geometry as the r a t i o 
o f the c o - r o t a t i n g and the c o n t r a - r o t a t i n g i n t e n s i t i e s I c Q and 
^ c o n t r a * K i e f e r and N i t s c h (85) have d e s c r i b e d , how the r e v e r s a l 
c o e f f i c i e n t can a l s o be r e c o r d e d d i r e c t l y . 

O f t e n i t i s u s e f u l to o b t a i n s e p a r a t e l y the i s o t r o p i c and 
the a n i s o t r o p i c P a r t of the i n t e n s i t y . T h i s can be done by 
s u b t r a c t i n g I j ] / ^ / 3 ~ 4yj from Ijjj -45a • + 4yj e i t h e r i n a 
Computer (86) o r by d i r e c t s c a n n i n g ( 8 / ) . The l a t t e r t e c h n i q u e 
has been a p p l i e d t o the d e t e c t i o n o f weak Q-branches o f i s o t o p i c 
s p e c i e s and hot bands i n CO2 (87-89). 

R e c e n t l y a f o u r - c h a n n e l photon c o u n t i n g System was 
d e v e l o p e d (59) i n o r d e r to be a b l e t o combine the t e c h n i q u e s 
o f d i r e c t s c a n n i n g o f the d e p o l a r i z a t i o n r a t i o o r the i s o t r o p i c 
p a r t o f the i n t e n s i t y w i t h the method o f d i f f e r e n c e Raman 
s p e c t r o s c o p y ( 9 0 ) . F i g . 5 shows two examples o f i t s a p p l i c a t i o n 
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to a st u d y o f the v j and V15 bands o f benzene i n m i x t u r e s ( 9 0 ) . 
Samples A and B i n F i g . 5a a r e m i x t u r e s o f 0.6 and 0.33 mole 
f r a c t i o n s of C S 2 i n benzene, r e s p e c t i v e l y , w h i l e C i s pure 
benzene and D i s pure C S 2 . From the Raman d i f f e r e n c e s p e c t r a 
A-C. B-C, and A-B wavenumber s h i f t s o f -1.26, -0.54, and -0.68 
cm are e v a l u a t e d f o r V ] . I n F i g . 5b t r a c e BZ II i s the p a r a l l e l 
p o l a r i z e d component of pure benzene - d 0 , MX II the p a r a l l e l 
component o f benzene - d Q i n a 1:1 m i x t u r e w i t h benzene -dß, BZ 
i s o the i s o t r o p i c p a r t of the v j band i n pure benzene - d Q , B Z l 
the a n i s o t r o p i c p a r t o f the i n t e n s i t y (x2) f o r pure benzene - d Q 

c l e a r l y showing the d e p o l a r i z e d VJ5 band a t 3045 cm -', and the 
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l a s t t r a c e i s the d i f f e r e n c e s p e c t r u m between the i s o t r o p i c 
components of the m i x t u r e and pure benzene - d Q g i v i n g a 
wavenumber s h i f t o f +0.34 cm"' i n the m i x t u r e . 

3.4. Measurement o f Raman S c a t t e r i n g Cross S e c t i o n s 

A r e v i e w o f Raman s c a t t e r i n g c r o s s s e c t i o n s i n gases and 
l i q u i d s has been p u b l i s h e d r e c e n t l y (91) and o n l y a s h o r t 
summary i s g i v e n h e r e . The t o t a l d i f f e r e n t i a l Raman s c a t t e r i n g 
c r o s s s e c t i o n of a v i b r a t i o n a l - r o t a t i o n a l band V j e x c i t e d by a 
l a s e r l i n e w i t h the wavenumber v Q i s 

da. 2 (v - v . ) 4 b 2
 0 0 

_ J . . * . _ 2 _ J J g . ( 4 5 a 2 + 7 y 2 ) , (8) 
dQ 45e l-exp ( - h c v . / k T ) J J J 

where bj=h/(87r cv-) i s the Square o f the z e r o - p o i n t a m p l i t u d e , 
gj t he degree o f aegeneracy o f the normal V i b r a t i o n V j , e Q the 
p e r m i t t i v i t y of f r e e space, k B o l t z m a n n f s c o n s t a n t , and T the 
a b s o l u t e t emperature. 

The a b s o l u t e d i f f e r e n t i a l Raman s c a t t e r i n g c r o s s s e c t i o n 
o f t h e Q-branch of n i t r o g e n has the w e l l e s t a b l i s h e d v a l u e (91) 

= (5.05 ± 0.1). 1 0 " 4 8 (v -v_ ) 4 S L . , 
au Q, N 2 o ^2 s r 

-1 4 where i s 2331 cm . The v a l i d i t y o f the v -law was c o n f i r m e d 
f r om 350 to 630 nm w i t h i n e x p e r i m e n t a l a c c u r a c y . 

Most s c a t t e r i n g c r o s s s e c t i o n s o f o t h e r Raman bands were 
measured a g a i n s t the n i t r o g e n Q-branch as S t a n d a r d . T h e r e f o r e 
the r e l a t i v e n o r m a l i z e d d i f f e r e n c t i a l Raman s c a t t e r i n g c r o s s 
s e c t i o n 

-4 
do./dü (v -v.) hcv. 

z r ^ ; , T J ^ ' i l ^ - ^ » ' ( 9 ) 

_ v N 2 g . ( 4 5 a ? + 7 X j Y ? ) 

V j 4 5 a N 2
+ 7 \ \ 
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was d e f i n e d ( 9 1 ) , where x j denotes the f r a c t i o n o f the a n i s o -
t r o p i c s c a t t e r i n g which i s c o n c e n t r a t e d i n the Q-branch o f the 
Raman band. 

Averages o f e x p e r i m e n t a l l y d e t e r m i n e d r e l a t i v e n o r m a l i z e d 
d i f f e r e n t i a l Raman s c a t t e r i n g c r o s s s e c t i o n s f o r s e l e c t e d gases 
are g i v e n i n T a b l e 2. The v a l u e f o r cyanogen (92, 91) had been 
o m i t t e d from the l a s t p u b l i s h e d c o m p i l a t i o n (44) and a new v a l u e 
f o r a c e t y l e n e (93) has been i n c l u d e d i n the average. The d a t a 
from which the averages i n T a b l e 2 were c a l c u l a t e d agree w i t h 
one a n o t h e r to w i t h i n ±2o % w i t h few e x c e p t i o n s , among t h e s e 
the r e s u l t s f o r benzene, where the r e s u l t s o f d i f f e r e n t measure-
ments v a r y by as much as ±5o %. 

4. SPECIAL EFFECTS IN LINEAR RAMAN SPECTROSCOPY 

4.1. Resonance Raman E f f e c t 

When the f r e q u e n c y o f the e x c i t i n g r a d i a t i o n i s c l o s e t o an 
a b s o r p t i o n f r e q u e n c y o f the s c a t t e r i n g System, the t r a n s i t i o n 
p r o b a b i l i t y f o r t h e two-photon s c a t t e r i n g p r o c e s s i s enhanced 
and we speak of a resonance Raman e f f e c t (RRE). The f i r s t 
e x p e r i m e n t a l O b s e r v a t i o n was made by S h o r y g i n (94) i n 1947. 
T h e o r i e s and e x p e r i m e n t a l i n v e s t i g a t i o n s o f the RRE have been 
the s u b j e c t o f many r e v i e w a r t i c l e s (e.g. 95-97). When the 
resonance o c c u r s w i t h a d i s c r e t e energy l e v e l , one speaks o f a 
d i s c r e t e RRE, when the r e s o n a t i n g S t a t e i s i n an a b s o r p t i o n 
continuum, o f a continuum RRE ( 9 7 ) . 

The c h a r a c t e r i s t i c f e a t u r e s o f the RRE can be s t u d i e d 
p a r t i c u l a r l y w e l l i n the d i a t o m i c m o l e c u l e s i o d i n e and bromine. 
B a i e r l and K i e f e r (98) have r e c e n t l y s i m p l i f i e d the t h e o r y o f 
the RRE f o r d i a t o m i c m o l e c u l e s by u s i n g s p h e r i c a l t e n s o r s and 
Wigner 3-j Symbols, and c a l c u l a t e d t he band p r o f i l e s o f t h e 
continuum resonance Raman bands i n bromine and i o d i n e i n 
e x c e l l e n t agreement w i t h the e x p e r i m e n t a l d a t a ( 9 9 ) . A f u r t h e r 
s i m p l i f i c a t i o n and e l u c i d a t i o n o f the t h e o r y o f RRE i s p o s s i b l e 
through the a p p l i c a t i o n o f the 6 - a p p r o x i m a t i o n o r " r e f l e c t i o n " 
method (100) to two-photon p r o c e s s e s ( 1 0 1 ) . 

I n the d i s c r e t e RRE, wh i c h has p r e v i o u s l y been termed 
resonance f l u o r e s c e n c e , s i n g l e r o t a t i o n a l t r a n s i t i o n s a r e 
enhanced p a r t i c u l a r l y upon e x a c t resonance and the s p e c t r a 
c o n s i s t o f v e r y Sharp l i n e s . Very r e c e n t l y K i r i l l o v e t a l . (102) 
have r e s o l v e d two l i n e s i n the fundamental band o f i o d i n e v a p o r 
a t 213 cm""' t h a t a r e 190 MHz = 0.006 cm"*' a p a r t , u s i n g a p r e s s u r e 
of 0.3 mbar. 
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Tab l e 2. Average R e l a t i v e N o r m a l i z e d D i f f e r e n t i a l Raman 
S c a t t e r i n g C r o s s S e c t i o n s E. f o r Q-branches o f 
V i b r a t i o n a l Bands. ^ 

) l e c u l e v_.(cm ") Z. 
J 

M o l e c u l e V j ( c m ) Z. 
J 

2331 1 °3 1 103 3* 

°? 1555 1.04 SO. 1151 3.99* 
z Z 519 0.08 

H 4156 3.86 
Z C H 1973 6.20 

2986 2.53 z z 
Z C N 2330 11.9t 

F 2 893 0.32 Z Z 
z NH Q 3334 5.83 

C l 554 2.25 J 
z ND 0 2420 3.06 

HF 3962 1.34 5 

CH 2917 8.55 
HCl 2886 3. 10 H 

CC1 459 6.45* 
HBr 2558 4.42 

774 3.60 
HI 2230 5.80 D 

U F 6 665 12.6 
CO 2143 0.93 D 

3020 6.4 
NO 1877 0.33 Z H 1623 

1342 
2.12 
2.8 

C0 0 1388 1.13 
z 1285 0.75 C 2 H 3 C 1 1632 1.65* 

N o0 2224 0.50 CH o0H 2846 4.7 
z 1285 1.98 

c ? H f i 993 1 .72 
H o0 3652 3.51 Z o 
z 1595 0.008 C 6 H 6 3070 

992 
14.4 
11.7 

H 0S 2611 6.80 
z 

C 6 H 1 2 802 4.03 

*Average taken o n l y f o r v i s i b l e e x c i t i n g l i n e s 
t C r o s s s e c t i o n f o r t o t a l band 
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I n S o l u t i o n s the RRE l e a d s not so much t o v e r y h i g h 
i n t e n s i t i e s i n the obs e r v e d s p e c t r a because o f the c o m p e t i t i o n 
of a b s o r p t i o n , but to the p o s s i b i l i t y to d e t e c t the s p e c t r a of 
a b s o r b i n g s p e c i e s a t v e r y h i g h d i l u t i o n w i t h o u t s e r i o u s i n t e r -
f e r e n c e from s p e c t r a o f o t h e r d i s s o l v e d s p e c i e s and the s o l v e n t . 
A r e c e n t example i s the i n v e s t i g a t i o n o f the p r o d u c t i o n o f 
transient r a d i c a l c a t i o n s o f 1,4-dimethoxybenzeneand d i a z a b i c y c l o -
octane i n S o l u t i o n a t c o n c e n t r a t i o n s o f 10"^ t o 10"^ mol/1 i n a 
s t o p p e d - f l o w experiment w i t h a m u l t i - c h a n n e l Raman s p e c t r o m e t e r 
u s i n g r e c o r d i n g times o f 20 ms o r by r a p i d m i x i n g and r a p i d 
s c a n n i n g w i t h a s i n g l e - c h a n n e l s p e c t r o m e t e r u s i n g s c a n n i n g times 
of 2 s f o r a ränge of 400 cm"1 ( 1 0 3 ) . 

4.2. S u r f a c e Enhanced Raman S p e c t r o s c o p y 

When c e r t a i n p o l a r m o l e c u l e s , such as p y r i d i n e , a r e 
adsorbed on the rough s u r f a c e o f m e t a l s l i k e s i l v e r , g o l d , o r 
copper, the Raman s c a t t e r i n g c r o s s s e c t i o n o f some normal modes 
i s enhanced by f a c t o r s o f 10^ t o 10^ compared to s c a t t e r i n g from 
an i s o l a t e d m o l e c u l e ( 1 0 4 ) . A l l attempts to e x p l a i n t h i s e f f e c t , 
see f o r i n s t a n c e a number o f papers i n Ref. ( 9 ) , have so f a r 
f a i l e d t o r e a c h q u a n t i t a t i v e agreement w i t h t h i s enormous f a c t o r 
(105, 106). S u r f a c e enhanced Raman s c a t t e r i n g (SERS) has a l s o 
been observed on n i c k e l (107) and cadmium (108) s u r f a c e s . 

4.3. C i r c u l a r I n t e n s i t y D i f f e r e n t i a l s 

Raman o p t i c a l a c t i v i t y (109, 110) has been d e t e c t e d i n the 
Raman s p e c t r a of c h i r a l m o l e c u l e s . Many o f the e a r l y i n v e s t i g a 
t i o n s of the c i r c u l a r i n t e n s i t y d i f f e r e n t i a l s (CID) 

, (10) 

where I R and I I a r e the s c a t t e r e d i n t e n s i t i e s i n r i g h t and l e f t 
c i r c u l a r l y p o l a r i z e d l i g h t , were p l a g u e d by o p t i c a l a r t e f a c t s 
caused by i m p e r f e c t i o n s i n the p o l a r i z i n g o p t i c s , r e s i d u a l 
b i r e f r i n g e n c e i n o p t i c a l e l e m e n t s , and r e f r a c t i o n s a t a n g l e d 
s u r f a c e s . Hug (111) has e l i m i n a t e d most o f t h e s e a r t e f a c t s i n 
h i s m u l t i - c h a n n e l Raman o p t i c a l a c t i v i t y s p e c t r o m e t e r (112) by 
c o l l e c t i n g the s c a t t e r e d l i g h t s i m u l t a n e o u s l y by two c o l l e c t i n g 
l e n s e s i n d i r e c t i o n s o f 90° to the i n c i d e n t l a s e r beam and to 
each o t h e r . With t h i s s p e c t r o m e t e r v i b r a t i o n a l Raman o p t i c a l 
a c t i v i t y s p e c t r a c o u l d be r e c o r d e d a l s o i n p e r p e n d i c u l a r p o l a r i 
z a t i o n (112) and i n v e s t i g a t i o n s on s t e r e o c h e m i c a l problems were 
c a r r i e d out (112, 113). I n s t e a d of the C I D d e f i n e d i n eq. (10) 
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Hug and coworkers (111, 112) have d e f i n e d the c h i r a l i t y numbers 

where da denotes the d i f f e r e n t i a l Raman s c a t t e r i n g c r o s s 
s e c t i o n , i n o r d e r to a c h i e v e b e t t e r c o n s i s t e n c e w i t h the n o t a t i o n 
used i n n a t u r a l and i n d u c e d o p t i c a l a c t i v i t y . 

4.4. E l e c t r o n i c Raman E f f e c t 

The e l e c t r o n i c Raman e f f e c t (ERE) was d i s c o v e r e d as e a r l y 
as 1930 by R a s e t t i (114) i n NO wh i c h has a d o u b l y degenerate 
e l e c t r o n i c ground S t a t e . The e l e c t r o n i c Raman band a t 124 cm""' 
was l a t e r i n v e s t i g a t e d w i t h h i g h r e s o l u t i o n (115, 116). 

E l e c t r o n i c Raman t r a n s i t i o n s between t h e low l y i n g energy 
l e v e l s o f f - e l e c t r o n s i n r a r e e a r t h i o n s were s t u d i e d m a i n l y by 
K o n i n g s t e i n e t a l . (117, 118). The ERE i s a l s o found f o r d-
e l e c t r o n s i n t r a n s i t i o n m e t a l s (118) and u n u s u a l l y h i g h Raman 
s h i f t s up to 12 600 cm"' were found i n N i i o n s ( 1 1 9 ) . 

A l s o the s c a t t e r i n g from c a r r i e r s i n s e m i c o n d u c t o r s has 
been t h o r o u g h l y i n v e s t i g a t e d ( 1 2 0 ) . 

4.5. E l e m e n t a r y E x c i t a t i o n s i n C r y s t a l s 

The e x c i t a t i o n o f the Raman s p e c t r a o f c r y s t a l s w i t h the 
h i g h l y c o l l i m a t e d l a s e r r a d i a t i o n l e d t o an enormous number 
of i n v e s t i g a t i o n s on o p t i c a l and a c o u s t i c a l phonons, p o l a r i t o n s , 
Plasmons, p l a s m a r i t o n s , magnons, e x c i t o n s e t c . and on phase 
t r a n s i t i o n s which have been the s u b j e c t o f a s e r i e s o f Conferences 
(121-123) and of comprehensive books and r e v i e w s ( 1 2 4 - 1 2 8 ) . The 
t h e o r y of d i r e c t i o n a l d i s p e r s i o n o f phonons and p o l a r i t o n s was 
r e c e n t l y g e n e r a l i z e d by C l a u s e t a l . (128-132) t o i n c l u d e mono-
c l i n i c and t r i c l i n i c c r y s t a l s . 

5. APPLICATIONS 

Because of l i m i t a t i o n s i n space and time o n l y a few f u r t h e r 
a p p l i c a t i o n s o f l i n e a r Raman s p e c t r o s c o p y can be mentioned. 

5.1. A n a l y s i s of Gas M i x t u r e s 

d u 
( L d ö y ( l + R d a, j I)/2 

C o n c e n t r a t i o n s and the tempe r a t u r e i n gas m i x t u r e s 
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i n c l u d i n g flames can me measured w i t h s p a t i a l and tem p o r a l 
r e s o l u t i o n (133-135). The c o n c e n t r a t i o n measurements are based 
on known Raman s c a t t e r i n g c r o s s s e c t i o n s (91) or on c a l i b r a t i o n . 

B l a c k and Chang (136) used a m u l t i - c h a n n e l Raman s p e c t r o 
meter f o r the d e t e r m i n a t i o n of t r a n s i e n t gas c o n c e n t r a t i o n 
p r o f i l e s i n a j e t of C F 2 C I 2 emerging from a n o z z l e , a n d of 
temperatures i n H 2 ~ a i r and H2-O2 f l a m e s . The temperature 
d e t e r m i n a t i o n from the CO2 Raman spectrum poses a s p e c i a l 
p roblem because o f the i n f l u e n c e o f Fermi resonance on the 
Raman i n t e n s i t i e s ( 137). Finsterhölzl e t a l . (138) have c a l c u l a 
te d the i n t e n s i t i e s o f the h o t bands i n CO2 f o r te m p e r a t u r e s up 
to 3000 K based on parameters o b t a i n e d from room te m p e r a t u r e 
measurements (27, 88, 8 9 ) . 

The e q u i l i b r i u m between monomeric and d i m e r i c a c e t i c a c i d 
i n the gas phase has been s t u d i e d by Gauf r e s e t a l . (139) as a 
f u n c t i o n of temperature and p r e s s u r e . 

Raman s p e c t r o s c o p y w i t h p u l s e d l a s e r s has a l s o been used 
f o r the remote a n a l y s i s of a i r p o l l u t a n t s , h u m i d i t y , and 
temperature (140, 4 4 ) . W i t h e x c i t a t i o n by a q u a d r u p l e d Nd-YAG 
l a s e r a t 266 nm water vapor d e n s i t y p r o f i l e s have been measured 
i n füll d a y l i g h t (141, 142) up t o a h e i g h t of 1000 m. 

The p r e s s u r e and temperature i n an exp a n d i n g m o l e c u l a r - j e t -
beam have been d e t e r m i n e d down t o 18 mbar and 30 K from the 
i n t e n s i t y d i s t r i b u t i o n i n the pure r o t a t i o n a l Raman spe c t r u m o f 
CO2 e x c i t e d i n the c a v i t y o f an argon i o n l a s e r ( 1 4 3 ) . I s o t o p e 
r a t i o measurements of 

1 5 N / 1 
% and 1 8 0 / 1 6 0 r a t i o s i n a i r samples 

r e s u l t e d i n good agreement w i t h mass s p e c t r o m e t r i c d e t e r m i n a t i o n s 
(144). 
5.2. A p p l i c a t i o n s of Raman M i c r o A n a l y s i s 

12 16 
I n b u b b l e s i n c l u d e d i n m i n e r a l s Raman l i n e s f r om C O2 , 

1 3 C 1 6 0 2 , and 1 2 C 1 6 0 , 8 0 were d e t e c t e d ( 1 4 5 ) . On the b a s i s o f 
r e l a t i v e c r o s s s e c t i o n s o f t h e s e l i n e s (138) a d e t e r m i n a t i o n of 
the i s o t o p e r a t i o s 1 3 C / 1 2 C and , 80/> D 0 i n samples o f g e o l o g i c a l 
i n t e r e s t w i l l be p o s s i b l e w i t h o u t d e s t r u c t i o n o f the sample. 

I n the a p p l i c a t i o n s l a b o r a t o r y o f I n s t r u m e n t s S.A. examples 
of r e s u l t s o b t a i n a b l e w i t h the Raman mrcroprobe MOLE have been 
worked o u t . F o r i n s t a n c e , d u s t samples form a super-highway and 
i n c l u s i o n s i n gems and p l a s t i c f i l m s were a n a l y z e d . The i d e n t i f i -
c a t i o n o f w o l l a s t o n i t e and t h e - d i s t r i n c t i o n o f c a l c i t e and 
a r a g o n i t e a r e a l s o p o s s i b l e . 
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5.3. A p p l i c a t i o n s i n B i o l o g y and M e d i c i n e 

B i o l o g i c a l Systems can be s t u d i e d by Raman s p e c t r o s c o p i c 
t e c h n i q u e s w i t h r e l a t i v e ease, because w a t e r shows o n l y a weak 
and s t r u c t u r e l e s s spectrum i n c o n t r a s t t o i t s s t r o n g i n f r a r e d 
a b s o r p t i o n . Moreover the RRE i s h e l p f u l f o r the d e t e c t i o n o f 
substances w i t h chromophoric groups as he m o g l o b i n , c a r o t e n e , 
C h l o r o p h y l l , r h o d o p s i n and so on. A g r e a t number o f Systems has 
been i n v e s t i g a t e d , see papers i n R e f s . ( 7 - 9 ) . The Raman 
s p e c t r o s c o p i c s t u d i e s of v i s u a l pigments and t h e i r r o l e i n the 
mechanism o f v i s i o n has been the s u b j e c t o f a p a n e l S e s s i o n a t 
the l a s t Raman Conference (146). A n i c e example f o r a b i o l o g i c a l 
a p p l i c a t i o n i s the e x c i t a t i o n o f the RRE o f l o b s t e r s h e l l 
pigments i n s i t u (147). 

I n d i c a t i o n s f o r an enhancement of the p o p u l a t i o n o f 
v i b r a t i o n a l l e v e l s o f c a r o t e n o i d m o l e c u l e s i n l i v i n g a l g a e 
" C h o r e l l a p y r e n o i d o s a " above the e q u i l i b r i u m room temperature 
p o p u l a t i o n have been found by D r i s s l e r ( 1 4 8 ) . 

The a p p l i c a t i o n of Raman s p e c t r o s c o p y i n m e d i c i n e i s o n l y 
j u s t b e g i n n i n g . The i n f l u e n c e of oxygen S a t u r a t i o n on the 
resonance Raman spectrum o f whole human b l o o d has been i n v e s t i 
gated by A l b r e c h t and B r e i t i n g e r ( 1 4 9 ) . The c o n c e n t r a t i o n o f 
oxygen, n i t r o g e n , and carbon d i o x i d e i n r e s p i r a t o r y gases can be 
measured i n a m u l t i p a s s - c e l l w i t h r e l a t i v e l y low l a s e r power 
employing i n t e r f e r e n c e f i l t e r s f o r s p e c t r a l r e s o l u t i o n ( 1 5 0 ) . A 
pa n e l S e s s i o n on b i o m e d i c a l a p p l i c a t i o n s i s p l a n n e d f o r the 
next Raman Conference. 

6. C0NCLUSI0N 

I n t h i s r e v i e w i t has been t r i e d t o o u t l i n e the b a s i c 
p r i n c i p l e s of l i n e a r Raman s p e c t r o s c o p y and t o p o i n t out the 
p o s s i b i l i t i e s and l i m i t a t i o n s f o r i t s a p p l i c a t i o n i n v a r i o u s 
f i e l d s . The f o l l o w i n g c h a p t e r s w i l l t r e a t i n much g r e a t e r d e t a i l 
the new n o n - l i n e a r t e c h n i q u e s t h a t have opened new f r o n t i e r s f o r 
Raman s p e c t r o s c o p y . 
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1. INTRODUCTION 

Due t o the complementary n a t u r e o f i n f r a r e d and Raman 
s p e c t r o s c o p y f o r s t u d y i n g t h e v i b r a t i o n a l and r o t a t i o n a l 
e n e r g i e s of m o l e c u l e s , i t i s i n t e r e s t i n g t o compare t h e two 
t e c h n i q u e s i n terms o f sample h a n d l i n g , I n s t r u m e n t a t i o n , and 
a p p l i c a t i o n s . T h i s i n f o r m a t i o n , w h i c h i s l i s t e d i n T a b l e 1, i s 
tak e n from an a r t i c l e w r i t t e n by H. J . S l o a n [1] and r e p r e s e n t s 
s t a t e - o f - t h e - a r t commercial Raman I n s t r u m e n t a t i o n and i t s d i s -
p e r s i v e i n f r a r e d c o u n t e r p a r t s as o f t e n y e a r s ago. Of c o u r s e , 
much o f t h i s i n f o r m a t i o n must now be m o d i f i e d i n l i g h t o f t h e 
r e c e n t i n n o v a t i o n s i n b o t h Raman and i n f r a r e d s p e c t r o s c o p y , and, 
i n p a r t i c u l a r , F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y . The 
r e c e n t m a r k e t i n g o f a t a b l e - t o p F o u r i e r t r a n s f o r m i n f r a r e d 
s p e c t r o m e t e r by N i c o l e t I n s t r u m e n t s , I n c . , w i t h a p r i c e t a g 
c o m p e t i t i v e w i t h t h e c o m p u t e r i z e d g r a t i n g i n s t r u m e n t s a v a i l a b l e , 
e s t a b l i s h e s F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y as t h e 
s t a t e - o f - t h e - a r t t e c h n i q u e f o r t h e a p p l i e d c h e m i s t who does a 
v a r i e t y o f s o p h i s t i c a t e d r e s e a r c h . I n t h i s c h a p t e r , we w i l l 
a t tempt t o summarize the s t a t e - o f - t h e - a r t o f i n f r a r e d s pec
t r o s c o p y a t the p r e s e n t time i n terms o f I n s t r u m e n t a t i o n , a p p l i 
c a t i o n s and t e c h n i q u e s . 

2. HISTORY 

I n o r d e r t o p r e s e n t t h e s t a t e - o f - t h e - a r t o f i n f r a r e d spec
t r o s c o p y i n i t s p r o p e r p e r s p e c t i v e , a b r i e f r e v i e w o f the h i s -
t o r y o f i n f r a r e d s p e c t r o s c o p y s h o u l d be g i v e n ; however, a more 
d e t a i l e d and c a n d i d h i s t o r i c a l r e v i e w has r e c e n t l y been p r e -
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T a b l e 1 Comparison o f I n f r a r e d and Raman S p e c t r o s c o p y i n 1971 

INSTRUMENTATION RAMAN INFRARED 

R e l a t i v e c o m p l e x i t y Moderate S l i g h t l y g r e a t e r 
Source L a s e r B l a c k b o d y 
D e t e c t o r P h o t o m u l t i p l i e r tube Thermal 
R e s o l u t i o n c a . 0.25 cm- 1 c a . 0.20 cm- 1 

P r i n c i p a l l i m i t a t i o n Energy Energy 
Wavenumber ränge ? 0-4000 Acm- 1 180-4000 cm- 1 

(one i n s t r u m e n t ) 
10-400 cm- 1 

(second i n s t r u m e n t ) 
Purge r e q u i r e m e n t No Yes 
Photometry SB e m i s s i o n DB a b s o r p t i o n 

SAMPLE HANDLING RAMAN INFRARED 

G e n e r a l a p p l i c a b i l i t y 9 5% 99% 
Sample l i m i t a t i o n s C o l o r ; f l u o r e s c e n c e S i n g l e c r y s t a l s ; 

m e t a l s ; aqueous 
S o l u t i o n s 

Ease o f sample Very s i m p l e V a r i a b l e 
p r e p a r a t i o n 
(1) L i q u i d s V ery s i m p l e V e r y s i m p l e 
(2) Powders Very s i m p l e More d i f f i c u l t 
(3) S i n g l e c r y s t a l s V e r y s i m p l e V e r y d i f f i c u l t 
(4) Polymers V e r y s i m p l e More d i f f i c u l t 
(5) S i n g l e f i b e r s P o s s i b l e V e r y d i f f i c u l t 
(6) Gases and vapo r s Now p o s s i b l e S i m p l e 
C e l l s V ery s i m p l e More complex 
M i c r o work Good (<10 pg) Good (<10 (Jg) 
Trace work Sometimes Sometimes 
Hi g h and low M o d e r a t e l y M o d e r a t e l y 
temperature s i m p l e s i m p l e 

APPLICATIONS RAMAN INFRARED 

F i n g e r p r i n t i n g E x c e l l e n t E x c e l l e n t 
B e s t v i b r a t i o n s Symmetrie Asymmetrie 
Assignment work E x c e l l e n t V e r y good 
Group f r e q u e n c i e s E x c e l l e n t E x c e l l e n t 
Aqueous S o l u t i o n s V e r y good V e r y d i f f i c u l t 
Q u a n t i t a t i v e a n a l y s i s More d i f f i c u l t Good 
Low f r e q u e n c y modes E x c e l l e n t D i f f i c u l t 

t a k e n from Ref. [1] . 
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s e n t e d by R. N. Jones [2] . The e x i s t e n c e o f i n f r a r e d r a d i a t i o n 
was f i r s t r e c o g n i z e d i n 1800 by S i r W i l l i a m H e r s c h e l [3] who, 
w i t h a g l a s s p r i s m and b l a c k e n e d thermometers, o b s e r v e d an 
i n c r e a s e i n temperature i n t h e r e g i o n beyond t h e r e d end o f t h e 
p r o j e c t e d s o l a r spectrum. The time p e r i o d from 1830 t o 1870 
i n c l u d e d t h e d e s i g n o f t h e r m o p i l e s by N o b i l i , t h e c o n s t r u c t i o n 
o f the f i r s t m i d - i n f r a r e d s p e c t r o m e t e r upon t h e d i s c o v e r y o f t h e 
t r a n s p a r e n c y o f sodium c h l o r i d e t o i n f r a r e d r a d i a t i o n by 
M e l l o n i , and p r o g r e s s i n e m i s s i o n s p e c t r o s c o p y i n t h e v i s i b l e . 
A d d i t i o n a l l y , t he i n v e n t i o n o f t h e b o l o m e t e r by L a n g l e y i n 1878 
en a b l e d i n f r a r e d s p e c t r o m e t e r s w i t h much h i g h e r r e s o l u t i o n t o be 
d e s i g n e d . 

I n t he l a t e 1800's, M i c h e l s o n ' s e x p e r t i s e i n . o p t i c s c u l -
minated i n the d e s i g n o f an i n s t r u m e n t , termed an i n t e r -
f e r o m e t e r , i n which t h e r e l a t i v e p a t h d i f f e r e n c e s o f two i n t e r -
f e r i n g beams c o u l d be e a s i l y and p r e c i s e l y v a r i e d t o produce an 
i n t e r f e r e n c e p a t t e r n [ 4 , 5 ] . However, i t was not u n t i l 1911 t h a t 
the f i r s t t r u e i n f r a r e d i n t e r f e r o g r a m was p u b l i s h e d by Rubens 
and Wood [ 6 ] . A l t h o u g h Rüben 1s i n t e r f e r o m e t e r d i f f e r e d s l i g h t l y 
from the M i c h e l s o n d e s i g n , he s u f f e r e d the same major problem 
t h a t M i c h e l s o n f a c e d , i . e . , the l a c k o f c o m p u t a t i o n a l r e s o u r c e s 
w i t h w hich t o t r a n s f o r m h i s i n t e r f e r o g r a m i n t o a spectrum. 

I n the meantime, d i s p e r s i v e s p e c t r o s c o p y had g r e a t l y ad-
vanced as e v i d e n c e d by the p u b l i c a t i o n i n 1905 [7] o f the i n f r a 
red s p e c t r a o f hundreds o f Compounds, b o t h o r g a n i c and i n -
o r g a n i c , by W. W. C o b l e n t z . The e s t a b l i s h m e n t o f quantum 
p h y s i c s and the development o f m o l e c u l a r s p e c t r o s c o p y came about 
i n t he 1920's and 1930's, and commercial d i s p e r s i v e i n f r a r e d 
s p e c t r o m e t e r s were produced i n the e a r l y 1940's due t o wartime 
needs. An a d d i t i o n a l outcome o f t h i s p e r i o d was t h e advancement 
i n t he s c i e n c e of e l e c t r o n i c s . 

The f i r s t n u m e r i c a l F o u r i e r t r a n s f o r m c a l c u l a t i o n by 
F e l l g e t t [8] i n 1949 marked a new e r a i n t h e p o t e n t i a l uses o f 
i n t e r f e r o m e t r y . I n the e a r l y 1950*s, J . D. S t r o n g assembled a 
group o f i n v e s t i g a t o r s , i n c l u d i n g H. A. Gebbie, E. V. 
L o e w e n s t e i n , and G. Vanasse, who showed t h a t t h e advantages o f 
m u l t i p l e x i n g and th r o u g h p u t c l a i m e d f o r i n t e r f e r o m e t r y by 
F e l l g e t t [9] and J a c q u i n o t and Dufour [10] c o u l d be r e a l i z e d . 
By t h i s t i m e , i t was p o s s i b l e t o c a l c u l a t e t h e n e c e s s a r y F o u r i e r 
t r a n s f o r m s ; however, i t remained a l a b o r i o u s and ti m e consuming 
u n d e r t a k i n g . At t h i s p o i n t , t h e i n v e s t i g a t i o n s i n m u l t i p l e x 
s p e c t r o s c o p y d i v e r g e d i n t o t he development o f d i f f e r e n t t y p e s o f 
i n t e r f e r o m e t e r s . Gebbie, i n c o n j u n c t i o n w i t h G. W. C h a n t r y , J . 
E. C h a m b e r l a i n , and J . E. G i b b s , t u r n e d t o M i c h e l s o n i n t e r f e r o m 
e t e r s , w h i l e S t r o n g and Vanasse d e v e l o p e d t h e l a m e l l a r g r a t i n g 
i n t e r f e r o m e t e r . 
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A t the onse t o f t h e 1960's, i n t e r e s t i n i n t e r f e r o m e t r i c 
s p e c t r o s c o p y was growing, and t h a t decade was t o see many ad
vances i n t h e t h e o r y o f i n t e r f e r o m e t r i c measurements and i t s 
application t o physical Systems, as well as great strid e s i n 
equipment and t e c h n o l o g y . Some o f t h e r e s e a r c h e r s a s s o c i a t e d 
w i t h t h i s p e r i o d who d e s e r v e r e c o g n i t i o n i n c l u d e P. and J . 
Connes w i t h t h e i r a s t r o n o m i c a l s p e c t r a , E. E. B e l l and R. 
Sanderson's work i n asymmetric F o u r i e r t r a n s f o r m s p e c t r o s c o p y , 
J . M. D o w l i n g and C. M. R a n d a l l , who s t u d i e d a t m o s p h e r i c g a s e s , 
and L. M e r t z , who c o n t r i b u t e d g r e a t l y t o t h e d e s i g n o f current 
I n s t r u m e n t a t i o n . 

The key developments o f t h i s p e r i o d d i d not come from 
s p e c t r o s c o p i s t s , however. The a v a i l a b i l i t y o f i n e x p e n s i v e b u t 
p o w e r f u l m i nicomputers c o u p l e d w i t h t h e p u b l i c a t i o n o f the 
Cooley-Tukey a l g o r i t h m f o r f a s t F o u r i e r t r a n s f o r m a t i o n , w h ich 
was a r e a l b r e a k t h r o u g h f o r m i d - i n f r a r e d F o u r i e r t r a n s f o r m 
s p e c t r o s c o p y , removed t h e l a s t major drawback t o i n t e r f e r o m e t r i c 
spectroscopy. Gebbie [11] has commented t h a t Computers, l i k e 
P h o t o g r a p h i e p l a t e s , a r e w o n d e r f u l l y s o p h i s t i c a t e d and e s s e n t i a l 
s p e c t r o s c o p i c t o o l s t h a t , f o r t u n a t e l y , t he s p e c t r o s c o p i s t d i d 
not have t o i n v e n t h i m s e l f . 

I n the e a r l y 1970's i t became p o s s i b l e t o purchase commer
c i a l i n t e r f e r o m e t r i c I n s t r u m e n t s , and t h e f i e l d has blossomed as 
the t e c h n i q u e s have become a v a i l a b l e t o t h o s e w i t h o u t e x t e n s i v e 
m a c h i n i n g and d e s i g n c a p a b i l i t i e s . 

3. INSTRUMENTATION 

Even t o a s p e c t r o s c o p i s t who has a w e l l - v e r s e d knowledge o f 
i n f r a r e d I n s t r u m e n t a t i o n , the d i v e r s i t y o f i n f r a r e d spectrom
e t e r s a v a i l a b l e can be c o n f u s i n g . A. Lee Smith [12] has p r e -
sente d a d e c i p h e r a b l e C l a s s i f i c a t i o n o f i n f r a r e d s p e c t r o m e t e r s 
( F i g . 1) which he adapted from a d e t e c t o r approach scheme by 
Wi n e f o r d n e r e t a l . [ 1 3 ] . A s e q u e n t i a l d e v i c e uses a s i n g l e 
d e t e c t o r and i t s c h a r a c t e r i z a t i o n l i e s i n the f a c t t h a t t h e 
i n f o r m a t i o n i s c o l l e c t e d s e q u e n t i a l l y , i . e . , each s p e c t r a l 
element i s scanned a t one t i m e . S p a t i a l d e v i c e s r e l y on 
m u l t i p l e d e t e c t o r s which c o l l e c t t he s p e c t r a l element i n f o r m a 
t i o n s i m u l t a n e o u s l y and i n d e p e n d e n t l y . M u l t i p l e x d e v i c e s y i e l d 
i n d i v i d u a l s p e c t r a l element i n f o r m a t i o n t h r o u g h t h e use o f a 
s i n g l e d e t e c t o r which r e e e i v e s S i g n a l s s i m u l t a n e o u s l y from 
d i f f e r e n t elements o f t h e spectrum. 

The M i c h e l s o n i n t e r f e r o m e t e r i s the b a s i c i n s t r u m e n t f o r 
F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y today. As can be seen 
from F i g . 2, t h e r a d i a t i o n from the so u r c e passes onto a beam-
s p l i t t e r (an i d e a l b u t n o n - e x i s t e n t b e a m s p l i t t e r has z e r o 
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F i g . 1 C l a s s i f i c a t i o n o f i n f r a r e d s p e c t r o m e t e r s (used by pe r -
m i s s i o n , Ref. f 1 2 ] ) . 

source 

fixed mirror 

4+ 

detector 

beamspli t t e r 

: moving 
mi rror 

F i g . 2 B a s i c d e s i g n o f a M i c h e l s o n i n t e r f e r o m e t e r . 

a b s o r p t i o n and 50% t r a n s m i t t a n c e and r e f l e c t a n c e ) w h i c h d i v i d e s 
t h e r a d i a t i o n i n t o two beams, one o f wh i c h t r a v e l s t o a f i x e d 
m i r r o r and the o t h e r t o an o s c i l l a t i n g m i r r o r . A f t e r b e i n g 
r e f l e c t e d , the two beams recombine and i n t e r f e r e a t the beam-
s p l i t t e r and 50% o f t h e beam w h i c h was r e f l e c t e d from t h e 
o s c i l l a t i n g m i r r o r i s t r a n s m i t t e d back i n t h e d i r e c t i o n o f t h e 
s o u r c e , whereas t h e o t h e r 5 0 % i s r e f l e c t e d by the b e a m s p l i t t e r 
towards t he d e t e c t o r . F i f t y p e r c e n t o f t h e beam wh i c h was 
r e f l e c t e d from the f i x e d m i r r o r i s r e f l e c t e d towards t h e so u r c e 
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and the o t h e r 50% i s t r a n s m i t t e d t h r o u g h t h e b e a m s p l i t t e r 
towards t h e d e t e c t o r . When th e m i r r o r o s c i l l a t e s a t a c o n s t a n t 
speed, the i n t e n s i t y o f each s p e c t r a l element i s modulated 
s i n u s o i d a l l y a t a f r e q u e n c y w h i c h depends on t h e f r e q u e n c y o f 
the s p e c t r a l i n f o r m a t i o n and the m i r r o r speed, and t h e r e f o r e t h e 
d e t e c t o r Output i s a sum o f s i n u s o i d a l f u n c t i o n s . The spectrum 
can thus be obtained by Computing the c o s i n e F o u r i e r t r a n s f o r m 
o f the i n t e r f e r o g r a m which i s the i n t e g r a l o f the c o n t r i b u t i o n s 
from a l l wavenumbers i n t h e spectrum. F o r a more d e t a i l e d 
d i s c u s s i o n o f F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y , t h e 
r e a d e r i s r e f e r r e d t o r e c e n t monographs by P. R. G r i f f i t h s [14] 
and A. E. M a r t i n [ 1 5 ] . 

A. Sources 

The most commonly used s o u r c e f o r t h e f a r i n f r a r e d s p e c t r a l 
r e g i o n i s a mercury lamp w i t h s i l i c a e n velope whose c h i e f 
advantage i s t h a t i t r a d i a t e s a g r e a t e r p r o p o r t i o n o f i t s t o t a l 
energy a t l o n g e r wavelengths and l e s s a t s h o r t e r w a v e l e n g t h s . 
A d d i t i o n a l l y , a t f r e q u e n c i e s below 100 cm- 1, t h e s i l i c a e n v e l o p e 
t r a n s m i t s a u s e f u l amount o f energy from the plasma i t s e l f . By 
s u r r o u n d i n g the mercury lamp w i t h a w a t e r c o o l e d j a c k e t , t h e 
p r o p o r t i o n o f energy r a d i a t e d a t s h o r t e r w a v elengths i s r e d u c e d , 
the s t a b i l i t y o f the a r c i s improved, and a l a r g e t e m p e r a t u r e 
g r a d i e n t i n t h e i n t e r f e r o m e t e r i s a v o i d e d . S i n c e t h e r e i s no 
s h o r t a g e o f energy a t h i g h e r f r e q u e n c i e s (500 t o 10,000 c m - 1 ) , a 
G l o b a r o r Nichrome r e f r a c t o r y glower may be used as s o u r c e s f o r 
t h e s e r e g i o n s . 

B. B e a m s p l i t t e r s 

As s t a t e d p r e v i o u s l y , an i d e a l b e a m s p l i t t e r i s one w h i c h 
t r a n s m i t s 50% o f t h e r a d i a t i o n and r e f l e c t s 50% o f t h e r a d i a 
t i o n . I n t h e f a r i n f r a r e d r e g i o n t h e most commonly used beam
s p l i t t e r m a t e r i a l i s P o l y e t h y l e n e t e r e p h t h a l a t e ( M y l a r i n t h e 
U.S., M e l i n e x i n Europe) whose r e f r a c t i v e i n d e x o f ~1.7 i s h i g h 
and t h e r e f o r e a s u f f i c i e n t l y h i g h r e f l e c t a n c e i s a t t a i n e d w i t h -
out t h e a p p l i c a t i o n o f a r e f l e c t i v e c o a t i n g . As a r e s u l t o f 
m u l t i p l e r e f l e c t i o n s o c c u r r i n g w i t h i n t h e b e a m s p l i t t e r , t h e 
e f f i c i e n c y o f the b e a m s p l i t t e r v a r i e s w i t h f r e q u e n c y and t h e r e 
f o r e t o o b t a i n a good s i g n a l o v e r a wide s p e c t r a l ränge, a 
number o f b e a m s p l i t t e r s w i t h v a r y i n g t h i c k n e s s e s a r e r e q u i r e d t o 
c o v e r the 500 t o 10 cm- 1 f r e q u e n c y r e g i o n . A n o t h e r t y p e o f 
b e a m s p l i t t e r w h i c h can be used f o r t h e f a r i n f r a r e d s p e c t r a l 
r e g i o n i s a w i r e g r i d , the e f f i c i e n c y o f w h i c h a t a p a r t i c u l a r 
w a v e l e n g t h depends on the g r a t i n g c o n s t a n t o f t h e mesh, and 
whose r e f l e c t a n c e i s s t r o n g l y f r e q u e n c y dependent. T h i s t y p e o f 
b e a m s p l i t t e r may be s u p e r i o r t o M y l a r b u t i t has n o t been 
e x t e n s i v e l y u sed, perhaps due t o i t s m a n u f a c t u r i n g c o s t . 
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F o r h i g h e r f r e q u e n c i e s , f l a t p l a t e s o f t r a n s p a r e n t o p t i c a l 
m a t e r i a l s are used. F o r the near i n f r a r e d r e g i o n , c a l c i u m 
f l u o r i d e or q u a r t z , c o a t e d w i t h a t h i n f i l m o f i r o n o x i d e , a r e 
most commonly used whereas f o r the m i d - i n f r a r e d s p e c t r a l r e g i o n 
germanium and S i l i c o n films a r e g e n e r a l l y used. These h i g h 
r e f r a c t i v e index m a t e r i a l s a r e b r i t t l e and t h e r e f o r e must be 
supported on a transmitting Substrate ( e . g . , C s l , C s B r , N a C l , o r 
K B r ) , the c h o i c e o f which depends on the desired s p e c t r a l ränge. 
These Substrates s h o u l d have t h e c h a r a c t e r i s t i c s o f a low r e 
f r a c t i v e i n d e x , a high t r a n s m i t t a n c e , a high degree o f f l a t n e s s , 
and i n s e n s i t i v i t y t o a t m o s p h e r i c components, e.g., water v a p o r . 
W ith the use o f th e s e t h i c k p l a t e s , a compensator p l a t e o f e q u a l 
t h i c k n e s s o f the same m a t e r i a l i s p l a c e d on t h e o t h e r s i d e o f 
the f i l m o r c o a t i n g t o p r e v e n t d i s p e r s i o n e f f e c t s . 

C. D e t e c t o r s 

The most commonly used d e t e c t o r s f o r F o u r i e r t r a n s f o r m 
i n f r a r e d s p e c t r o s c o p y a r e t r i g l y c i n e s u l f a t e (TGS) o r d e u t e r a t e d 
t r i g l y c i n e s u l f a t e (DTGS) p y r o e l e c t r i c b o l o m e t e r s because t h e y 
have a good response t o a wide ränge o f i n f r a r e d f r e q u e n c i e s 
(5000 t o 33 cm- 1), and th e y can be used a t h i g h chopping 
f r e q u e n c i e s , a l t h o u g h t h e r e i s some l o s s o f e f f i c i e n c y a t chop
p i n g f r e q u e n c i e s o f >1000 Hz. 

I f the d e s i r e d s p e c t r a l ränge i s the m i d - i n f r a r e d r e g i o n 
(5000-400 cm- 1), t h e mercury cadmium t e l l u r i d e (MCT) d e t e c t o r , 
w h i c h can be c o n v e n i e n t l y o p e r a t e d a t l i q u i d n i t r o g e n tempera
t u r e , o f f e r s f a s t response and i n c r e a s e d s e n s i t i v i t y . H e l i u m -
c o o l e d bolometers a l s o o f f e r h i g h s e n s i t i v i t y i n b o t h the f a r 
and m i d - i n f r a r e d r e g i o n s , b u t have l a c k e d g e n e r a l usage. How
e v e r , as e n e r g y - i n e f f i c i e n t s a m p l i n g t e c h n i q u e s become more 
commonplace, the p o p u l a r i t y o f th e s e d e t e c t o r s w i l l p r o b a b l y 
i n c r e a s e . 

3. APPLICATIONS AND TECHNIQUES 

In the p r e c e d i n g d i s c u s s i o n , we have o n l y b r i e f l y t r e a t e d 
the I n s t r u m e n t a t i o n used i n F o u r i e r t r a n s f o r m s p e c t r o s c o p y . I n 
th e Space a l l o t t e d , i t i s i m p o s s i b l e t o comment on t h e t h e o r e t i -
c a l and o p t i c a l c o n s i d e r a t i o n s o f i n t e r f e r o m e t r y , t h e d e t a i l s o f 
i n t e r f e r o m e t e r hardware, and d a t a Systems. I n the p r e s e n t 
s e c t i o n we w i l l attempt t o summarize s e v e r a l a s p e c t s o f s t a t e -
o f - t h e - a r t i n f r a r e d spectroscopy i n terms o f a p p l i c a t i o n s and 
t e c h n i q u e s . By no means w i l l t h i s be an a l l - e n c o m p a s s i n g 
r e v i e w , b u t r a t h e r an i n d i c a t i o n t h a t many o f the problems 
p r e v i o u s l y encountered i n i n f r a r e d s p e c t r o s c o p y i n terms o f 
sample h a n d l i n g and a p p l i c a t i o n s a r e now b e i n g overcome. 
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A. Gas Chromatography 

Gas chromatography F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y 
(GC/FT-IR) has become a r o u t i n e and p o w e r f u l a n a l y t i c a l 
t e c h n i q u e o v e r t h e p a s t t e n y e a r s . S i n c e t h e f i r s t d e s c r i p t i o n 
o f the e x p e r i m e n t u s i n g a r a p i d - s c a n n i n g i n t e r f e r o m e t e r i n 1967 
[ 1 6 ] , r e s e a r c h e r s i n t h i s a r e a have s t r i v e n t o o p t i m a l l y design 
a System w h i c h o f f e r s adequate Chromatographie and spectral 
r e s o l u t i o n , s p e c t r a l s e n s i t i v i t y , and s o p h i s t i c a t e d d a t a 
h a n d l i n g . A l t h o u g h GC/IR a n a l y s e s can be made by u s i n g a r a p i d -
scan d i s p e r s i v e s p e c t r o m e t e r , t h e i n t e r f e r o m e t e r g i v e s s u p e r i o r 
r e s u l t s m a i n l y because o f i t s energy advantage. A d d i t i o n a l l y , 
the d e t e c t i o n l i m i t s o f t h i s t e c h n i q u e have d e c r e a s e d from 
microgram t o nanogram q u a n t i t i e s i n the p a s t few y e a r s . 

The Chromatographie r e s o l u t i o n and s p e c t r a l s e n s i t i v i t y o f 
GC/FT-IR e x p e r i m e n t s depend on such f a c t o r s as t h e d i m e n s i o n s o f 
the l i g h t p i p e [ 1 7 ] , i . e . , a l o n g , narrow gas c e l l w i t h h i g h l y 
r e f l e c t i v e w a l l s t h r o u g h w h i c h the e f f l u e n t from the GC column 
i s c o n t i n u o u s l y p a s s e d ; t h e f l o w r a t e ; t h e t y p e o f column 
employed; and the s p e c t r a l a c q u i s i t i o n r a t e . I n c r e a s e d Separa
t i o n c a p a b i l i t i e s t h r o u g h the use o f c a p i l l a r y GC/FT-IR are 
c u r r e n t l y b e i n g e x p l o r e d [18] where the most i m p o r t a n t f a c t o r i n 
i t s development i s i n c r e a s i n g the s e n s i t i v i t y o f the t e c h n i q u e . 

The v a s t amount o f d a t a g e n e r a t e d i n a GC/FT-IR experiment 
n e c e s s i t a t e s c o n t i n u a l development and improvement i n d a t a 
h a n d l i n g . U n t i l v e r y r e c e n t l y , the time r e q u i r e d t o t r a n s f o r m 
the i n t e r f e r o g r a m exceeded the time needed t o c o l l e c t t h e i n t e r 
ferogram. However, a r r a y p r o c e s s o r s now p r o v i d e t h e n e c e s s a r y 
speed f o r computations and t h i s a s p e c t w i l l u n d o u b t e d l y l e a d t o 
many a l t e r n a t i v e s i n d a t a h a n d l i n g [ 1 9 ] . As p o i n t e d out by P. 
R. G r i f f i t h s [ 2 0 ] , t h e d e t e c t i o n l i m i t s o f GC/FT-IR w i l l n ever 
e q u a l t h o s e u s i n g t h e GC/MS t e c h n i q u e , b u t a combined GC/FT-
IR/MS System may p r o v i d e the g r e a t e s t amount o f i n f o r m a t i o n f o r 
r a p i d and p r e c i s e i d e n t i f i c a t i o n o f components i n a complex 
m i x t u r e . 

B. D i f f u s e R e f l e c t a n c e I n f r a r e d S p e c t r o s c o p y 

The i n f r a r e d s p e c t r a o f d i f f i c u l t s o l i d m a t e r i a l s may be 
o b t a i n e d i n s e v e r a l ways. A t t e n u a t e d t o t a l r e f l e c t i o n (ATR) i s 
p r o b a b l y the method o f c h o i c e f o r s o f t m a t e r i a l s such as gums o r 
s e l f - a d h e r i n g m a t e r i a l s , and f i b e r s . However, f o r t h e ATR 
t e c h n i q u e t o be e f f e c t i v e and r e l i a b l e , the sample must a f f o r d 
good c o n t a c t w i t h t h e ATR p l a t e . 

D i f f u s e r e f l e c t a n c e has r e c e n t l y emerged as a v i a b l e t e c h 
n i q u e f o r i d e n t i f y i n g s o l i d m a t e r i a l s i n p u re powdered form o r 
as t r a c e q u a n t i t i e s i n n o n a b s o r b i n g m a t r i c e s . T h i s t e c h n i q u e 
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has g e n e r a l l y been r e s t r i c t e d t o F o u r i e r t r a n s f o r m i n t e r f e r o m -
e t e r s because t h e s p e c t r a can be measured w i t h a v e r y h i g h 
s i g n a l - t o - n o i s e r a t i o , p a r t i c u l a r l y when an MCT d e t e c t o r i s used 
[ 2 1 ] . The drawbacks o f t h i s t e c h n i q u e i n c l u d e the i n v e r s i o n o f 
bands o f h i g h a b s o r p t i v i t y and i r r e d u c i b l e i n t e n s i t i e s , due t o 
t h e p r e s e n c e o f s p e c u l a r l y r e f l e c t e d r a d i a t i o n . However, band 
r a t i o s may be used f o r q u a n t i t a t i v e a n a l y s e s a t low c o n c e n t r a -
t i o n s , and a t h i g h c o n c e n t r a t i o n s i f s u i t a b l e c o r r e c t i o n s a r e 
made [ 2 2 ] . N e v e r t h e l e s s , d i f f u s e r e f l e c t a n c e FT-IR s p e c t r o s c o p y 
(DRIFT) i s emerging as a s u p e r i o r and c o n v e n i e n t method f o r 
m i c r o s a m p l i n g [23] and f o r use i n s u r f a c e c h e m i s t r y a n a l y s e s . 

C. P h o t o a c o u s t i c I n f r a r e d S p e c t r o s c o p y 

P h o t o a c o u s t i c F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y (PAS) 
i s a n o t h e r v e r y r e c e n t l y d e v e l o p e d t e c h n i q u e f o r t h e s t u d y o f 
s o l i d samples [ 2 4 ] , as w e l l as l i q u i d s and gases. The a t t r a c -
t i v e n e s s o f t h i s t e c h n i q u e , p a r t i c u l a r l y t o the a n a l y t i c a l 
c h e m i s t , l i e s i n the f a c t t h a t t h e morphology o f t h e sample 
p r e s e n t s no f o r m i d a b l e p r e p a r a t i o n . A l t h o u g h p h o t o a c o u s t i c 
s p e c t r a have a much l o w e r s i g n a l - t o - n o i s e r a t i o as compared t o 
d i f f u s e r e f l e c t a n c e s p e c t r a , s e v e r a l o f t h e d i s a d v a n t a g e s o f 
DRIFT a r e overcome by t h e use o f PAS [ 2 5 ] . F o r example, f o r 
samples a t h i g h c o n c e n t r a t i o n o r f o r bands w i t h h i g h a b s o r p t i v i -
t i e s , no s p e c t r a l a n o malies have been o b s e r v e d i n PAS s p e c t r a ; 
however, q u a n t i t a t i v e a n a l y s e s o f PAS s p e c t r a r e q u i r e l i n e a r i z a -
t i o n p r o c e d u r e s . Yeboah e t a l . [25] have compared s e v e r a l 
a s p e c t s o f b o t h t h e PAS and DRIFT t e c h n i q u e s and c o n c l u d e d t h a t 
t h e t e c h n i q u e s a r e i n d e e d complementary. 

D. Time R e s o l v e d I n t e r f e r o m e t r y 

Time r e s o l v e d s p e c t r o s c o p y appears t o have p o t e n t i a l f o r 
th e s t u d y o f r e a c t i o n i n t e r m e d i a t e s and p r o d u c t s o f gas-phase 
r e a c t i o n s i n t h a t i t may p r o v i d e s u f f i c i e n t i n f o r m a t i o n f o r the 
e x a m i n a t i o n o f the band shapes o f m a t e r i a l s , and energy d i s t r i -
b u t i o n s w i t h i n t he m o l e c u l e s . The main d i f f e r e n c e between time 
r e s o l v e d s p e c t r o s c o p y and c o n v e n t i o n a l FT-IR s p e c t r o s c o p y i s 
t h a t t h e s o u r c e i n t e n s i t y , w h i c h may be i n e i t h e r t h e e m i s s i o n 
mode o r a b s o r p t i o n mode, i s ti m e dependent r a t h e r t h a n t i m e 
independent. 

The u t i l i z a t i o n o f FT-IR methods i n time r e s o l v e d spec
t r o s c o p y was o r i g i n a l l y d e v e l o p e d f o r s t e p - s c a n i n t e r f e r o m e t r y 
[26,27] and r e c e n t l y A. Mantz has adapted t h i s t e c h n i q u e f o r 
r a p i d - s c a n n i n g i n t e r f e r o m e t e r s [ 2 8 , 2 9 ] . However, s e v e r a l P r o b 
lems a s s o c i a t e d w i t h t h e c o n t r o l o f e x p e r i m e n t a l c o n d i t i o n s have 
l e d t o m i s i n t e r p r e t e d r e s u l t s , b u t t h e y a r e now b e i n g r e s o l v e d 
[ 3 0 , 3 1 ] . Most r e c e n t l y , t i me r e s o l v e d F o u r i e r t r a n s f o r m spec
t r o s c o p y has been a p p l i e d t o t h e s t u d y o f the s t r e t c h i n g -
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r e l a x a t i o n o f polymers [ 3 2 ] , and, as p o i n t e d o u t by Mamantov and 
coworkers [ 3 0 ] , FT-IR time r e s o l v e d s p e c t r o s c o p y s h o u l d have i t s 
g r e a t e s t impact i n t h e f i e l d o f r e l a x a t i o n and energy t r a n s f e r 
as equipment w h i c h has b e t t e r t i m e r e s o l u t i o n i s d e v e l o p e d . 

E. V i b r a t i o n a l C i r c u l a r D i c h r o i s m 

The r o u t i n e measurements o f v i b r a t i o n a l o p t i c a l a c t i v i t y 
(VOA) s p e c t r a , w h i c h i n c l u d e i n f r a r e d v i b r a t i o n a l c i r c u l a r 
d i c h r o i s m (VCD) and Raman o p t i c a l a c t i v i t y (ROA), has t a k e n 
p l a c e o n l y o v e r t h e p a s t s e v e r a l y e a r s . A comprehensive r e v i e w 
o f b o t h o f t h e s e t e c h n i q u e s has r e c e n t l y been g i v e n by L. A. 
N a f i e [ 3 3 ] , who has p o i n t e d o ut t h a t o p t i c a l a c t i v i t y i s a 
unique t o o l i n t h e s t u d y o f m o l e c u l a r s t r u c t u r e s i n c e i t i s a b l e 
t o probe the t h r e e - d i m e n s i o n a l s t e r e o c h e m i s t r y o f m o l e c u l e s i n 
d i s o r d e r e d phases; t h e o n l y o t h e r probe c a p a b l e o f d i s t i n -
g u i s h i n g o p t i c a l i s o m e r s i s S i n g l e c r y s t a l X - r a y d i f f r a c t i o n . 

W h i l e the VCD and ROA t e c h n i q u e s have many common f e a t u r e s 
such as y i e l d i n g i n i t i a l s p e c t r a w h i c h r e g i s t e r t h e d i f f e r e n c e 
between l e f t and r i g h t c i r c u l a r l y p o l a r i z e d i n t e n s i t i e s , t h e 
measurement o f the i n t e n s i t i e s i n v i b r a t i o n a l t r a n s i t i o n s , t h e 
use o f the same v i b r a t i o n a l mode a n a l y s i s i n t h e c a l c u l a t i o n s , 
and about t h e same l e v e l o f d e t e c t i o n , t h e y a r e a l s o comple-
mentary t e c h n i q u e s , and perhaps w i l l become more so t h a n c l a s s i -
c a l i n f r a r e d and Raman s p e c t r o s c o p y . 

To f u l l y comprehend the e x p e r i m e n t a l d i f f i c u l t i e s i n ob-
t a i n i n g VCD s p e c t r a , one o n l y has t o r e a l i z e t h a t t h e e x p e r i -
m e n t a l i s t i s measuring a change i n t h e band i n t e n s i t y w h i c h i s 
g e n e r a l l y 1 0 - 4 t o 1 0 - 6 o f t h e magnitude o f t h e band i t s e l f . 
T h e r e f o r e , t h i s f a c t , c o u p l e d w i t h t h e f a c t t h a t t h e VCD spe c 
t r a l f e a t u r e s a r e f o u r t o f i v e o r d e r s o f magnitude weaker t h a n 
o r d i n a r y absorbance s p e c t r a , has n e c e s s i t a t e d improvements i n 
s i g n a l q u a l i t y , ease o f measurement, and e x t e n s i o n o f t h e spe c 
t r a l ränge below ~1600 cm- 1. I t i s not s u r p r i s i n g t h e n t h a t 
N a f i e and coworkers have extended t h e i r s t u d i e s from d i s p e r s i v e 
VCD s p e c t r o s c o p y t o t h e use o f F o u r i e r t r a n s f o r m s p e c t r o s c o p y i n 
c o n j u n c t i o n w i h a double m o d u l a t i o n approach [ 3 4 ] . T h e i r con-
t i n u a l i n s t r u m e n t a l improvements have thus f a r r e s u l t e d i n 
reduced n o i s e l e v e l s w i t h reduced s c a n n i n g time and t h e measure
ment o f h i g h q u a l i t y VCD s p e c t r a t o as low as 1280 cm- 1 [ 3 5 ] . 
F u r t h e r developments may i n c l u d e the use o f t u n a b l e i n f r a r e d 
l a s e r s as s o u r c e s , as w e l l as t h e development o f t h e t h e o r e t i c a l 
methods [ 3 3 ] . 

F. C o n v e n t i o n a l F o u r i e r T r a n s f o r m I n f r a r e d S p e c t r o s c o p y 

Throughout t h e p r e c e d i n g s e c t i o n s , we have d i s c u s s e d , 
a l b e i t b r i e f l y , t h e a n a l y t i c a l a s p e c t s o f s t a t e - o f - t h e - a r t 
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i n f r a r e d s p e c t r o s c o p y . On t h e more t r a d i t i o n a l l e v e l , however, 
r e s e a r c h i s c o n t i n u a l l y b e i n g conducted i n t h e a r e a s o f v i b r a 
t i o n a l a s s i g n m e n t s , s k e l e t a l b e n d i n g modes i n c l u d i n g r i n g v i b r a -
t i o n s , t o r s i o n a l v i b r a t i o n s , and c o n f o r m a t i o n a l a n a l y s e s , a l l o f 
wh i c h comprise t h e a u t h o r s 1 own r e s e a r c h i n t e r e s t s . Most 
r e c e n t l y , t h e m a j o r i t y o f our r e s e a r c h e f f o r t s have been 
d i r e c t e d towards c o n f o r m a t i o n a l a n a l y s e s i n w h i c h one o f t h e 
major g o a l s i s the c a l c u l a t i o n o f t h e energy d i f f e r e n c e between 
the two co n f o r m e r s , AE, as w e l l as t h e energy n e c e s s a r y f o r 
i n t e r c o n v e r s i o n . Once t h e s e d a t a a r e a v a i l a b l e , c a l c u l a t i o n o f 
the thermodynamic f u n c t i o n s , G, H, S and C p, i s p o s s i b l e . The 
c a l c u l a t i o n o f these energy q u a n t i t i e s i s f a c i l i t a t e d by u s i n g a 
P o t e n t i a l f u n c t i o n w h i c h d e s c r i b e s the v i b r a t i o n a l m o t i o n , o r 
i n t e r n a l r o t a t i o n ( t o r s i o n ) , as a f u n c t i o n o f t h e d i h e d r a l 
a n g l e , a. The p o t e n t i a l f u n c t i o n i s c a l l e d asymmetric because 
b o t h t h e frame and t h e t o p p o r t i o n s o f t h e m o l e c u l e have no 
symmetry element h i g h e r t h a n a p l a n e . F o u r i e r t r a n s f o r m f a r 
i n f r a r e d s p e c t r o s c o p y can p r o v i d e a w e a l t h o f i n f o r m a t i o n on t h e 
t o r s i o n a l t r a n s i t i o n s o f a l a r g e number o f asymmetric r o t o r s . 
U s u a l l y t he s p e c t r a a r e v e r y " r i e h " w i t h many "hot bands" and 
f r e q u e n t l y o v e r t o n e s w i t h aecompanying "hot bands" can a l s o be 
obs e r v e d . The t r a n s i t i o n s may y i e l d v e r y s harp Q-branches when 
the asymmetric t o r s i o n s g i v e r i s e t o C-type band c o n t o u r s . When 
two o r more conformers a r e p r e s e n t i n a p p r e c i a b l e q u a n t i t i e s i t 
may be d i f f i c u l t t o d i s t i n g u i s h w h i c h Q-branch s e r i e s s h o u l d be 
a s s i g n e d t o wh i c h conformer. I n many cases t h e Raman spectrum 
o f t h e vapor can p r o v i d e t h e p o l a r i z a t i o n d a t a necessary f o r 
making the c o r r e c t a s s ignment. F o r example, i f one o f t h e 
conformers has a symmetry p l a n e and t h e asymmetric tor s i o n a l 
mode i s an A" Vibration g i v i n g r i s e t o a d e p o l a r i z e d Raman l i n e , 
and i f the o t h e r conformer has no symmetry so t h a t t h e asym
m e t r i c t o r s i o n g i v e s r i s e t o a p o l a r i z e d Raman l i n e , t h e n one 
can r e a d i l y d i s t i n g u i s h between the two t o r s i o n s i n t h e Raman 
e f f e c t . A l s o , f o r some m o l e c u l e s , the asymmetric t o r s i o n a l 
o v e r t o n e s a r e observed i n t h e Raman e f f e c t ; t h e s e d a t a can 
p r o v i d e a check o f the assignments made on t h e b a s i s o f the 
i n f r a r e d d a t a . N e v e r t h e l e s s we have found t h a t t h e f a r i n f r a r e d 
s p e c t r a u s u a l l y c o n t a i n many more t r a n s i t i o n s t h a n the Raman 
s p e c t r a and t h a t they a r e much more v a l u a b l e f o r s t u d y i n g asym
m e t r i c t o r s i o n s . From t h e s e t o r s i o n a l t r a n s i t i o n s i t i s not 
o n l y p o s s i b l e t o o b t a i n t h e p o t e n t i a l f u n c t i o n g o v e r n i n g the 
i n t e r n a l r o t a t i o n but i t i s a l s o p o s s i b l e t o o b t a i n t h e energy 
d i f f e r e n c e s between co n f o r m e r s and the v a r i o u s b a r r i e r s t o 
i n t e r c o n v e r s i o n . A d d i t i o n a l l y , under f a v o r a b l e c i r c u m s t a n c e s , 
i t may be p o s s i b l e t o o b t a i n t h e d i h e d r a l a n g l e and i d e n t i f y t h e 
symmetry o f t h e most s t a b l e conformer. Only r e c e n t l y has f a r 
i n f r a r e d FT s p e c t r o s c o p y been used t o s t u d y asymmetric t o r s i o n s . 

As an example, a l l o f t h e asymmetric t o r s i o n a l d a t a f o r 
gaseous p r o p a n a l [36] a r o s e o n l y from t h e f a r i n f r a r e d spectrum 
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250 m 100 
WAVENUMBER (CM"1) 

F i g . 3 F a r i n f r a r e d spectrum o f gaseous p r o p a n a l (used by per-
m i s s i o n , Ref. [361) . 

1 2 0 0 ^ 

+ 1 8 0 

DIHEDRAL ANGLE 

F i g . 4 T o r s i o n a l p o t e n t i a l f u n c t i o n , i n c l u d i n g o b s e r v e d energy 
l e v e l s , f o r t he asymmetric t o r s i o n o f p r o p a n a l . The d i h e d r a l 
a n g l e o f z e r o c o r r e s p o n d s t o the s - c i s c onformer. The gauche 
l e v e l s shown a r e do u b l y d e g e n e r a t e , w i t h t h e S p l i t t i n g s between 
these l e v e l s too s m a l l t o be apparent on the s c a l e used (used by 
p e r m i s s i o n , Ref. [ 3 6 ] ) . 
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T a b l e 2 Observed F a r I n f r a r e d F r e q u e n c i e s and Proposed A s s i g n -
ment f o r the Asymmetric T o r s i o n o f Gaseous P r o p a n a l 

R e l . Obs-
vCcm-1) I n t . Assignment C a l c 

271. .5 vs g s k e l e t a l bend, \>15 

269. .3 s c 2 <- 0 
bend, \>15 

2. .0° 
264. ,0 s c s k e l e t a l bend, v 1 5 

262. .5 s c 3 <~ 1 
bend, v 1 5 

-2. .o c 

250. .6 m c 4 ^ 2 -7. . 1 C 

244. .4 V W c 5 ^ 3 -3. . 5 C 

238. .0 w c 6 ^ 4 3. .6 C 

232. .0 V W 

135. .1 vs c 1 <- 0 1. .2 
133. .8 vs c 2 <- 1 0. .3 
128. .3 V W c 3 ^ 2 -2. .6 
124. .3 W c 4 ^ 3 -2. .6 
121. .0 m c 5 ^ 4 -0, .1 
116. .5 s c 6 <- 5 3, .2 
113. .1 w g 1± <- 0+ -2. .6 
110. .1 m c 7 <- 6 0, .1 
108. .1 w g 2± <- 1+ 2. .1 
102. .2 V W g 3- <- 2+ 0. .5 C 

101. .5 V W c 8 ^ 7 6, .8 C 

Data t a k e n from Ref. [ 3 6 ] . A b b r e v i a t i o n s used: v, v e r y ; s, 
s t r o n g ; m, moderate; w, weak; g, gauche; c, s - c i s . 
C a l c u l a t e d u s i n g the f o l l o w i n g p o t e n t i a l c o e f f i c i e n t s : V 2 = 
559, V 3 = 651, V 4 = -105, and V 6 = -46 cm- 1. 

c 
Not used i n the f i n a l f i t . 

w h i c h i s shown i n F i g . 3. The s t r o n g band a t 271.5 cm- 1 had 
p r e v i o u s l y been a s s i g n e d [37,38] t o t h e s - c i s i n - p l a n e b e n d i n g 
mode v 1 5 whereas the s - c i s asymmetric t o r s i o n \) 24 was a s s i g n e d 
[37] to an i n f r a r e d a b s o r p t i o n a t 133 cm- 1. These two bands 
were found t o remain i n t h e spectrum o f t h e a n n e a l e d s o l i d phase 
[36] . From F i g . 3, one can see t h a t t h e asymmetric t o r s i o n a l 
mode a t 133 cm- 1 i s not one Q-branch, b u t a s e r i e s o f Q-branches 
which do not f o l l o w t h e normal t r e n d f o r r e l a t i v e i n t e n s i t i e s 
e xpected from Boltzmann s t a t i s t i c s , and v e r y c a r e f u l a n a l y s i s 
was n e c e s s a r y i n o r d e r t o a s s i g n t h e s e bands t o t h e c o r r e c t 
t o r s i o n a l t r a n s i t i o n s . The O b s e r v a t i o n o f a number o f weak, 
sharp bands, s i m i l a r i n f r e q u e n c y t o t h e s k e l e t a l b e n d i n g modes, 
enab l e d a d e f i n i t i v e assignment t o be made, s i n c e t h e s e bands 
t u r n e d out t o be the two-quantum t r a n s i t i o n s ( d o u b l e jumps) o f 
th e asymmetric t o r s i o n . The complete assignment o f t h e o b s e r v e d 
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f a r i n f r a r e d bands, e x c l u d i n g t h o s e bands w h i c h were a s s i g n e d t o 
the m e t h y l t o r s i o n a l modes, i s p r e s e n t e d i n T a b l e 2, and t h e 
p o t e n t i a l f u n c t i o n i s shown i n F i g . 4. The poor f i t o f t h e 
s - c i s 8 7 t r a n s i t i o n r e s u l t s from th e p r o x i m i t y o f t h e e i g h t h 
l e v e l t o t h e b a r r i e r , b e i n g the l a s t t r a n s i t i o n o b s e r v e d below 
the b a r r i e r . Because o f t h i s , t h e l e v e l i s v e r y s e n s i t i v e t o 
s m a l l changes i n the p o t e n t i a l f u n c t i o n . F o r a more d e t a i l e d 
t r e a t m e n t o f c o n f o r m a t i o n a l a n a l y s e s and asymmetric p o t e n t i a l 
f u n c t i o n s , t h e i n t e r e s t e d r e a d e r i s r e f e r r e d t o a r e c e n t r e v i e w 
a r t i c l e on t h i s s u b j e c t [ 3 9 ] . 

G. Tunable I n f r a r e d L a s e r Sources 

Throughout t h i s c h a p t e r , we have d i s c u s s e d t h e s t a t e - o f -
t h e - a r t o f F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y and, as we 
have seen, i t i s one o f the most v e r s a t i l e t e c h n i q u e s a v a i l a b l e 
t o t h e s p e c t r o s c o p i s t and a n a l y t i c a l c h e m i s t . E q u a l l y e x c i t i n g 
though i s t h e development, o v e r the p a s t decade, o f p r a c t i c a l 
t u n a b l e i n f r a r e d l a s e r s o u r c e s w i t h w h i c h h i g h r e s o l u t i o n ab
s o r p t i o n s p e c t r a can be o b t a i n e d . An e x c e l l e n t r e v i e w on t h i s 
s u b j e c t has r e c e n t l y appeared [ 4 0 ] . The major d i f f e r e n c e 
between l a s e r s and the c o n v e n t i o n a l t h e r m a l s o u r c e s i s not i n 
t h e t o t a l power, b u t i n t h e h i g h s p e c t r a l r a d i a n c e w h ich i s a 
r e s u l t o f t h e i r narrow l i n e w i d t h s and s p a t i a l coherence. I n 
g e n e r a l , and under s i m i l a r c o n d i t i o n s , t h e s p e c t r a l r a d i a n c e o f 
a b l a c k b o d y i s a p p r o x i m a t e l y t h i r t e e n Orders o f magnitude weaker 
than many t u n a b l e l a s e r s . S e v e r a l t y p e s o f l a s e r s which have 
been used as t u n a b l e i n f r a r e d s o u r c e s i n c l u d e s e m i c o n d u c t o r 
d i o d e l a s e r s w h i c h have been the most commonly employed, ato m i c 
and m o l e c u l a r gas l a s e r s whose ranges may be t o o r e s t r i c t e d f o r 
g e n e r a l s p e c t r o s c o p i c purposes u n l e s s t h e y a r e o p e r a t e d a t h i g h 
p r e s s u r e s o r Zeeman-tuned, s p i n - f l i p Raman l a s e r s , p o l a r i t o n 
l a s e r s whose major drawback i n h i g h r e s o l u t i o n s p e c t r o s c o p y i s 
the b r e a d t h o f t h e Output l i n e w i d t h , Raman f r e q u e n c y s h i f t i n g 
d e v i c e s whose a p p l i c a t i o n s may l i e i n t h e i r h i g h Output powers, 
o p t i c a l p a r a m e t r i c o s c i l l a t o r s , s e v e r a l t y p e s o f n o n l i n e a r 
o p t i c a l m i x i n g t e c h n i q u e s , c o l o r - c e n t e r l a s e r s w h i c h have found 
use i n the g e n e r a t i o n o f t u n a b l e r a d i a t i o n i n the n e a r i n f r a r e d , 
and o t h e r s o u r c e s w h i c h a r e i n t h e i r p r e l i m i n a r y s t a g e s o f 
development, i . e . , f r e e - e l e c t r o n l a s e r s , Landau e m i s s i o n and 
v i b r o n i c t r a n s i t i o n l a s e r s . 

We have o n l y p r e s e n t e d an e x t r e m e l y b r i e f o v e r v i e w o f t h e 
Status o f t u n a b l e i n f r a r e d l a s e r s o u r c e s ; t h e i n t e r e s t e d r e a d e r 
i s urged t o c o n s u l t t h e r e v i e w a r t i c l e by R. S. McDowell [40] 
and the r e f e r e n c e s t h e r e i n . The füll e x t e n t o f the a p p l i c a t i o n s 
o f t u n a b l e l a s e r s p e c t r o s c o p y has n o t y e t been r e a l i z e d ; 
however, t h e r e a r e a few a p p l i c a t i o n s such as i s o t o p i c a n a l y s e s , 
c h e m i c a l r e a c t i o n s and k i n e t i c s , v i b r a t i o n a l energy t r a n s f e r 
r a t e s , p o l l u t i o n m o n i t o r i n g , and t r a c e - g a s a n a l y s e s , w h i c h a r e 
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v e r y p r o m i s i n g . A l t h o u g h t h e r e may be g r e a t p o t e n t i a l f o r 
t u n a b l e i n f r a r e d l a s e r s p e c t r o s c o p y , i t i s s t i l l i n i t s i n f a n c y 
and i s , a t the p r e s e n t t i m e , a l a b o r a t o r y c u r i o s i t y . 

5. SUMMARY AND CONCLUSIONS 

The purpose o f t h i s c h a p t e r i s t o expose t h e r e a d e r t o 
v a r i o u s s t a t e - o f - t h e - a r t a p p l i c a t i o n s and t e c h n i q u e s i n i n f r a r e d 
s p e c t r o s c o p y . However, the e x p e r i m e n t a l a c c e s s o r i e s , t e c h n i q u e s 
and a p p l i c a t i o n s i n many o f t h e s e a r e a s a r e d e v e l o p i n g so 
r a p i d l y t h a t one must s t a y a b r e a s t o f t h e l i t e r a t u r e . There a r e 
s e v e r a l a r e a s o f F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y which 
have not been c o v e r e d , such as t h e b i o l o g i c a l a p p l i c a t i o n s 
r e p o r t e d by R. J . Jakobsen and h i s coworkers a t B a t t e l l e -
Columbus L a b o r a t o r i e s , the measurement o f gaseous p o l l u t a n t s and 
atmospheric components, hardware and Software developments, and 
the tremendous s t r i d e s b e i n g made i n d a t a p r o c e s s i n g r o u t i n e s . 
There i s l i t t l e doubt t h a t when g i v e n t h e c h o i c e between F o u r i e r 
t r a n s f o r m i n f r a r e d s p e c t r o s c o p y and d i s p e r s i v e i n f r a r e d spec
t r o s c o p y , t h e m a j o r i t y o f r e s e a r c h e r s choose t h e former m a i n l y 
because o f i t s energy advantage. 

I f we now l o o k back a t T a b l e 1 w h i c h i s a comparison o f 
d i s p e r s i v e i n f r a r e d and Raman s p e c t r o s c o p y i n 1971, we can see 
t h a t i n the area o f i n f r a r e d a p p l i c a t i o n s , aqueous S o l u t i o n s a r e 
no l o n g e r " v e r y d i f f i c u l t " s i n c e t h e i n t e n s e water bands can be 
removed by s p e c t r a l s u b t r a c t i o n i f a s u i t a b l e sample p a t h l e n g t h 
i s used. However, i t s h o u l d be added t h a t s u f f i c i e n t l y t h i n 
s p a c e r s f o r l i q u i d c e l l s can p r e s e n t problems. A l s o t h e c o s t o f 
the window m a t e r i a l s can be q u i t e h i g h compared t o t h e s i m p l e 
P y r e x c a p i l l a r y c e l l s used i n Raman s p e c t r o s c o p y and, a d d i -
t i o n a l l y , i t i s n e c e s s a r y t o use more t h a n one window m a t e r i a l 
t o c o v e r the i n f r a r e d s p e c t r a l r e g i o n from 100 t o 4000 cm- 1. 
Thus, i t may no l o n g e r be c o n s i d e r e d as " v e r y d i f f i c u l t " t o 
o b t a i n i n f r a r e d s p e c t r a o f aqueous S o l u t i o n s , b u t i t i s s t i l l 
n o t as c o n v e n i e n t as o b t a i n i n g t h e c o r r e s p o n d i n g Raman s p e c t r a 
over t h i s s p e c t r a l ränge. From the a u t h o r s 1 own r e s e a r c h 
a c c o u n t s , i t i s e v i d e n t t h a t the Observation and resolution o f 
low f r e q u e n c y modes i n the i n f r a r e d s p e c t r a i s no l o n g e r 
d i f f i c u l t , e s p e c i a l l y i f v e r y s e n s i t i v e d e t e c t o r s such as 
h e l i u m - c o o l e d b o l o m e t e r s are used. However, l e t us h a s t e n t o 
add t h a t o b t a i n i n g good q u a l i t y f a r i n f r a r e d s p e c t r a s t i l l 
r e q u i r e s c o n s i d e r a b l e e f f o r t t o remove t h e water v a p o r from the 
i n t e r f e r o m e t e r h o u s i n g by s t r o n g f l u s h i n g w i t h d r y n i t r o g e n o r a 
vacuum h o u s i n g which means t h a t the Observation o f low f r e q u e n c y 
modes cannot be c l a s s i f i e d as routine. Perhaps t h e major 
r e v i s i o n s i n t h e T a b l e o c c u r under t h e h e a d i n g "Sample H a n d l i n g " 
because we have seen t h a t many o f t h e s t a t e - o f - t h e - a r t i n f r a r e d 
t e c h n i q u e s such as PAS and DRIFT can be a p p l i e d t o samples w h i c h 
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r e q u i r e l i t t l e o r no p r e p a r a t i o n . N e v e r t h e l e s s , i t i s s t i l l no 
s m a l l chore t o o b t a i n p o l a r i z e d i n f r a r e d s p e c t r a o f S i n g l e 
c r y s t a l s p a r t i c u l a r l y i n the l a t t i c e s p e c t r a l r e g i o n . C l e a r l y 
Raman s p e c t r o s c o p y has a d e c i d e d edge i n the o b t a i n i n g o f low 
fr e q u e n c y s p e c t r a o f s o l i d s . M o d i f i c a t i o n s must a l s o be made t o 
the I n s t r u m e n t a t i o n S e c t i o n where MCT d e t e c t o r s used i n FT-IR 
ar e comparable i n s e n s i t i v i t y t o t h e thermocouples i n d i s p e r s i v e 
i n f r a r e d . A d d i t i o n a l l y , o n l y one F o u r i e r t r a n s f o r m - i n f r a r e d 
i n t e r f e r o m e t e r i s r e q u i r e d t o c o v e r t h e s p e c t r a l ränge o f 4000 
to 10 cm- 1, i f a c c e s s o r i e s a r e used. I n f a c t , some o f t h e newly 
d e s i g n e d i n t e r f e r o m e t e r s have a u t o m a t i c b e a m s p l i t t e r changers 
which do not r e q u i r e the opening o f t h e i n t e r f e r o m e t e r h o u s i n g . 
What reraains as t h e p r i n c i p a l l i m i t a t i o n i n i n f r a r e d s p e c t r o s 
copy i s , o f c o u r s e , energy. I n f r a r e d s p e c t r o s c o p y has come a 
l o n g way i n t h e p a s t decade and i t i s e x p e c t e d t h a t i t w i l l even 
become more populär i n o t h e r s c i e n t i f i c d i s c i p l i n e s as the low 
c o s t i n t e r f e r o m e t e r s become a v a i l a b l e t o the i n d u s t r i a l 
s c i e n t i s t s . 
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1. INTRODUCTION 

Almost as soon as t h e Raman e f f e c t was d i s c o v e r e d f o r 
l i q u i d s [ l ] and s o l i d s [ 2 ] , t h e Raman s p e c t r a o f s e v e r a l gases 
were r e p o r t e d [ 3 - 5 ] . S i n c e t h e number o f s c a t t e r i n g m o l e c u l e s 
p e r u n i t volume i s c o n s i d e r a b l y l e s s i n the gas phase th a n i n 
the o t h e r phases, weak s i g n a l i n t e n s i t y i n i t i a l l y p r o h i b i t e d 
Observation o f a l l b u t the stronger Raman l i n e s o f gases. Raman 
band c o n t o u r s of n o n t o t a l l y Symmetrie v i b r a t i o n s a r e o r d i n a r i l y 
v e r y weak and b r o a d , and f r e q u e n t l y l i t t l e i n f o r m a t i o n can be 
o b t a i n e d from them even i n terms o f t h e band c e n t e r . However, 
i t s h o u l d be p o i n t e d out t h a t the band w i d t h i s as good an i n d i -
c a t o r o f a n o n t o t a l l y Symmetrie V i b r a t i o n as t h e d e p o l a r i z a t i o n 
r a t i o s [ 6 ] . N e v e r t h e l e s s , w i t h t h e advent o f high-powered 
l a s e r s and vastly improved d e t e c t i o n Systems, Observation o f 
weak Raman peaks has become routine, and t h e t e c h n i q u e s o f gas 
phase Raman s p e c t r o s c o p y have become more and more commonplace. 
The c u r r e n t uses i n c l u d e , b u t a r e n o t l i m i t e d t o , t h e c o m p l e t i o n 
o f v i b r a t i o n a l a s s i g n m e n t s , s t r u c t u r a l d e t e r m i n a t i o n s , conforma
t i o n a l a n a l y s e s , and the s t u d y o f anharmonic v i b r a t i o n s such as 
i n t e r n a l t o r s i o n s , r i n g - p u c k e r i n g modes, and the low f r e q u e n c y 
b e n d i n g motions o f q u a s i - l i n e a r m o l e c u l e s . We s h a l l b r i e f l y 
t o u c h on each o f t h e s e s u b j e c t s u s i n g m a i n l y i l l u s t r a t i o n s from 
our own s t u d i e s b u t t h i s l i m i t a t i o n s h o u l d n o t be t a k e n as an 
i n d i c a t i o n t h a t our laboratory i s the o n l y l a b o r a t o r y u t i l i z i n g 
gas-phase Raman d a t a . We have s i m p l y t a k e n d a t a from our own 
s t u d i e s f o r the most p a r t because i t i s r e a d i l y a v a i l a b l e and we 
have had a l i m i t e d time t o p r e p a r e the c u r r e n t m a n u s c r i p t . The 
r e a d e r s h o u l d keep t h e s e l i m i t a t i o n s i n mind as we r e v i e w t h e 
v a r i o u s a p p l i c a t i o n s o f gas-phase Raman s p e c t r o s c o p y . 
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2. VIBRATIONAL ASSIGNMENTS 

F o r s e v e r a l y e a r s we have been u s i n g gas-phase Raman spe c 
t r o s c o p y f o r c o m p l e t i n g v i b r a t i o n a l assignments o f s m a l l 
m o l e c u l e s . As examples o f such s t u d i e s , we s h a l l r e v i e w our 
s t u d i e s on h y d r a z i n e [ 7 ] , d i s i l y l s u l f i d e [ 8 ] , and p h e n o l [ 9 ] . 
P r i o r t o our s t u d i e s on h y d r a z i n e [ 7 ] , a l l o f the e a r l i e r 
s t u d i e s were made on e i t h e r t h e s o l i d o r l i q u i d s t a t e s w i t h t h e 
e x c e p t i o n o f t h e work o f Kotov and T a t e v s k i i [10] who r e c o r d e d 
the Raman spectrum o f hydrazine vapor w i t h Hg arc e x c i t a t i o n . 
S i n c e h y d r a z i n e e x h i b i t s a c o n s i d e r a b l e amount of hydrogen 
bonding i n t h e Condensed s t a t e s , i t i s e x p e c t e d t h a t many o f t h e 
f r e q u e n c i e s a r e a p p r e c i a b l y s h i f t e d w i t h c o n d e n s a t i o n and p r o 
v i d e o n l y poor e s t i m a t e s o f t h e normal modes f o r the i s o l a t e d 
m o l e c u l e . T h e r e f o r e , we r e c o r d e d [7] t h e Raman s p e c t r a o f 
gaseous N2H4 and N2D4 u s i n g l a s e r e x c i t a t i o n w i t h the hope o f 
o b t a i n i n g f r e q u e n c i e s f o r s e v e r a l o f the normal Symmetrie v i b r a 
t i o n s . The Raman spectrum o f gaseous N 2 H 4 (see F i g . 1A) has 
f i v e pronounced, p o l a r i z e d l i n e s a t 3398, 3329, 3302, 3266 and 
1076 cm- 1. F o r a m o l e c u l e o f C 2 symmetry t h e r e s h o u l d be two 

38öö ' 1 fco'od 1 fesbo ' ' feo'öö 1 isöd ' lobd ' ' SOÖ' 

3300" 
WAVENUMBER CM 

F i g . 1 Raman s p e c t r a o f gaseous (A) N 2 H 4 and (B) N 2D 4 r e c o r d e d 
w i t h SBW = 6 cm- 1 (used by p e r m i s s i o n , Ref. [ 7 ] ) . The v e r y 
broad a pparent band i n t h e 500-350 cm- 1 r e g i o n i n spectrum (B) 
i s due t o t h e sample c e l l and n o t t o t h e Compound. 
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N-H s t r e t c h i n g v i b r a t i o n s w h i c h g i v e r i s e t o p o l a r i z e d Raman 
bands. T h e r e f o r e , t h e NH 2 a n t i s y m m e t r i c Stretch o f symmetry " a " 
was a s s i g n e d t o t h e Raman l i n e a t 3398 cm- 1 and t h e Symmetrie 
m o t i o n o f the c o r r e s p o n d i n g symmetry was a s s i g n e d t o the Raman 
l i n e a t 3329 cm- 1, t h e s t r o n g e s t l i n e i n t h e Raman spectrum. 
The N-H a n t i s y m m e t r i c Stretch o f symmetry s p e c i e s " a " had been 
a s s i g n e d i n p r e v i o u s s t u d i e s t o bands o f c o n s i d e r a b l y l o w e r 
f r e q u e n c y b u t the Raman spectrum o f t h e gas l e d t o a d e f i n i t e 
a ssignment o f the 3398 cm- 1 l i n e f o r t h i s normal mode. 

The N-N Stretch f o r the N 2 H 4 m o l e c u l e can be c l e a r l y seen 
a t 1076 cm- 1 (see F i g . 1A) i n t h e Raman spectrum o f t h e gas. I n 
an e a r l i e r i n f r a r e d s t u d y [10] o f t h i s m o l e c u l e , t h i s band had 
been a s s i g n e d t o the NH 2 wagging m o t i o n , b u t t h e i n t e n s i t y o f 
t h i s band i n the Raman e f f e c t p r e c l u d e s t h a t assignment. The 
two Raman p o l a r i z e d l i n e s a t 3302 and 3266 cm- 1 were a s s i g n e d as 
the o v e r t o n e s o f the two NH 2 d e f o r m a t i o n s . There i s a v e r y weak 
l i n e a t 1642 cm- 1 o f undetermined p o l a r i z a t i o n w h i c h was t e n t a -
t i v e l y a s s i g n e d t o the NH 2 a n t i s y m m e t r i c d e f o r m a t i o n . 

The Raman spectrum o f gaseous N 2 D 4 i s shown i n F i g . IB. 
There a r e seven e a s i l y d i s c e r n a b l e Raman l i n e s i n t h e M s u r v e y M 

spectrum f o r t h i s m o l e c u l e . The assignment o f t h e Raman l i n e s 
i n t h e N-D s t r e t c h i n g r e g i o n f o l l o w e d d i r e c t l y from t h a t g i v e n 
f o r t h e c o r r e s p o n d i n g r e g i o n i n t h e spectrum o f t h e " l i g h t " 
Compound. The Raman l i n e s a t 2442, 2422 and 2358 cm- 1 were 
a s s i g n e d t o Vj, v 2 and 2 v 3 , r e s p e c t i v e l y , w i t h v 2 h a v i n g a 
somewhat h i g h e r f r e q u e n c y t h a n e x p e c t e d because o f i t s F e r m i 
resonance w i t h 2 v 3 . 

The appearance o f t h r e e e a s i l y d i s c e r n a b l e Raman bands i n 
th e g e n e r a l r e g i o n o f 1000 cm- 1 i s t h e r e s u l t o f more e x t e n s i v e 
m i x i n g o f t h e N-D be n d i n g modes w i t h t h e N-N Stretch. The Raman 
l i n e s a t 1031 and 930 cm- 1 were a s s i g n e d t o t h e N-N s t r e t c h and 
Nf*2 w a 8 > r e s p e c t i v e l y . The ND 2 r o c k i s c l e a r l y o b s e r v e d a t 749 
cm- 1 and one o f the ND 2 def ormations appears at 1126 cm- 1 w i t h 
t h e o t h e r one p r o b a b l y f a l l i n g a t 1218 cm- 1. The s h i f t f a c t o r 
o f t he 1126 cm- 1 l i n e seems l a r g e b u t t h i s d e f o r m a t i o n can mix 
w i t h t h e N-N s t r e t c h w h i c h c o u l d r e s u l t i n a l o w e r f r e q u e n c y f o r 
t h i s n o r m a l mode. The f a c t t h a t t h e 1126 cm- 1 l i n e i s d e p o l a r -
i z e d does not p r e c l u d e i t s assignment t o a normal mode o f "a" 
symmetry s i n c e the p o l a r i z a t i o n might n o t be e x p e r i m e n t a l l y 
d e t e c t a b l e . 

These Raman data on t h e vap o r c l e a r l y show t h a t t h e NH 2 

a n t i s y m m e t r i c s t r e t c h i n t h e gas phase i s much h i g h e r i n f r e 
quency t h a n i t had been p r e v i o u s l y t h o u g h t t o be. A l s o , t h e 
assignment o f the N-N s t r e t c h was unambiguous f o r t h e " l i g h t " 
m o l e c u l e . I n the e a r l i e r i n f r a r e d s t u d y [11] o f N 2 D 4 v a p o r , a 
s e r i e s o f Q-branches was observed b e g i n n i n g a t 637 and r u n n i n g 



54 J . R. DURIG AND J . F. SULLIVAN 

T a b l e 1 O b s e r v e d 3 Raraan F r e q u e n c i e s of Gaseous N 2 H 4 and N 2 D 4 

N 2 H 4 N 2 D 4 

AvCcm- 1) 
r e l . 
i n t . p o l . AxKcm- 1 

r e l . 
) i n t . p o l . 

Assignment 
and D e s c r i p t i o n 

3398 m P 2442 s P V 1 ( a ) N H 2 ( N D 2 ) 
a n t i s y m . s t r . 

3329 WS P 2422 WS P V 2 ( a ) N H 2 ( N D 2 ) 
sym. s t r . 

3302 m P 2 3 5 8 b s P 2\> 1 0(2x~66l) o v e r 
tone o f NH 2(ND 2) 
def. 

3266 m P 2 v 3 ( 2 x l 6 4 2 ) o v e r 
tone o f NH 2(ND 2) 
def. 

2 9 5 8 C 3 0 7 2 C 

2925 mw ? 2939 w P i m p u r i t y ? 
2890 2885 

2054 m P 2v 5(2xl031=2062) 
1218 VW ? \> 1 0(a)ND 2 d e f . 

1642 w w ? 1126 m,br dp V 3 ( b ) N H 2 ( N D 2 ) d e f . 
1076 s P 1031 s P v> 5(a)N-N s t r . 

(mixed w i t h ND 2 

wag) 
1009 w, sh dp V l l ( b ) N D 2 wag ( ? ) 
930 s P \) 4(a)ND 2 wag 

(mixed w i t h N-N 
s t r . ) 

-805 w dp v 1 2(b)NÜ 2 r o c k 
749 m P v 6 ( a ) N D 2 r o c k 

Data t a k e n from R e f . [ 7 ] . A b b r e v i a t i o n s used: v , v e r y ; s, 
s t r o n g ; m, medium; w, weak; s h , S h o u l d e r ; b r , b r o a d ; p, p o l a r 
i z e d ; dp, d e p o l a r i z e d . 
2\?3 i n the N 2D 4 would be p r e d i c t e d around 2416 cm- 1 but i t i s 
p r o b a b l y c o n s i d e r a b l y l o w e r because o f Fe r m i resonance w i t h \>2. 
These l i n e s v a r i e d i n i n t e n s i t y w i t h p u r i f i c a t i o n and t h e r e f o r e 
a r e c o n c l u d e d t o be due t o i m p u r i t i e s . 
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t o 800 cm- 1 w i t h v a r i o u s s p a c i n g s and i n t e n s i t i e s . A r a t h e r 
s t r o n g Q-branch a t 722 cm- 1 was chosen as t h e c e n t e r o f the M b , ! 

s p e c i e s f u n d a m e n t a l , v 1 2 , whereas t h e c o r r e s p o n d i n g r o c k i n g mode 
o f t h e " a " s p e c i e s was a s s i g n e d t o the "washed-out" p o r t i o n o f 
the f i n e s t r u c t u r e a t 688 cm- 1. T h i s l a t t e r assignment i s 
c e r t a i n l y n o t c o n s i s t e n t w i t h the Raman spectrum o f N 2 D 4 vapor 
where a p o l a r i z e d l i n e was ob s e r v e d a t 749 cm- 1. Thus, i t 
appears t h a t t h e c e n t e r o f t h e i n f r a r e d band w i t h t h e f i n e 
s t r u c t u r e i s around 750 cm- 1 which l e a v e s u n e x p l a i n e d why the 
Q-branch s e r i e s extends t o much low e r f r e q u e n c i e s from the band 
c e n t e r t h a n t o h i g h e r f r e q u e n c i e s . T h i s assignment a l s o l e a v e s 
u n e x p l a i n e d t h e pronounced Q-branch i n t h e i n f r a r e d spectrum a t 
722 cm- 1. However, i t s h o u l d be mentioned t h a t a s i m i l a r p r o b -
lem a l s o e x i s t s w i t h the f i n e s t r u c t u r e on t h e i n f r a r e d a b s o r p 
t i o n between 950 and 1000 cm- 1. I n the e a r l i e r s t u d y [11] the 
band c e n t e r f o r t h e ND 2 wag was chosen a t 1009 cm- 1 w h i c h c o r r e 
sponds w e l l w i t h the d e p o l a r i z e d Raman l i n e o f t h e same f r e 
quency. A Q-branch a t 985 cm- 1 was a s s i g n e d as t h e o t h e r ND 2 

wagging mode whereas the r e l a t i v e l y s t r o n g p o l a r i z e d Raman l i n e 
a t 930 cm- 1 i s c l e a r l y t h e ND 2 wag o f t h e " a " s p e c i e s . Thus, 
the Q-branch a t 985 cm- 1 i s u n e x p l a i n e d w i t h t h i s a ssignment. 
These r e s u l t s a r e summarized i n T a b l e 1. 

As t h e second example o f t h e U t i l i t y o f gas-phase Raman 
da t a f o r v i b r a t i o n a l assignment purposes we have chosen t h e 
d i s i l y l s u l f i d e m o l e c u l e [ 8 ] . The o b s e r v e d s p e c t r a o f b o t h 
( S i H 3 ) 2 S and ( S i D 3 ) 2 S a r e shown i n F i g . 2 and t h e obse r v e d 
f r e q u e n c i e s a r e l i s t e d i n T a b l e 2. P r i o r t o our s t u d y t h e r e had 
been two p r e v i o u s v i b r a t i o n a l s t u d i e s [12,13] o f t h i s m o l e c u l e 
but n e i t h e r s t u d y i n c l u d e d t h e Raman s p e c t r a o f t h e gas nor 
s o l i d and t h e Raman spectrum o f t h e l i q u i d d i d n o t i n c l u d e 
q u a n t i t a t i v e d e p o l a r i z a t i o n v a l u e s . Because o f t h e l a c k o f 
th e s e d a t a , a d e t a i l e d v i b r a t i o n a l a n a l y s i s was n o t p r e s e n t e d . 

The Symmetrie S i - S - S i s t r e t c h i s found as a medium-strong, 
p o l a r i z e d l i n e i n the Raman spectrum o f t h e gas a t 487 cm- 1 and 
d e u t e r a t i o n s h i f t s t h i s mode t o 448 cm- 1 w h i c h i n d i c a t e s some 
degree o f c o u p l i n g w i t h t he S i D 3 m o t i o n s . The Raman l i n e a t 514 
cm- 1 i n t h e spectrum o f gaseous ( S i H 3 ) 2 S had p r e v i o u s l y been 
a t t r i b u t e d [12,13] t o the a n t i s y m m e t r i c s k e l e t a l s t r e t c h ( 1 ^ ) ; 
however, t h i s l i n e i s c l e a r l y p o l a r i z e d i n t h e s p e c t r a o f b o t h 
the gas and l i q u i d (507 cm- 1). We [8] were u n a b l e t o a d e q u a t e l y 
e x p l a i n t h e p r e s e n c e o f t h i s l i n e i n terms o f a non-fundamental 
p r o c e s s o r a r e a s o n a b l e i m p u r i t y so i t s o r i g i n i s u n c l e a r a t 
t h i s p o i n t . The S i - S - S i s k e l e t a l d e f o r m a t i o n i s found a t 141 
and 134 cm- 1 i n the Raman s p e c t r a o f gaseous ( S i H 3 ) 2 S and 
( S i D 3 ) 2 S , r e s p e c t i v e l y . 

The A j S i D 3 Symmetrie d e f o r m a t i o n appears as a p o l a r i z e d 
Raman l i n e a t 712 cm- 1 i n t h e spectrum o f t h e gas; however, t h e 
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1 A J 

2000 1500 1000 500 

WAVENUMBER (CM*1) 

F i g . 2 Raman s p e c t r a o f gaseous (A) d i s i l y l s u l f i d e - d 0 and (B) 
d i s i l y l s u l f i d e - d 6 r e c o r d e d w i t h SBW = 3 cm- 1 (used by p e r -
m i s s i o n , Ref. [ 8 ] ) . 

Raman spectrum o f gaseous ( S i H 3 ) 2 S does not show a s i m i l a r l i n e 
i n t he s i l y l d e f o r m a t i o n r e g i o n . T h i s r e s u l t had p r e v i o u s l y 
been observed f o r r e l a t e d Compounds c o n t a i n i n g S i H 3 groups 
[14,15]. The two S i H 3 a n t i s y m m e t r i c d e f o r m a t i o n s were o b s e r v e d 
a t 940 (\)g) and 928 cm- 1 ( v 1 9 ) as weak b r o a d Raman l i n e s w hich 
s h i f t e d t o 689 and 677 cm- 1, r e s p e c t i v e l y , w i t h d e u t e r a t i o n . 
The S i H 3 r o c k o f A1 symmetry appears as a pronounced Raman l i n e 
a t 676 cm- 1 and s h i f t s t o 540 cm- 1 w i t h d e u t e r a t i o n ; t h e r e i s a 
c o n s i d e r a b l e i n t e n s i t y enhancement because o f t h e i n c r e a s e d 
m i x i n g ( a p p r o x i m a t e l y 5 0 % i n t h e d e u t e r i u m Compound b u t o n l y 15% 
i n t h e l i g h t m o l e c u l e ) o f t h e S i D 3 r o c k w i t h t h e S i - S - S i s t r e t c h 
i n t he d e u t e r i u m Compound. The S i H 3 a n t i s y m m e t r i c s t r e t c h can 
be c o n f i d e n t l y a s s i g n e d a t 2188 cm- 1 because o f t h e p o l a r i z e d 
n a t u r e o f t h i s l i n e and i t i s c l e a r l y r e s o l v e d from t h e S i H 3 

Symmetrie s t r e t c h a t 2177 cm- 1. The assignments o f the remain-
i n g o b s e r v e d Raman l i n e s f o r b o t h t h e " l i g h t " and "heavy" 
m o l e c u l e s a r e summarized i n T a b l e 2. A g a i n i t s h o u l d be 
emphasized t h a t t h e c o n f i d e n t assignment o f s e v e r a l o f the 
normal modes was made p o s s i b l e by the a v a i l a b i l i t y o f t h e Raman 
s p e c t r a o f the gaseous ( S i H 3 ) 2 S and ( S i D 3 ) 2 S m o l e c u l e s . 

The f i n a l example i n t h i s s e c t i o n w i l l be t h e Raman spec
trum o f p h e n o l [ 9 ] . The v i b r a t i o n a l spectrum o f p h e n o l had been 
p r e v i o u s l y examined u s i n g a number o f s p e c t r o s c o p i c t e c h n i q u e s 
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T a b l e 2 Observed Raman F r e q u e n c i e s o f Gaseous ( S i H 3 ) 2 S 
and ( S i D 3 ) 2 S 

( S i H 3 ) 2 S ( S i D 3 ) 2 S 

Av(cm-
r e l . 

!) i n t . p o l . Av(cm-
r e l . 

x ) i n t . p o l . 
Assignment 

and D e s c r i p t i o n 

2188 s P 1584 s P v x S i H 3 ( S i D 3 ) 
a n t i s y m . s t r . ( A i ) 

2177 WS P 1567 WS P \>2 S i H 3 ( S i D 3 ) 
sym. s t r . ( A x ) 

1000 w,br dp v 6 + v 1 7 = 1004 ( B x ) 
984 VW P v 5 + \>6 = 988 ( A J 
712 mw P v 3 S i D 3 sym. d e f . (Ax) 

940 w,br dp 689 w dp v 9 S i H 3 ( S i D 3 ) 
a n t i s y m . d e f . ( A 2 ) 

928 w,br dp 677 w dp V 1 9 S i H 3 ( S i D 3 ) a n t i 
sym. d e f . ( B 2 ) 

665 w, sh dp v 1 5 S i D 3 sym. d e f . ( B x ) 
676 w P 540 m P v 5 S i H 3 ( S i D 3 ) 

r o c k ( A x ) 
625 vw,br dp v 2 0 S i H 3 r o c k ( B 2 ) 

521 w dp v 1 7 S i S S i s t r . ( B x ) 
514 w P I m p u r i t y ( see T e x t ) 

465 w,sh dp V 1 0 S i D 3 r o c k ( A 2 ) 
487 ms P 448 ms P V 6 S i S S i s t r ( A x ) 
141 w P 134 mw P \>7 S i S S i bend ( A x ) 

Data t a k e n from Ref. [ 8 ] . A b b r e v i a t i o n s used: see T a b l e 1. 

whi c h i n c l u d e d u v - v i s [ 1 6 ] , t h e i n f r a r e d spectrum o f t h e vap o r 
[ 1 7 ] , and t h e i n f r a r e d and Raman s p e c t r a o f b o t h t h e l i q u i d and 
s o l i d (see Ref. [9] f o r a summary o f t h e r e f e r e n c e s f o r t h e 
e a r l i e r w o r k ) . However, t h e Raman spectrum o f gaseous p h e n o l 
had n o t been r e p o r t e d and such d a t a s h o u l d be q u i t e u s e f u l i n 
a s s i g n i n g the i n - p l a n e fundamentals o f t h i s m o l e c u l e . There
f o r e , we [9] examined t h e medium r e s o l u t i o n Raman spectrum o f 
p h e n o l vapor and found t h a t a few o f t h e f e a t u r e s o f t h e spec
trum w a r r a n t e d comment, i n l i g h t o f t h e g e n e r a l l y a c c e p t e d 
v i b r a t i o n a l assignment f o r t h i s m o l e c u l e [ 1 6 ] . T y p i c a l s u r v e y 
s p e c t r a c o v e r i n g much o f t h e ränge from 1800 cm- 1 t o about 100 
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cm 

F i g . 3 Raman spectrum o f gaseous p h e n o l (used by p e r m i s s i o n , 
Ref. [ 9 ] ) . 

cm- 1 a r e shown i n F i g . 3. The s p e c t r a were r e c o r d e d a t a spec
t r a l s l i t w i d t h o f about 2.5 cm- 1 on a Cary Model 82 Raman spec-
t r o p h o t o m e t e r equipped w i t h a CRL 53Ä argon i o n l a s e r which 
d e l i v e r e d about 3.3 W o f 5145 A r a d i a t i o n a t t h e sample. Sample 
p r e s s u r e s o f about 12 t o r r were o b t a i n e d a t 75°C i n a heated 
Cary m u l t i p a s s a c c e s s o r y . I n T a b l e 3 the o b s e r v e d Raman l i n e s 
f o r t he vapor a r e t a b u l a t e d a l o n g w i t h t h e i r commonly a c c e p t e d 
a s s i g n m e n t s . Many o f the f e a t u r e s can be r o u t i n e l y i n t e r p r e t e d 
on the b a s i s o f p r e v i o u s v i b r a t i o n a l a ssignments [ 1 6 ] ; however, 
s e v e r a l l i n e s r e q u i r e some comments. 

P h e n o l can assume two s y m m e t r i c a l l y e q u i v a l e n t c o n f i g u r a -
t i o n s by u n d e r g o i n g i n t e r n a l r o t a t i o n around t h e CO bond a x i s . 
The degenerate p a i r s f o r t h e p h e n y l m o i e t y a r e s p l i t s l i g h t l y i n 
the n o n - r i g i d p h e n o l m o l e c u l e ; however, t h e C g p o i n t group i s 
not c o m p l e t e l y a b l e t o e x p l a i n o r d i s t i n g u i s h a l l o f the v i b r a 
t i o n a l s u b l e v e l s t h a t r e s u l t . Brand and co-workers [16] have 
d e f i n e d a m o l e c u l a r group G 4 o f o r d e r 4 and isomorphous w i t h the 
^2v p o i n t group i n t h e i r e x c e l l e n t t r e a t m e n t o f t h e UV spectrum 
o f p h e n o l , but we s h a l l r e t a i n t h e C g p o i n t group d e s i g n a t i o n s 
s i n c e most o f the i n f r a r e d and Raman gas (g) f e a t u r e s can be 
i n t e r p r e t e d u s i n g t h e s i m p l e r p o i n t group. 
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T a b l e 3 Observed Raman F r e q u e n c i e s and Assignments f o r 
Gaseous Phenol 

F r e q u e n c y ^ R e l . c d Approximate 
(cm- 1) I n t . Assignment D e s c r i p t i o n 

3656(3656) >20 OH s t r e t c h 
3073(3063) >20 w CH s t r e t c h 
1833 3 
1612(1610) 4 W CC s t r e t c h 
1602(1603) 4 CC s t r e t c h 
1504(1501) 1 V 1 9 a ( a l } CC s t r e t c h 
1470(1472) 1 v 1 9 b ( b 2 ) CC s t r e t c h 
1388(1343) 6 V l 4 ( b 2 > CC s t r e t c h 
1 2 8 5 ( 1 2 7 7 ) e 4 w CC s t r e t c h 
1264(1261) 12 CO s t r e t c h 
1196 3 ? 

1176(1176) 4 OH bend 
1168(1168) 3 

V 9 . ( a l > 
CH bend 

1149(1150) 1 W CH bend 
1025(1025) 19 CH bend 

1007 22 2 v l 6 b ( b 1 ) = 1 0 0 6 ( A 1 ) 
999(999) 20 r i n g d e f o r m a t i o n 

824(823) 15 V 1 2 ( a l } 
X - s e n s i t i v e r i n g 

810 15 2 v l 6 a i a 2 ) = 8 1 7 ( V 
528(526) 7 V 6 a ( V X - s e n s i t i v e r i n g 
235(244) 3 v l l < b l > 

X - s e n s i t i v e r i n g 

a D a t a taken from Ref. [ 9 ] . 
The numbers i n p a r e n t h e s e s denote p r e v i o u s l y a s s i g n e d i n f r a r e d 
f r e q u e n c i e s from the vapor [ 1 6 ] . 

C B a s e d on t h e 1007 cm- 1 l i n e h a v i n g an i n t e n s i t y o f 22. 
d W i l s o n ' s n o t a t i o n (Phys. Rev. 45, 706 (1934)) and symmetry 
s p e c i e s f o r the G4 group. 

e E s t i m a t e d from the UV spectrum [16] 
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A weak t o medium i n t e n s i t y band a t 1388 cm- 1 i s about 45 
cm- 1 h i g h e r i n f r e q u e n c y t h a n t h e peak a s s i g n e d t o the C=C 
s t r e t c h i n g mode, v 1 4 (1343 cm - 1 ) , i n t h e i n f r a r e d (g) spectrum 
[ 1 6 ] . B o t h t h e Raman (g) and i n f r a r e d (g) bands can be 
accounted f o r by an a p p r o p r i a t e c h o i c e o f c o m b i n a t i o n and/or 
o v e r t o n e bands. I t i s , t h e r e f o r e , u n c l e a r as t o w h i c h o f them 
i s a c t u a l l y t h e \>14 C=C s t r e t c h i n g f undamental. The i n f r a r e d 
(g) band has a d i s t i n c t t ype A band c o n t o u r . S i n c e o v e r t o n e and 
c o m b i n a t i o n bands a r e u s u a l l y q u i t e weak i n the Raman e f f e c t 
u n l e s s t h e y a r e i n F e r m i resonance w i t h a f u n d a m e n t a l , i t i s 
much more r e a s o n a b l e t o a s s i g n t h e 1388 cm- 1 Raman l i n e as the 
\>14 fundamental. T h i s n e c e s s i t a t e s the r e a s s i g n m e n t o f the 1343 
cm- 1 i n f r a r e d band as an o v e r t o n e o r a c o m b i n a t i o n band. Such 
bands a r e f r e q u e n t l y found w i t h c o n s i d e r a b l e i n t e n s i t y i n the 
i n f r a r e d spectrum. 

The h i g h e s t i n - p l a n e CH b e n d i n g mode has been a s s i g n e d a t 
1277.4 cm- 1 p r i m a r i l y from t h e UV spectrum o f t h e vapor [ 1 6 ] . 
There i s no e v i d e n c e o f t h i s band i n the i n f r a r e d (g) spectrum 
and the n e a r e s t f e a t u r e i n t h e i n f r a r e d spectrum o f the Con
densed phase i s a t about 1292 cm- 1. The Raman band a t 1285 cm- 1 

l i e s w e l l w i t h i n t h e ränge found f o r \>3 i n o t h e r benzene d e r i v a 
t i v e s [18] and we t h e r e f o r e proposed a s s i g n i n g t h e Raman (g) 
band t o t h i s CH b e n d i n g fundamental. The CO s t r e t c h , v 7 a , has 
been a s s i g n e d a t 1261 cm- 1 i n the i n f r a r e d spectrum [16] and the 
c o r r e s p o n d i n g Raman l i n e was found a t 1264 cm- 1. 

One o f the two u n u s u a l f e a t u r e s i n the Raman (g) spectrum 
i s t he appearance o f the s t r o n g e s t a' band below 2000 cm- 1 a t 
1007 cm- 1, c l o s e t o the CH i n - p l a n e b e n d i n g mode \> 1 8 a a t 1025 
cm- 1 and t h e i n - p l a n e r i n g d e f o r m a t i o n a l V i b r a t i o n \>i a t 999 
cm- 1. Two p o s s i b i l i t i e s e x i s t f o r t h e assignment o f the 1007 
cm- 1 l i n e . The most l i k e l y i s t h a t t h e band i s an ov e r t o n e o f 
the o u t - o f - p l a n e X - s e n s i t i v e r i n g d e f o r m a t i o n a l V i b r a t i o n 
\>i6b which has been a s s i g n e d a t 503 cm- 1 i n the i n f r a r e d (g) 
spectrum [ 1 6 ] . The p r e s e n c e o f two i n - p l a n e fundamentals near 
th e a' o v e r t o n e l i k e l y r e s u l t s i n s t r o n g F e r m i resonance which 
a c c o u n t s f o r i t s s t r e n g t h . O t h e r w i s e , i t i s n e c e s s a r y t o 
r e a s s i g n one o f the i n - p l a n e CH be n d i n g modes a t 1007 cm- 1 and 
t h e r e a r e a l r e a d y s u f f i c i e n t bands above 1000 cm- 1 t o accommo-
date t h e s e motions f u l l y . I n t h e i n f r a r e d (g) spectrum recorded 
w i t h r e l a t i v e l y h i g h p r e s s u r e (~65 t o r r ) , t h e r e i s o n l y v e r y 
weak e v i d e n c e o f a band a t 1007 cm- 1, but the fundamental a t 999 
cm- 1 i s ob s e r v e d i n t h e i n f r a r e d spectrum o n l y a t v e r y l o n g 
p a t h l e n g t h s . T h e r e f o r e t h i s o v e r t o n e would n o t be expecte d t o 
have any a p p r e c i a b l e i n t e n s i t y i n the i n f r a r e d spectrum. 

There a r e two s t r o n g a* bands a t 824 and 810 cm- 1. I n 
p r e v i o u s assignments the bands have been i n v a r i a b l y i n t e r p r e t e d 
as h a v i n g d i f f e r e n t symmetries. O p i n i o n s as t o w h i c h i s a' and 
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w h i c h i s a" have, however, v a r i e d . Q u i t e c l e a r l y t h e Raman (g) 
s p e c t r u m shows b o t h l i n e s b e l o n g t o t h e t o t a l l y Symmetrie sym
m e t r y s p e c i e s a'. The r e a s s i g n m e n t o f one o r t h e o t h e r t h e r e 
f o r e e f f e c t s t h e I n t e r p r e t a t i o n o f b o t h t h e i n - p l a n e and o u t -
o f - p l a n e v i b r a t i o n a l groups i n p h e n o l . One o f t h e l i n e s i s 
c l e a r l y the i n - p l a n e d e f o r m a t i o n v 1 2 , w h i c h has been p r e v i o u s l y 
a s s i g n e d a t 823 cm- 1, and we coneur w i t h t h i s assignment [ 1 6 ] . 
The assignment o f the o t h e r band was more d i f f i c u l t . The most 
r e a s o n a b l e assignment o f the 810 cm- 1 l i n e i s t o the o v e r t o n e 
2vi6a> which g i v e s a f r e q u e n c y o f 817 cm- 1. T h i s o v e r t o n e would 
be i n resonance w i t h \>12 so t h a t v 1 2 moves up t o 824 cm- 1 and 
th e o v e r t o n e moves t o 810 cm- 1; t h i s resonance c o u l d t h e n be 
used t o e x p l a i n t h e n e a r l y e q u a l i n t e n s i t y o f t h e s e two Raman 
l i n e s . T h i s resonance has been p r o p o s e d [16] from UV s t u d i e s . 
I t seems c l e a r t h a t t h e 810 cm- 1 l i n e i s n o t v X o a (an a 2 mode 
under t h e G 4 symmetry group) as p r o p o s e d from i n f r a r e d s t u d i e s , 
and the i n f r a r e d c o n t o u r i s c o n s i s t e n t w i t h an i n - p l a n e m o t i o n 
b u t n o t an o u t - o f - p l a n e m o t i o n . I t i s p o s s i b l e t h a t \> 1 0 a may 
f a l l i n t h i s same r e g i o n b u t i t cannot be a s s i g n e d t o t h e i n f r a 
r e d o r Raman bands a t 810 cm- 1. 

I n c o n c l u s i o n we [9] were a b l e t o r e a s s i g n t h e v 2 , v 1 4 and 
v 3 fundamentals o f p h e n o l t o Raman l i n e s a t 3073, 1388 and 1285 
cm- 1. These f r e q u e n c i e s d i f f e r a p p r e c i a b l y from t h e proposed 
assignments f o r t h e s e normal modes based on the i n f r a r e d spec
trum [16] o f gaseous p h e n o l . We a l s o o b s e r v e d two v e r y s t r o n g 
l i n e s a t 1007 and 810 cm- 1 w h i c h appear t o be o v e r t o n e s i n F e r m i 
resonance w i t h nearby fundamentals. I t i s p o s s i b l e t h a t t h e 810 
cm- 1 l i n e i s t h e \> 6 a fundamental and f u r t h e r s t u d i e s o f p h e n o l -
d 5 w i l l be needed t o d e t e r m i n e i f t h e 810 cm- 1 l i n e i s an o v e r 
tone o r a fundamental. The i n f r a r e d band a t 810 cm- 1 w h i c h has 
a c o n t o u r s i m i l a r t o the V ^ C a j ) fundamental must c o r r e s p o n d t o 
the Raman l i n e a t t h i s same f r e q u e n c y and i t c a n n o t , t h e r e f o r e , 
c o r r e s p o n d t o t h e V 1 0 a fundamental as p r e v i o u s l y a s s i g n e d s i n c e 
V 1 0 a i s an o u t - o f - p l a n e CH b e n d i n g m o t i o n . F u r t h e r i n f r a r e d 
d a t a under h i g h e r r e s o l u t i o n a r e needed b e f o r e t h e CH s t r e t c h i n g 
m otions can be c o n f i d e n t l y a s s i g n e d s i n c e i t was n e c e s s a r y t o 
r e a s s i g n the f r e q u e n c y f o r t h e v 2 fundamental [ 9 ] . 

I t i s c l e a r from the above t h r e e examples t h a t t h e Raman 
s p e c t r a o f gases can be i n v a l u a b l e f o r making complete a s s i g n 
ments f o r a l a r g e v a r i e t y o f m o l e c u l e s b u t , f o r t h e most p a r t , 
i t has been n e g l e c t e d m a i n l y because o f t h e need f o r r e a s o n a b l y 
h i g h powered l a s e r s o u r c e s f o r c o l l e c t i o n o f t h e d a t a . F r e -
q u e n t l y such source i n t e n s i t y w i l l cause t h e sample t o decompose 
or t h e f o c u s e d beam w i l l " b u r n " h o l e s i n t h e m i r r o r o r sample 
Windows w h i c h o f c o u r s e makes the r e c o r d i n g o f such d a t a some-
what d i f f i c u l t . N e v e r t h e l e s s one u s u a l l y f i n d s t h a t t h e Raman 
da t a f o r the gaseous phase i s o f s u f f i c i e n t v a l u e t o Warrant t h e 
e f f o r t t o c o l l e c t i t . 
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3. STRUCTURAL DETERMINATIONS 

The n e x t a r e a w h ich we would l i k e t o r e v i e w i s t h e U t i l i t y 
o f gas-phase Raman d a t a f o r s t r u c t u r a l d e t e r m i n a t i o n s w h i c h can 
be c o n v e n i e n t l y d i v i d e d i n t o t h e use o f low r e s o l u t i o n d a t a f o r 
symmetry d e t e r m i n a t i o n s and h i g h r e s o l u t i o n r o t a t i o n a l s p e c t r a 
f o r t h e d e t e r m i n a t i o n o f bond d i s t a n c e s and a n g l e s . I n t h e 
f i r s t case i t i s u s u a l l y n e c e s s a r y t o use t h e Raman d a t a i n 
c o n j u n c t i o n w i t h t h e c o r r e s p o n d i n g i n f r a r e d d a t a , as w e l l as t h e 
s p e c t r a l d a t a f o r t h e s o l i d State. I n many o f t h e e a r l y s t u d i e s 
on symmetry d e t e r m i n a t i o n s , t h e Raman d a t a f o r the l i q u i d was 
compared t o the i n f r a r e d spectrum o f t h e va p o r and c o n c l u s i o n s 
were made wh i c h l a t e r p r o v e d i n c o r r e c t . T h e r e f o r e , i t i s 
n e c e s s a r y t o compare t h e i n f r a r e d and Raman d a t a f o r t h e same 
p h y s i c a l s t a t e s i f one wants t o determ i n e t h e p r e s e n c e o f a 
symmetry c e n t e r o r t h e s e l e c t i o n r u l e s b e i n g f o l l o w e d by the 
m o l e c u l e . S i n c e o v e r t o n e and c o m b i n a t i o n bands a r e u s u a l l y v e r y 
weak i n the Raman e f f e c t , i t i s f r e q u e n t l y p o s s i b l e t o d e t e r 
mine, from o n l y t h e number o f ob s e r v e d Raman l i n e s , some i d e a o f 
the m o l e c u l a r symmetry o f the m o l e c u l e under i n v e s t i g a t i o n . 
A d d i t i o n a l l y t he p o l a r i z a t i o n o f a g i v e n normal mode may a l s o 
p r o v i d e a c l u e t o t h e m o l e c u l a r symmetry. N e v e r t h e l e s s t h e most 
c o n f i d e n t d e t e r m i n a t i o n can u s u a l l y be made by a com p a r i s o n o f 
b o t h t h e i n f r a r e d and Raman d a t a f o r b o t h t h e f l u i d and s o l i d 
s t a t e s . 

As an example o f symmetry d e t e r m i n a t i o n l e t us c o n s i d e r 
some m o l e c u l e s o f g e n e r a l f o r m u l a X 2 Y 4 w h i c h e x h i b i t a wide 
v a r i e t y o f m o l e c u l a r symmetries. F i v e p o s s i b l e s t r u c t u r e s f o r 
th e s e X 2 Y 4 m o l e c u l e s w i l l be c o n s i d e r e d w h i c h i n c l u d e t h e p l a n a r 
(Ö2h)> s t a g g e r e d w i t h a t w i s t a n g l e o f 90° ( D 2 d ) , and t h r e e 
r e s u l t i n g from a n o n p l a n a r arrangement o f t h e XXY 2 m o i e t y : 
t r a n s ( C 2 n ) , gauche ( C 2 ) , and e i s ( C 2 V ) . These f i v e symmetries 
a r e i l l u s t r a t e d i n F i g . 4 and t h e r e p r e s e n t a t i o n s f o r t h e normal 
modes a l o n g w i t h t h e i r i n f r a r e d and Raman a c t i v i t y f o r each 
m o l e c u l a r symmetry group a r e g i v e n i n T a b l e 4. 

The f i r s t m o l e c u l e t o be c o n s i d e r e d i s B 2 F 4 f o r w h i c h the 
Raman s p e c t r a o f t h e gas and s o l i d were r e p o r t e d by D u r i g e t a l . 
[ 1 9 ] . M ajor Raman l i n e s f o r t h e gas were r e p o r t e d a t 1404 
(w,p), 1368 (w,br,dp), 673 ( v s , p ) , 380 (w,dp?), 326 (w,sh,dp), 
and 318 cm- 1 ( s , p ) w i t h c o r r e s p o n d i n g l i n e s i n the spectrum of 
the s o l i d a t n e a r l y the same f r e q u e n c i e s e x c e p t f o r the 1368 
cm- 1 l i n e w h i c h s h i f t e d t o 1308 cm- 1. These s i x l i n e s are 
e x a c t l y t he number e x p e c t e d f o r t h e p l a n a r m o l e c u l e o f D 2 n 

symmetry where t h e t h r e e p o l a r i z e d l i n e s i n d e s c e n d i n g f r e 
q u e n c i e s a r e t h e B-B s t r e t c h , t h e B-F s t r e t c h , and t h e B F 2 

d e f o r m a t i o n , r e s p e c t i v e l y . The t h r e e d e p o l a r i z e d l i n e s , a g a i n 
i n d e s c e n d i n g f r e q u e n c i e s , a r e t h e B F 2 s t r e t c h ( B X g ) , t h e B F 2 

wag ( B 2 g ) , and t h e B F 2 r o c k ( B l g ) , r e s p e c t i v e l y . A comparison 
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P L A N A R (D2h) T W I S T E D (D2|| ) 

F i g . 4 F i v e p o s s i b l e s t r u c t u r e s f o r X 2 Y 4 m o l e c u l e s . 

T a b l e 4 R e p r e s e n t a t i o n s o f Normal Modes and t h e i r A c t i v i t y 
f o r M o l e c u l e s w i t h M o l e c u l a r Formula X 2 Y 4 

D 2 h 3 A g ( R , P ) + 
1B, (IR) + l u 

2 B l g ( R , d p ) + l B 2 g ( R , d p ) + l A u ( - ) + 
2 B 2 u ( I R ) + 2 B 3 u ( I R ) 

D 2 d 3ÄJCR.P) + l B 1 ( R , d p ) + 2B 2(R,dp,IR) + 3E(R,dp,IR) 

C 2 h 4A g(R,p) + 2B g(R,dp) + 3 A u ( I R ) + 3 B u ( I R ) 

C 2 7A(R,p,IR) + 5B(R,dp,IR) 

C 2 v 4A 1(R,p,IR) + 3A 2(R,dp) + 2B 1(R,dp,IR) + 3B 2(R,dp,IR) 

o f t h e s e d a t a w i t h the i n f r a r e d f r e q u e n c i e s c l e a r l y showed t h a t 
t h e r u l e o f mutual e x c l u s i o n i s r e t a i n e d i n t h e s p e c t r a f o r b o t h 
t h e f l u i d and s o l i d s t a t e s and t h e m o l e c u l e has D 2^ symmetry i n 
a l l p h y s i c a l s t a t e s . No e v i d e n c e c o u l d be found f o r t h e non-
p l a n a r D 2 cj form i n the gas as had been p r e v i o u s l y r e p o r t e d from 
an i n f r a r e d s t u d y [20] . 
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The second m o l e c u l e w h i c h we s h a l l c o n s i d e r i n t h i s s e c t i o n 
i s t e t r a m e t h y l h y d r a z i n e . The group f r e q u e n c i e s f o r the CH 3 

groups a r e w e l l known and t h e y do not i n t e r f e r e w i t h t h e a n a l y 
s i s o f t h e s p e c t r a l d a t a f o r t h e s k e l e t a l modes. 

We r e c o r d e d [21] t h e Raman s p e c t r a o f t h e gas, l i q u i d , and 
s o l i d and measured the d e p o l a r i z a t i o n v a l u e s . O n l y t h e «keletal 
s t r e t c h i n g and b e n d i n g f r e q u e n c i e s were e x p e c t e d t o show s i g -
n i f i c a n t v a r i a t i o n s w i t h changes i n m o l e c u l a r s t r u c t u r e . The 
Raman spectrum o f s o l i d t e t r a m e t h y l h y d r a z i n e shows e l e v e n d i s -
t i n c t l i n e s between 300 and 1050 cm- 1. T h i s i s e x a c t l y t h e 
number ex p e c t e d f o r t h e s k e l e t a l modes, e x c l u d i n g t h e t o r s i o n , 
i f t he m o l e c u l e has C 2 symmetry. I f the t r a n s form were p r e s e n t 
o n l y s i x l i n e s would be e x p e c t e d and mutual e x c l u s i o n would be 
o p e r a t i v e . However, e x c e l l e n t c o rrespondence between the i n f r a 
r e d and Raman bands i n t h e s o l i d was found. T h e r e f o r e , t h e 
m o l e c u l e has C 2 symmetry i n the s o l i d . There were no bands 
observed i n the l i q u i d w h i c h d i s a p p e a r w i t h s o l i d i f i c a t i o n . I n 
t h e Raman spectrum o f t h e gas, t h e Q-branches f o r t h e Symmetrie 
modes were w e l l pronounced and t h e b r oad l i n e s o f the a n t i 
symmetric modes c o u l d s t i l l be i d e n t i f i e d . Thus, i t was con-
c l u d e d t h a t the t e t r a m e t h y l h y d r a z i n e m o l e c u l e e x i s t s i n o n l y one 
i s o m e r i c form i n a l l s t a t e s and t h i s form i s t h e gauche ( C 2 ) 
isomer. These two examples c l e a r l y show t h e U t i l i t y o f Raman 
s p e c t r a l d a t a f o r symmetry d e t e r m i n a t i o n s . 

As i n d i c a t e d e a r l i e r , h i g h r e s o l u t i o n r o t a t i o n a l Raman 
s p e c t r a can be used t o o b t a i n bond d i s t a n c e s and a n g l e s . The 
pure r o t a t i o n a l Raman s p e c t r a o f c y clohexane-do and c y c l o h e x a n e -
d 1 2 were r e c o r d e d [22] under h i g h r e s o l u t i o n w i t h an argon l a s e r 
as the e x c i t i n g s o u r c e . The s p e c t r a c o n s i s t e d o f r e a s o n a b l y 
sharp l i n e s w h i c h formed w e l l d e v e l o p e d R- and S-branches and, 
from the a n a l y s i s o f t h e s e s p e c t r a , the f o l l o w i n g m o l e c u l a r con-
s t a n t s were o b t a i n e d : f o r C 6 H 1 2 , B 0 = 0.143429 ± 2 x l 0 - 6 cm- 1, 
D j = (1.56 ± 0 . 0 3 ) x l 0 - 8 cm- 1 and f o r C 6 D 1 2 , B 0 = 0.109469 
± l x l O - 6 cm- 1 and D j = (0.61 ± 0 . 0 1 ) x l 0 - 8 cm- 1. From th e s e two 
e x p e r i m e n t a l moments o f i n e r t i a i t i s n o t p o s s i b l e t o o b t a i n t h e 
f o u r unknown s t r u c t u r a l p a r a m e t e r s , i . e . , two bond l e n g t h s and 
two i n t e r b o n d a n g l e s , b u t by assuming a v a l u e f o r JCCC and 
c a l c u l a t i n g a v a l u e f o r r(C-H) from the c o r r e l a t i o n between t h i s 
bond l e n g t h and t h e average f r e q u e n c y o f i t s s t r e t c h i n g V i b r a 
t i o n [ 2 3 ] , i t i s p o s s i b l e t o o b t a i n the o t h e r s t r u c t u r a l 
p a r a m e t e r s . The r e s u l t s o f t h i s s t u d y [22] a r e g i v e n i n T a b l e 5 
a l o n g w i t h v a l u e s f o r t h e s t r u c t u r a l p arameters o b t a i n e d from 
t h r e e d i f f e r e n t e l e c t r o n d i f f r a c t i o n s t u d i e s [24-26]. The 
r e s u l t s compare v e r y f a v o r a b l y and show t h a t e x c e l l e n t s t r u c 
t u r a l p arameters can be o b t a i n e d i n f a v o r a b l e c a s e s . 
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T a b l e 5 S t r u c t u r a l Parameters f o r Cyclohexane 

65 

*C-C-C,deg r ( C - C ) , A *H-C-H,deg r(C-H),A 

E l e c t r o n 
D i f f r a c t i o n 
R e f . [24] 
Ref. [25] 
Ref. [26] 

III.55±0.15° 1.528±0.005 t e t r a h e d r a l 
111.0510.12° 1.52810.003 110.012.5° 
111.4 10.2° 1.53510.002 107.211° 

Raman E f f e c t 
R ef. [22] 111.410.3° 1 . 5 3 5 ^ 0 . 0 0 1 3 110.010.3 C 

1.10410.005 
1.11910.004 
1.12110.004 

1.10210.001 

V a l u e o f JC-C-C i s assumed. V a l u e o f r(C-H) d e t e r m i n e d from 
bond length-bond f r e q u e n c y c o r r e l a t i o n [ 2 3 ] . 

4. CONFORMATIONAL ANALYSIS 

The U t i l i t y o f Raman s p e c t r a l d a t a from t h e gas phase f o r 
c o n f o r m a t i o n a l a n a l y s e s has been p r e t t y much l i m i t e d t o v e r y 
r e c e n t s t u d i e s but a l a r g e number o f paper s on t h e temperature 
s t u d i e s o f the Raman s p e c t r a o f l i q u i d s have been p u b l i s h e d over 
the p a s t t h i r t y y e a r s . T h e r e f o r e we s h a l l f i r s t b r i e f l y r e v i e w 
t h i s l a t t e r use o f Raman d a t a f o r c o n f o r m a t i o n a l a n a l y s e s and 
then r e v i e w the more r e c e n t gas-phase Raman s t u d i e s on m o l e c u l e s 
w i t h asymmetric t o r s i o n a l modes and more t h a n one conformer 
p r e s e n t a t ambient t e m p e r a t u r e . I n p r i n c i p l e , t emperature 
s t u d i e s on the Raman s p e c t r a o f gases c o u l d p r o v i d e AH v a l u e s 
b u t s u c h s t u d i e s a r e r e l a t i v e l y d i f f i c u l t t o c a r r y o u t . I n 
g e n e r a l the s p e c t r a l l i n e s due t o t h e d i f f e r e n t conformers a r e 
i d e n t i f i e d i n the gas phase, t h e n t e m p e r a t u r e s t u d i e s a r e 
c a r r i e d out on the l i q u i d phase, and f i n a l l y t h e spectrum o f t h e 
s o l i d i s re c o r d e d t o v e r i f y t h a t the h i g h energy conformer l i n e s 
do d i s a p p e a r i n the s o l i d . However, i t s h o u l d be p o i n t e d o ut 
t h a t the h i g h energy conformer may be more s t a b l e i n the s o l i d 
S t a t e because o f p a c k i n g f a c t o r s b u t , i n g e n e r a l , t h e more 
th e r m o d y n a m i c a l l y f a v o r e d conformer i s t h e one r e m a i n i n g i n the 
c r y s t a l l i n e s o l i d . 

As an example o f the i d e n t i f i c a t i o n o f a second conformer 
i n t h e gaseous S t a t e by Raman s p e c t r o s c o p y , the Raman spectrum 
[27] o f ( C H 3 ) 2 P P ( C H 3 ) 2 i s shown i n F i g . 5. F o r t h i s m o l e c u l e 
o n l y t h e s k e l e t a l s t r e t c h i n g and b e n d i n g motions a r e e x p e c t e d t o 
show s i g n i f i c a n t f r e q u e n c y v a r i a t i o n s w i t h changes i n t h e 
m o l e c u l a r s t r u c t u r e . S i n c e a l l o f the carbon-hydrogen motions 
e x c e p t the methyl t o r s i o n s f a l l above 800 cm- 1 and t h e f r e 
q u e n c i e s of the s k e l e t a l modes a r e a l l below 800 cm- 1, i t was 
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3ö'ö6 JS70Ö Wöö' ' 1 lö'öö' ' ' 'siö' ' ' ' (!) 
WAVENUMBER CM'1 

F i g . 5 Raman spectrum o f gaseous ( C H 3 ) 2 P P ( C H 3 ) 2 a t 80°C (u s e d 
by p e r m i s s i o n , R ef. [ 2 7 ] ) . 

q u i t e easy t o a s s i g n t h e fundamental f r e q u e n c i e s f o r t h e n o r m a l 
modes o f t h e heavy atom s k e l e t o n . I n t h e s p e c t r a l r e g i o n 
between 400 and 500 cm- 1 t h e r e a r e two l i n e s a t 426 and 457 cm- 1 

which have c o r r e s p o n d i n g f r e q u e n c i e s o f 429 and 455 cm- 1 i n t h e 
spectrum o f t h e l i q u i d [28] and t h e s e l i n e s must be a s s i g n e d as 
the P-P s t r e t c h i n g modes o f t h e gauche and t r a n s c o n f o r m e r s , 
r e s p e c t i v e l y , s i n c e t h e s e a r e the o n l y normal modes e x p e c t e d i n 
t h i s r e g i o n . The 426 cm- 1 l i n e d i s a p p e a r e d w i t h s o l i d i f i c a t i o n 
and o n l y t h r e e Raman l i n e s a t 314, 260, and 231 cm- 1 remained i n 
the P C 2 b e n d i n g r e g i o n w h i c h i s e x a c t l y t he number e x p e c t e d f o r 
the t r a n s conformer. F u r t h e r e v i d e n c e f o r t h e p r e s e n c e o f o n l y 
the t r a n s conformer i n t h e s o l i d State was o b t a i n e d from a 
comparison o f t h e i n f r a r e d and Raman f r e q u e n c i e s f o r t h e 
s k e l e t a l modes from w h i c h t h e i r a l t e r n a t e f o r b i d d e n n e s s p r o v i d e d 
c o n c l u s i v e e v i d e n c e t h a t s o l i d t e t r a m e t h y l b i p h o s p h i n e e x i s t s as 
the t r a n s isomer. A d d i t i o n a l e v i d e n c e f o r t h e p r e s e n c e o f t h e 
gauche isomer i n t h e gas phase can be found i n t h e 180-300 cm- 1 

r e g i o n where l i n e s were o b s e r v e d a t 299 ( 3 0 1 ) , 284 ( 2 8 7 ) , 261, 
254 ( 2 5 8 ) , 241 ( 2 4 3 ) , 233, 222 ( 2 2 6 ) , and 186 (190) cm- 1 w i t h 
the c o r r e s p o n d i n g f r e q u e n c i e s f o r the l i q u i d l i s t e d i n 
p a r e n t h e s e s . S i n c e o n l y t h r e e l i n e s were o b s e r v e d i n t h i s 
s p e c t r a l r e g i o n f o r the t r a n s isomer i n t h e s o l i d State, t h e s e 
a d d i t i o n a l l i n e s had t o be a t t r i b u t e d t o P C 2 b e n d i n g modes o f 
the gauche isomer [ 2 8 ] . The r e l a t i v e i n t e n s i t i e s o f t h e 426 and 
457 cm- 1 l i n e s were s t u d i e d as t h e sample t e m p e r a t u r e was v a r i e d 
from ambient t o 80°C b u t t h e r e l a t i v e i n t e n s i t i e s remained 
e s s e n t i a l l y t h e same w h i c h i n d i c a t e s a v e r y s m a l l e n e r g y 
d i f f e r e n c e between the two i s o m e r s . T h e r e f o r e , on a S t a t i s t i c a l 
b a s i s , t he gauche s h o u l d be i n a p p r o x i m a t e l y a 2 t o 1 r a t i o 
w h ich i s c o n s i s t e n t w i t h t h e a p p r o x i m a t e l y 60% c o n c e n t r a t i o n 
e s t i m a t e d from t h e Raman spectrum o f t h e l i q u i d [ 2 7 ] . These 
r e s u l t s a r e i n complete d i s a g r e e m e n t w i t h t h e c o n c l u s i o n s from 
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t h e e l e c t r o n d i f f r a c t i o n s t u d y [29] o f t h i s m o l e c u l e where i t 
was c o n c l u d e d t h a t the m o l e c u l e e x i s t s i n o n l y t h e t r a n s con
f o r m e r i n the gas phase. 

F o r the second example i n t h i s s e c t i o n we s h a l l use t h e 
Raman spectrum o f gaseous n-butane. I n t h i s case we s h a l l show 
how t h e d e t e r m i n a t i o n o f t h e asymmetric p o t e n t i a l f u n c t i o n can 
be used t o o b t a i n t h e energy d i f f e r e n c e between t h e two con
f o r m e r s . 

I n o r d e r t o be a b l e t o c h a r a c t e r i z e t h e asymmetric 
p o t e n t i a l f u n c t i o n , f o u r t y p e s o f i n f o r m a t i o n a r e r e q u i r e d : (1) 
t h e approximate d i h e d r a l ( t o r s i o n a l ) a n g l e o f each conformer, 
because the number o f t o r s i o n a l energy l e v e l s i s d i r e c t l y 
r e l a t e d t o the number o f p o t e n t i a l minima; (2) t h e approximate 
r e l a t i v e e n t h a l p y d i f f e r e n c e between t h e h i g h and low energy 
c o n f o r m e r s , s i n c e t h i s i s one o f t h e c o n s t r a i n t s d e f i n i n g t h e 
p o t e n t i a l f u n c t i o n ; (3) the change i n m o l e c u l a r k i n e t i c energy 
as a f u n c t i o n o f t o r s i o n a l a n g l e ; and (4) t h e a c c u r a t e Observa
t i o n and assignment o f the t o r s i o n a l t r a n s i t i o n f r e q u e n c i e s . 
P r e v i o u s v i b r a t i o n a l s t u d i e s [30,31] o f n-butane had shown t h a t 
t h e m o l e c u l e e x i s t s i n the gas phase as a m i x t u r e o f t h e s - t r a n s 
and gauche conformers. The s - t r a n s asymmetric t o r s i o n i s 
e x p e c t e d to show sharp Q-branches i n t h e i n f r a r e d spectrum b u t 
o n l y one broad i l l - d e f i n e d band, c e n t e r e d a t 121 cm- 1, was ob
s e r v e d [ 3 0 ] . Compton e t a l . [32] r e c o r d e d t h e low f r e q u e n c y 
Raman spectrum o f t h i s m o l e c u l e a t r e l a t i v e l y h i g h s e n s i t i v i t y 
(see F i g . 6) and t h e y were a b l e t o r e s o l v e f o u r bands due t o t h e 
asymmetric t o r s i o n o f t h e gauche conformer. A d d i t i o n a l l y , t h e y 
o b s e r v e d s e v e r a l bands between 260 and 210 cm- 1 o f w h i c h f o u r 
were a s s i g n e d t o the o v e r t o n e s o f the asymmetric t o r s i o n o f the 
s - t r a n s conformer (see T a b l e 6 ) . From t h e s e d a t a , p o t e n t i a l 
c o e f f i c i e n t s o f V 2 = 395±2, V 3 = 1166±5, V 5 = 26±1 and V 6 = 
-34±2 cm- 1 were o b t a i n e d . The r e s u l t i n g p o t e n t i a l f u n c t i o n 
( F i g . 7) has an e n t h a l p y d i f f e r e n c e o f 311110 cm- 1 and a gauche 
d i h e d r a l a n g l e o f 118±1°. T h i s v a l u e o f 311 cm- 1 f o r AH o f t h e 
gas i s c o n s i d e r a b l y l a r g e r t h a n t h e v a l u e s o f 189 cm- 1 and 195 
cm- 1 o b t a i n e d from the temperature and p r e s s u r e dependence o f 
the Raman spectrum o f t h e l i q u i d [ 33,34]. Such a l a r g e d i f f e r 
ence between the AH v a l u e s f o r the two phases i s n o t s u r p r i s i n g 
f o r m o l e c u l e s which have c o n s i d e r a b l y d i f f e r e n t shapes f o r t h e i r 
two conformers and t h e more s y m m e t r i c a l one can be accommodated 
more r e a d i l y i n the l i q u i d phase. 

5. LOW FREQUENCY, ANHARMONIC VIBRATIONS 

F o r s e v e r a l y e a r s , t h e r e has been c o n s i d e r a b l e i n t e r e s t i n 
l a r g e a m p l i t u d e , anharmonic v i b r a t i o n s w h i c h u s u a l l y o c c u r i n 
t h e low f r e q u e n c y s p e c t r a l r e g i o n . The anharmonic v i b r a t i o n s 
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F i g . 6 Low f r e q u e n c y Raman spectrum o f gaseous n-butane r e c o r d 
ed w i t h SBW =0.7 cm- 1 (used by p e r m i s s i o n , Ref. [ 3 2 ] ) . 

w h i c h w i l l be c o n s i d e r e d a r e t h e r i n g b e n d i n g modes o f 
" s a t u r a t e d " five-membered r i n g s , b e n d i n g modes o f q u a s i - l i n e a r 
m o l e c u l e s , and i n t e r n a l t o r s i o n a l o s c i l l a t i o n s . S i n c e t h e s e 
v i b r a t i o n s a r e low i n f r e q u e n c y , s e v e r a l e x c i t e d v i b r a t i o n a l 
s t a t e s a r e o r d i n a r i l y p o p u l a t e d a t ambient t e m p e r a t u r e , and 
Upper State t r a n s i t i o n s a r e u s u a l l y o b s e r v e d . C o r r e c t a s s i g n 
ments o f t h e s e "hot bands" can p r o v i d e a knowledge o f the 
v i b r a t i o n a l p o t e n t i a l f u n c t i o n and b a r r i e r s t o i n t e r c o n v e r s i o n 
between m o l e c u l a r forms. F o r example, the most s t a b l e con-
f o r m a t i o n , as w e l l as t h e p a t h f o r i n t e r c o n v e r s i o n , may o f t e n be 
determined f o r five-membered r i n g s ; f o r q u a s i - l i n e a r m o l e c u l e s , 
the b a r r i e r t o l i n e a r i t y may f r e q u e n t l y be o b t a i n e d . F o r 
m o l e c u l e s w i t h two C 3 v r o t o r s , not o n l y i s the p o t e n t i a l b a r r i e r 
o b t a i n e d , b u t b o t h t h e s i n e - s i n e and c o s i n e - c o s i n e c o u p l i n g 
terms may be e v a l u a t e d . I n o r d e r t o b e s t s t u d y anharmonic 
v i b r a t i o n s , t he m o l e c u l e s must be i n the gas phase, where they 
are f r e e from t h e i n t e r a c t i o n s p r e s e n t i n the l i q u i d o r s o l i d 
phases. I n i t i a l l y , t h e s e v i b r a t i o n s were s t u d i e d by the f a r 
i n f r a r e d t e c h n i q u e and, w i t h the development o f FT-IR spec-
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T a b l e 6 Observed Raman F r e q u e n c i e s o f Gaseous n-Butane 
below 300 cm- 1 

f r e q , cm- 1 r e l . i n t . a s s i g n m e n t ^ obs-calc° 

254.9 m t 
248.2 w,sh t 
244.2 s t 2 <r 0 -0.4 
239.1 m t 3 <- 1 0.6 
232.0 m t 4 ^ 2 -0.1 
230.5 vw,sh t 
224.9 w t 5 <- 3 -0.1 
123 vw,br 
116.6 s g 1± <r 0+ 0.1 
114.1 m 8 2± «- 1± 0.0 
111.3 m g 3± <- 2± -0.1 
105.6 w g 

Data t a k e n from R e f . [ 3 2 ] . A b b r e v i a t i o n s used: s, s t r o n g ; m, 
medium; w, weak; s h , Shoulder; b r , b r o a d ; v, v e r y . 

3 t , s - t r a n s ; g, gauche. 
" C a l c u l a t e d u s i n g t h e f o l l o w i n g p o t e n t i a l c o e f f i c i e n t s : 
V x = 395.1, V 3 = 1166.0, V 5 = 26.3, and V 6 = -34.0 cm- 1. 

DIHEDRAL ANGLE 

F i g . 7 The asymmetric p o t e n t i a l f u n c t i o n o f n-butane showing 
the o b s e r v e d t o r s i o n a l t r a n s i t i o n s . The d i h e d r a l a n g l e o f z e r o 
c o r r e s p o n d s t o the s - t r a n s conformer (used by p e r m i s s i o n , Ref. 
[ 3 2 ] ) . 
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t r o s c o p y , c o n s i d e r a b l e r e s e a r c h e f f o r t has been expended i n t h i s 
a r e a . However, u n t i l r e c e n t l y , l i t t l e a t t e n t i o n has been g i v e n 
t o Raman s p e c t r o s c o p y w h i c h i s t h e o t h e r t e c h n i q u e f o r d i r e c t l y 
o b s e r v i n g anharmonic v i b r a t i o n s . The fundamentals o f t h e s e 
l a r g e a m p l i t u d e v i b r a t i o n s , i f observed a t a l l , o f t e n y i e l d 
b r o a d , weak band c o n t o u r s i n t h e gas-phase Raman spectrum b u t 
the o v e r t o n e s a r e o f t h e p r o p e r symmetry t o y i e l d t h e d e s i r e d 
Q-branches. Because o f b o t h t h e e l e c t r i c a l and t h e m e c h a n i c a l 
a n h a r m o n i c i t y , t h e s e v i b r a t i o n a l o v e r t o n e s a r e a l l o w e d and t h e y 
u s u a l l y have s u f f i c i e n t i n t e n s i t y t o be o b s e r v e d , even when t h e 
fundamentals may n o t be o b s e r v a b l e . Thus, gas-phase Raman 
s p e c t r o s c o p y o f f e r s a n o t h e r method o f d i r e c t l y o b s e r v i n g t h e s e 
anharmonic v i b r a t i o n s . I t has i t s own s e t o f advantages and 
d i s a d v a n t a g e s as an a d j u n c t t o f a r i n f r a r e d s p e c t r o s c o p y , o r as 
t h e p r i m a r y t e c h n i q u e f o r s t u d y i n g t h e s e l a r g e a m p l i t u d e 
m o t i o n s . 

A. Five-membered R i n g s 

I n five-membered r i n g m o l e c u l e s , t h e r e a r e two low f r e 
quency o u t - o f - p l a n e r i n g m o t i o n s . I f t h e five-membered r i n g 
c o n t a i n s no e n d o c y c l i c d o u b l e bonds, the two o u t - o f - p l a n e r i n g 
motions can u s u a l l y c o u p l e and t h e H a m i l t o n i a n f o r t h i s m o t i o n 
i s g e n e r a l l y w r i t t e n as a t w o - d i m e n s i o n a l problem i n C a r t e s i a n 
c o o r d i n a t e s . T h i s t w o - d i m e n s i o n a l C a r t e s i a n H a m i l t o n i a n i s t h e n 
t r a n s f o r m e d t o p o l a r c o o r d i n a t e s , q and <|>. There have been 
s e v e r a l r e c e n t i n v e s t i g a t i o n s c a r r i e d out on t h e r a d i a l modes o f 
s a t u r a t e d five-membered r i n g s by Raman s p e c t r o s c o p y i n o r d e r t o 
observe the e f f e c t s o f a f i n i t e b a r r i e r t o p l a n a r i t y and t o 
c a l c u l a t e t h e t w o - d i m e n s i o n a l p o t e n t i a l s u r f a c e f o r t h e two low 
f r e q u e n c y o u t - o f - p l a n e modes. 

We r e c o r d e d [35] t h e Raman spectrum o f gaseous s i l a c y c l o -
pentane i n t h e r e g i o n o f t h e r i n g - t w i s t i n g mode and o b s e r v e d a 
s e r i e s o f Q-branches a t 264.5, 259.9 and 255.3 cm- 1 ( F i g . 8 ) . 
These Q-branches were a s s i g n e d as the fundamental and hot bands 
of the r a d i a l V i b r a t i o n o f a h i n d e r e d p s e u d o r o t a t o r . The 
d i m e n s i o n l e s s p o t e n t i a l c o n s t a n t s were v a r i e d i n a l e a s t - s q u a r e s 
manner i n o r d e r t o s i m u l t a n e o u s l y f i t t h e t r a n s i t i o n s f o r the 
r i n g - t w i s t i n g and the p r e v i o u s l y r e p o r t e d [36,37] r i n g - p u c k e r i n g 
modes o f s i l a c y c l o p e n t a n e . The f o l l o w i n g p o t e n t i a l c o n s t a n t s 
were d e t e r m i n e d : A = 2.2056; B = -90.1340; C = 83.4345; D = 
-2.3774; and E = 0.2494 cm- 1. Because o f the l i m i t a t i o n s o f the 
s i z e o f the b a s i s s e t , o n l y two p u c k e r i n g mode t r a n s i t i o n s i n 
the f i r s t e x c i t e d t w i s t e d S t a t e c o u l d be c a l c u l a t e d w i t h 
s u f f i c i e n t a c c u r a c y ( T a b l e 7 ) . The p o t e n t i a l e q u a t i o n u t i l i z i n g 
t he above d i m e n s i o n l e s s c o n s t a n t s reduces t o V(cm- 1) = 0.0776 
q x

4 - 6.6990 q x
2 . The r e s u l t i s a double minimum p o t e n t i a l 

a l o n g t h e r i n g - p u c k e r i n g c o o r d i n a t e w i t h the bent c o n f i g u r a t i o n 
b e i n g 144.6 cm- 1 l o w e r i n energy than t h e p l a n a r c o n f i g u r a t i o n . 
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F i g . 8 Raman spectrum o f t h e t w i s t i n g mode o f s i l a c y c l o p e n t a n e 
i n t h e gas phase a t i t s ambient vapor p r e s s u r e (used by p e r -
m i s s i o n , Ref. [ 3 5 ] ) . 

A s i m i l a r s l i c e a l o n g the r i n g - t w i s t i n g c o o r d i n a t e a t <|) = 90° 
( q x = 0) l e a d s t o a p o t e n t i a l o f V(cm- X) = 4.8324 q 2

4 - 173.6 
q 2

2 w h i c h r e p r e s e n t s a double minimum p o t e n t i a l f u n c t i o n . 
However the t w i s t e d c o n f o r m a t i o n i s 1558.6 cm- 1 l o w e r i n energy 
t h a n t h e p l a n a r c o n f o r m a t i o n . A c c o r d i n g t o t h i s t w o - d i m e n s i o n a l 
p o t e n t i a l f u n c t i o n [ 3 5 ] , t h e i n t e r c o n v e r s i o n between the two 
s t a b l e t w i s t e d forms t a k e s p l a c e t h r o u g h a s l i g h t l y p uckered 
c o n f o r m a t i o n w h i c h i s 144.6 cm- 1 more s t a b l e t h a n t h e p l a n a r 
c o n f o r m a t i o n . The p a t h f o r the i n t e r c o n v e r s i o n between the 
s t a b l e t w i s t e d conformers i s h i n d e r e d by a b a r r i e r o f 1414 cm- 1. 

I n summary i t i s c l e a r t h a t by a c o m b i n a t i o n o f f a r i n f r a 
r e d d a t a (Av = 1) f o r the r i n g - p u c k e r i n g ( p s e u d o r o t a t i o n a l ) 
modes and the Av = 1 t r a n s i t i o n s f o r the r i n g - t w i s t i n g ( r a d i a l ) 
modes o b t a i n e d from the Raman e f f e c t f o r s a t u r a t e d five-membered 
r i n g s , i t i s p o s s i b l e t o observe t h e e f f e c t s o f a f i n i t e b a r r i e r 
t o p l a n a r i t y and t o c a l c u l a t e the t w o - d i m e n s i o n a l p o t e n t i a l 
s u r f a c e f o r t h e low f r e q u e n c y o u t - o f - p l a n e modes f o r t h e s e 
m o l e c u l e s . On t h e b a s i s o f a v e r y l i m i t e d number o f cases i t 
would seem t h a t t h e o n e - d i m e n s i o n a l model b r e a k s down as t h e 
p a t h t o i n t e r c o n v e r s i o n approaches one w h i c h i n v o l v e s a p l a n a r 
i n t e r m e d i a t e ( T a b l e 8 ) . U n f o r t u n a t e l y , i t i s u s u a l l y n o t 
p o s s i b l e t o determine a p r i o r i i f a t w i s t e d m o l e c u l e i n t e r -
c o n v e r t s t h r o u g h a p l a n a r o r p u c k e r e d i n t e r m e d i a t e . I n cases 
where the b a r r i e r t o p l a n a r i t y i s v e r y l a r g e compared t o t h e 
b a r r i e r t o i n t e r c o n v e r s i o n o r p s e u d o r o t a t i o n , the s e c o n d - o r d e r 
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T a b l e 7 Observed and C a l c u l a t e d F r e q u e n c i e s o f t h e Low 
Frequency S k e l e t a l R i n g Modes o f S i l a c y c l o p e n t a n e 

- ~ 
T r a n s i t i o n Observed C a l c u l a t e d 

ll2»nl n£,ni (cm- 1) (cm- 1) A 

0,0 - 0,1 101.7 101.9 -0, .2 
0,1 - 0,2 99.6 99.5 Ö. .1 
0,2 - 0,3 97.3 97.4 -0. .1 
0,3 - 0,4 95.0 94.4 0. .6 
0,4 - 0,5 92.6 93.7 -1, .1 
1,0 1,1 100.7 101.7 -1. .0 
1,1 - 1,2 98.7 97.7 1. ,0 
0,0 - 1,0 264.5 264.5 0. .0 
1,0 - 2,0 259.9 259.6 0. .3 
2,0 3,0 255.3 d -• •-

The b e n d i n g f r e q u e n c i e s a r e t a k e n from R e f s . [35-37]. 
n1 and n 2 a r e quantum numbers o f the bend and t w i s t , 
r e s p e c t i v e l y . 
C a l c u l a t e d u s i n g a reduced p o t e n t i a l f u n c t i o n w i t h an i s o 
t r o p i c harmonic o s c i l l a t o r b a s i s s e t o f s i z e 121 x 121 f o r 
the £ even l e v e l s and 110 x 110 f o r the £ odd l e v e l s . 
The b a s i s s e t i s n o t l a r g e enough f o r convergence a t t h i s 
l e v e l so t h e c a l c u l a t e d f r e q u e n c y i s o m i t t e d . 

T a b l e 8 Comparison o f B a r r i e r s (cm- 1) between the One-
d i m e n s i o n a l and Two-dimensional Treatment o f t h e Two 
Low Frequency Bending Modes o f Some Five-membered 
R i n g s 

One- Two-
d i m e n s i o n a l d i m e n s i o n a l B a r r i e r 

M o l e c u l e b a r r i e r b a r r i e r t o i n t e r  Ref. 
t o i n t e r c o n v e r s i o n t o p l a n a r i t y c o n v e r s i o n 

c y c l o p e n t a n e 
s i l a c y c l o p e n t a n e 1390 
germacyclopentane 2043 
s e l e n a c y c l o p e n t a n e 1882 
c y c l o p e n t a n o n e 1303;1687 

1824 
1558.6 
1474.4 
1693 
750 

1414 
1454 
1693 

38 
35-37 
38,39 
40,41 
41-43 

The i n t e r c o n v e r s i o n f o r t h e s e m o l e c u l e s i s t h r o u g h t h e p l a n a r 
c o n f o r m a t i o n whereas t h e pathway f o r i n t e r c o n v e r s i o n f o r the 
o t h e r m o l e c u l e s t a k e s p l a c e t h r o u g h a s l i g h t l y p u c k e r e d con-
f i g u r a t i o n . 
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p e r t u r b a t i o n c a l c u l a t i o n o f I k e d a and L o r d [42] can be u s e f u l i n 
c a l c u l a t i n g t h e b a r r i e r v a l u e s . N e i t h e r s i l a c y c l o p e n t a n e nor 
germacyclopentane f i t t h e s e c r i t e r i a , and i t seems c l e a r t h a t 
t h e d e t a i l e d m u l t i d i m e n s i o n a l t r e a t m e n t s w h i c h r e q u i r e a g r e a t 
d e a l o f d a t a p r o v i d e the most r e l i a b l e means o f u n d e r s t a n d i n g 
t h e dynamics o f s a t u r a t e d five-membered r i n g m o l e c u l e s . 

B. Q u a s i - l i n e a r M o l e c u l e s 

M o l e c u l e s whose heavy atom s k e l e t o n s have a moderate o r low 
b a r r i e r a t a l i n e a r c o n f i g u r a t i o n a r e termed " q u a s i - l i n e a r " . 
T h i s t y p e o f low f r e q u e n c y b e n d i n g mode i s g e n e r a l l y a l a r g e 
a m p l i t u d e , anharmonic V i b r a t i o n . U n t i l v e r y r e c e n t l y , e l e c t r o n 
d i f f r a c t i o n s t u d i e s had y i e l d e d most o f t h e s t r u c t u r a l i n f o r m a 
t i o n c o n c e r n i n g t h e s e m o l e c u l e s . However, e l e c t r o n d i f f r a c t i o n 
r e s u l t s y i e l d " e f f e c t i v e v a l u e s " f o r t h e s k e l e t a l a n g l e s and 
bond d i s t a n c e s r a t h e r t h a n e q u i l i b r i u m v a l u e s and hence might 
p r e d i c t a m o l e c u l e t o have a l o w e r symmetry t h a n would be ex
p e c t e d f o r t h e e q u i l i b r i u m c o n f i g u r a t i o n . T h i s " s h r i n k a g e " 
e f f e c t i s p a r t i c u l a r l y p r o b l e m a t i c i n m o l e c u l e s w h i c h have 
p e r p e n d i c u l a r v i b r a t i o n s as i n t h r e e - (X=Y=Z) o r four-membered 
(M-X=Y=Z) c h a i n s o r when a low f r e q u e n c y , l a r g e a m p l i t u d e Vibra
t i o n i s i n v o l v e d . C o r r e c t i o n s can be made f o r t h i s " s h r i n k a g e " 
e f f e c t , b u t t h e n a t u r e o f t h e p o t e n t i a l f u n c t i o n w h i c h governs 
t h e low f r e q u e n c y bending mode must be known. A d d i t i o n a l l y , i f 
t h e p o t e n t i a l f u n c t i o n can be d e t e r m i n e d , i t i s p o s s i b l e t o 
o b t a i n the e q u i l i b r i u m v a l u e f o r t h e s k e l e t a l a n g l e i f t h e 
reduced mass f o r the normal V i b r a t i o n i s known. 

Gas-phase Raman s p e c t r o s c o p y i s t h e p r i m a r y t e c h n i q u e f o r 
i n v e s t i g a t i o n o f these t y p e s o f m o l e c u l e s . The assignment o f 
the observed t r a n s i t i o n s i n t h e Raman spectrum i s l e s s d i f f i c u l t 
because the t r a n s i t i o n s a r e o f t h e t y p e Av = 2 and hence t h e 
Q-branches a r e much more i n t e n s e t h a n the r o t a t i o n a l b r a n c h e s . 
A d d i t i o n a l l y , the selection r u l e s f o r t h i s b e n d i n g Vibration 
d i f f e r i n the i n f r a r e d and Raman e f f e c t . The i n f r a r e d spectrum 
i s f a r more c o m p l i c a t e d because t h e a l l o w e d t r a n s i t i o n s a r e Av 
= 1, A£ = ±1, whereas the Raman s e l e c t i o n r u l e s (Av = 2 , M = 0) 
l e a d t o (v + 2)/2 t r a n s i t i o n s o r i g i n a t i n g from even v l e v e l s and 
(v + l ) / 2 f o r l e v e l s o f odd v. Thus t h e Raman s p e c t r a l d a t a a r e 
e s s e n t i a l f o r t h e i n i t i a l a s s i g n m e n t o f the o b s e r v e d t r a n s i 
t i o n s , and the observed i n f r a r e d t r a n s i t i o n s must be i n agree-
ment w i t h the c a l c u l a t e d energy l e v e l s o b t a i n e d from t h e Raman 
d a t a . 

We have s u c c e s s f u l l y o b t a i n e d t h e p o t e n t i a l f u n c t i o n s 
g o v e r n i n g the low f r e q u e n c y b e n d i n g modes i n c a r b o n s u b o x i d e 
( C 3 0 2 ) , d i s i l o x a n e ( ( S i H 3 ) 2 0 ) and s i l y l i s o c y a n a t e ( S i H 3 N C 0 ) . 
From the assignment o f the Q-branches o b s e r v e d i n t h e f a r i n f r a 
red and low f r e q u e n c y Raman s p e c t r a and the subsequent d e t e r m i -
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F i g . 9 The low f r e q u e n c y Raman s p e c t r a o f gaseous (A) 
d i s i l o x a n e - d 0 and (B) d i s i l o x a n e - d 6 i n t h e 2\>n r e g i o n r e c o r d e d 
w i t h SBW = 1.0 cm- 1. The a s t e r i s k s mark t h e A59 cm- 1 l i n e o f 
a i r , p r e s e n t as a minor i m p u r i t y (used by p e r m i s s i o n , R e f . 
[ 1 4 ] ) . 

n a t i o n o f t h e p o t e n t i a l f u n c t i o n [ 4 4 ] , i t was c o n c l u d e d t h a t 
c arbon s u b o x i d e i s l i n e a r s i n c e t h e l o w e s t v i b r a t i o n a l energy 
l e v e l a t 19.7 cm- 1 l i e s above t h e b a r r i e r o f 14±2 cm- 1. Con-
t r a r y t o t h i s , i t has been e s t a b l i s h e d [14] t h a t d i s i l o x a n e i s 
q u a s i - l i n e a r . The s e r i e s o f Q-branches o b s e r v e d i n t h e 2 v x l 

r e g i o n i n t h e Raman spectrum o f gaseous d i s i l o x a n e ( F i g . 9) was 
a s s i g n e d , and i t was found from t h e d e t e r m i n a t i o n o f t h e 
p o t e n t i a l f u n c t i o n t h a t f o u r v i b r a t i o n a l l e v e l s l i e below t h e 
b a r r i e r o f 112 cm- 1 b u t t h a t a s i g n i f i c a n t number o f m o l e c u l e s 
occupy s t a t e s w i t h a l i n e a r c o n f i g u r a t i o n ( T a b l e 9 ) . The 
S i - O - S i e q u i l i b r i u m a n g l e was c a l c u l a t e d t o be 149±2° w h i c h i s 
i n f a i r agreement w i t h t h e a n g l e o f 144.1±0.8° r e p o r t e d i n an 
e l e c t r o n d i f f r a c t i o n s t u d y [ 4 5 ] . The Raman spectrum o f gaseous 
SiH 3NC0 has a l s o been r e c o r d e d [46] and a s e r i e s o f Q-branches 
was o b s e r v e d . These Q-branches were a t t r i b u t e d t o t h e double 
jumps o f t h e anharmonic, low f r e q u e n c y SiNC b e n d i n g mode. The 
p o t e n t i a l f u n c t i o n was de t e r m i n e d and a b a r r i e r o f 45 cm- 1 a t 
the l i n e a r c o n f i g u r a t i o n was found. O n l y two v i b r a t i o n a l l e v e l s 
l i e below t h i s b a r r i e r ; t he 1,1 <- 0,0 t r a n s i t i o n was c a l c u l a t e d 
t o be 15.3 cm- 1. The e q u i l i b r i u m Si-N=C a n g l e i s 153±2° which 
i s i n agreement w i t h t he a n g l e o f 151.7° r e p o r t e d by G l i d e w e l l 
e t a l . [47] who used an anharmonic p o t e n t i a l w i t h a b a r r i e r o f 
20 cm- 1 t o f i t t h e ob s e r v e d s h r i n k a g e s . I n T a b l e 10, t h e 
p o t e n t i a l c o n s t a n t s (A and B ) , b a r r i e r s t o l i n e a r i t y , and the 
f r e q u e n c i e s o f t h e 1 <- 0 and 2 *- 0 t r a n s i t i o n s a r e l i s t e d f o r 
t h e s e t h r e e m o l e c u l e s . 
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T a b l e 9 Observed and C a l c u l a t e d F r e q u e n c i e s (cm- 1) f o r 
( S i H 3 ) 2 0 i n the 2 v l x R e g i o n 

T r a n s i t i o n 
v f U f | * - v | £ | Obs. C a l c . 3 A Weight 

2,0 <- 0,0 76.0 75.4 0. .6 1. .0 
4,0 <- 2,0 83.6 83.2 0, .4 1. .0 
3,1 «- 1,1 93.2 93.3 -0. .1 1, .0 
4,2 <- 2,2 107.5 108.1 -0, .6 0, ,5 
5,1 «e 3,1 107.5 104.0 3. .5 0, ,5 
6,0 4,0 110.9 109.5 1. .4 1, .0 
5,3 <- 3,3 119.5 120.6 -1. .1 0, .4 
6,2 4,2 119.5 118.8 0, ,7 0. ,4 
7,1 <- 5,1 119.5 122.0 -2. ,5 0, ,4 
8,0 <- 6,0 127.9 129.2 -1, .3 1. .0 
6,4 <r 4,4 130.2 131.4 -1. ,2 0, .2 
7,3 <- 5,3 130.2 130.8 -0. .6 0, .2 
9,1 <r- 7,1 130.2 132.0 -1. .8 0. .2 
8,2 <r 6,2 135.7 133.2 2. ,5 0, .5 
7,5 <- 5,5 139.0 141.1 -2, ,1 0, .25 
8,4 <r 6,4 139.0 141.0 -2, .0 0. .25 

a U s i n g the reduced p o t e n t i a l f u n c t i o n VCcm- 1) = 1.07q 4 - 2 1 . 9 q 2 

w i t h a t w o - d i m e n s i o n a l i s o t r o p i c harmonic o s c i l l a t o r b a s i s s e t 
o f s i z e 121 x 121 f o r the even £ l e v e l s and 110 x 110 f o r t h e 
odd £ l e v e l s (max. £ = 20) w i t h v = 3.09 amu- 1 Ä- 2 r a d - 2 . 

T a b l e 10 P o t e n t i a l C o n s t a n t s , B a r r i e r s t o L i n e a r i t y , and T r a n s 
i t i o n s Determined i n Some Q u a s i - l i n e a r M o l e c u l e s 

B a r r i e r 1 <- 0 2 <- 0 
M o l e c u l e Atem- 1) Btcm- 1) (cm- 1) (cm- 1) (cm- 1) Ref. 

carbon suboxide 0.728 -6.40 14±2 22.2 61.0 44 
d i s i l o x a n e 1.07 -21.9 112±5 8.7 75.4 14 
s i l y l i s o c y a n a t e 0.858 -12.5 45±3 15.3 63.2 46 

I t i s c l e a r from the p r e v i o u s d i s c u s s i o n t h a t i n many cases 
the gas-phase Raman spectrum provides the necessary information 
in determining the potential function which governs the low 
frequency bending modes i n quasi-linear molecules. Addition
a l l y , i f the reduced mass of the normal Vibration i s known, one 
can calculate the equilibrium angle i n the ground v i b r a t i o n a l 
State. 
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C. I n t e r n a l T o r s i o n a l Modes 

I n a s e r i e s o f s t u d i e s [48-50] we have shown t h a t gas-phase 
Raman s p e c t r o s c o p y can be a p p l i e d s u c c e s s f u l l y t o t h e s t u d y o f 
t o r s i o n a l o v e r t o n e s (Av = 2 ) . W h i l e i t was shown t h a t mechani-
c a l a n h a r m o n i c i t y c o n t r i b u t e s i n p a r t t o t h e Raman i n t e n s i t y o f 
t h e s e t o r s i o n a l o v e r t o n e s , i t i s p r i m a r i l y t h e l a r g e e l e c t r i c a l 
a n h a r m o n i c i t y , 8 2a/8Q 2, w h i c h f o r t h e most p a r t causes t h e s e 
double quantum t r a n s i t i o n s t o be o b s e r v e d a t a l l . E v i d e n c e f o r 
t h i s argument i s t h e o b s e r v e d i n t e n s i t y r a t i o s o f t h e 2 «- 0 and 
h i g h e r t r a n s i t i o n s . I n t h e e t h y l h a l i d e s [ 4 8 ] , t h e 3 1 
t r a n s i t i o n i s a t l e a s t as i n t e n s e as t h e 2 <- 0, and q u i t e o f t e n 
more i n t e n s e . A l s o , the i n t e n s i t i e s o f h i g h e r t o r s i o n a l 
t r a n s i t i o n s d e v i a t e even more r a d i c a l l y from s i m p l e Boltzmann 
i n t e n s i t y p r e d i c t i o n s . Thus, the h i g h e r v i b r a t i o n a l l y e x c i t e d 
t o r s i o n a l s t a t e s cause a l a r g e e l e c t r i c a l a n h a r m o n i c i t y as a 
r e s u l t o f the l a r g e a m p l i t u d e o f V i b r a t i o n , and t h i s a c c o u n t s 
f o r t h e anomalous i n t e n s i t i e s o b s e r v e d i n t h e Raman s p e c t r a . 

As a r e s u l t o f t h i s large e l e c t r i c a l a n h a r m o n i c i t y making 
two-quantum t o r s i o n a l t r a n s i t i o n s o b s e r v a b l e i n t h e Raman 
e f f e c t , s e v e r a l advantages a r e o b t a i n e d o v e r Standard t e c h n i q u e s 
of determining t o r s i o n a l b a r r i e r s . F o r exaimole, i n t h e h a l o -
e t h a n e s , gas-phase Raman s p e c t r o s c o p y o f f e r s an immediate advan-
tage o v e r microwave s p e c t r o s c o p y f o r t h e c a l c u l a t i o n o f t o r 
s i o n a l b a r r i e r s i n t h a t m o l e c u l e s w h i c h c o n t a i n s e v e r a l quadru-
p o l a r atoms may be s t u d i e d . A l s o , gas-phase Raman s p e c t r o s c o p y 
may be used i n some cases where the i n f r a r e d spectrum o f the 
vapor c o u l d not be o b t a i n e d because o f l a c k o f s u f f i c i e n t sample 
vapor p r e s s u r e , poor band c o n t o u r s , o r i n s i g n i f i c a n t d i p o l e 
moment change. 

However, t h e r e are two l i m i t a t i o n s i n u s i n g gas-phase Raman 
s p e c t r o s c o p y as a t o o l f o r d e t e r m i n i n g t o r s i o n a l b a r r i e r s . One 
i s t h a t i n s u f f i c i e n t v a p o r p r e s s u r e , even a t e l e v a t e d tempera
t u r e s , p r e c l u d e s the Observation o f t o r s i o n a l overtones due t o 
the l a c k o f enough s c a t t e r i n g m o l e c u l e s i n the l a s e r beam t o 
produce a d e t e c t a b l e s i g n a l . A d d i t i o n a l l y , the Av = 2 t o r s i o n a l 
t r a n s i t i o n s q u i t e o f t e n f a l l i n the r e g i o n o f fundamental molec
u l a r v i b r a t i o n s . T h i s i s p a r t i c u l a r l y t r u e f o r the h a l o e t h a n e s , 
where the c a r b o n - h a l o g e n s t r e t c h i n g and b e n d i n g modes f a l l i n 
the t o r s i o n a l o v e r t o n e r e g i o n and a r e o r d i n a r i l y q u i t e i n t e n s e 
i n the Raman e f f e c t . A n o t h e r minor l i m i t a t i o n t o u s i n g gas-
phase Raman s p e c t r o s c o p y i s t h a t the h i g h e r t o r s i o n a l energy 
l e v e l s f a l l i n a r e g i o n where th e p o s s i b i l i t y e x i s t s f o r i n t e r -
a c t i o n w i t h o t h e r m o l e c u l a r energy l e v e l s , i . e . , F e r m i r e s o 
nance. T h i s has been o b s e r v e d [49] i n s e v e r a l i n s t a n c e s but 
f o r t u n a t e l y d e u t e r i u m S u b s t i t u t i o n can q u i t e o f t e n c i r c u m v e n t 
t h i s problem. 
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1 ^ , 

A 
CHI. 

WAVENUMBER (CM'1) 

F i g . 10 The low f r e q u e n c y Raman spectrum o f gaseous C F 3 C H 2 B r . 
I n s e r t (a) shows the t o r s i o n a l o v e r t o n e r e g i o n r e c o r d e d w i t h 
SBW = 1 cm- 1. The 1 «- 0 t r a n s i t i o n was c a l c u l a t e d a t 88.3 cm- 1 

(used by p e r m i s s i o n , Ref. [ 5 0 ] ) . 

To i l l u s t r a t e t h e O b s e r v a t i o n o f t h e t o r s i o n a l o v e r t o n e s we 
a r e showing the Raman spectrum o f gaseous C F 3 C H 2 B r i n t h e r e g i o n 
from 50 t o 210 cm- 1 ( F i g . 10). Whereas t h e fundamental l e a d s t o 
a v e r y broad Raman l i n e w i t h an i l l - d e f i n e d c e n t e r , t h e o v e r t o n e 
r e g i o n has f o u r w e l l d e f i n e d l i n e s a t 176.5, 173.0, 170.1 and 
165.9 cm- 1 which have been a s s i g n e d [50] as t h e 2 «- 0, 3 <- 1, 4 
<- 2, and 5 <- 3 t r a n s i t i o n s , r e s p e c t i v e l y . From t h e s e d a t a the 
b a r r i e r t o i n t e r n a l r o t a t i o n was c a l c u l a t e d t o have a v a l u e o f 
4.39±0.07 k c a l / m o l and a V 6 term o f 103±25 c a l / m o l . A l l f o u r o f 
th e s e t r a n s i t i o n s were f i t t o b e t t e r t h a n a wavenumber w i t h t h i s 
p o t e n t i a l f u n c t i o n . Many o t h e r b a r r i e r s have been d e t e r m i n e d 
[48-50] by Raman s p e c t r a l s t u d i e s o f g a s e s , and t h e r e f o r e the 
d i r e c t O b s e r v a t i o n o f t o r s i o n a l f r e q u e n c i e s s h o u l d be added as 
an o t h e r a p p l i c a t i o n o f gas-phase Raman s p e c t r o s c o p y . The suc-
c e e d i n g double jumps a r e much more i n t e n s e t h a n one would e x p e c t 
from the Boltzmann f a c t o r s , b u t t h e e l e c t r i c a l and m e c h a n i c a l 
a n h a r m o n i c i t y o f t h e l a r g e a m p l i t u d e t o r s i o n a l motions a p p a r e n t -
l y a c counts f o r t h e u n u s u a l i n t e n s i t y o f t h e second, t h i r d , and 
f o u r t h M h o t bands." 
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GENERAL INTRODUCTION TO NON-LINEAR RAMAN SPECTROSCOPY 

W. K i e f e r 

P h y s i k a l i s c h e s I n s t i t u t d e r Universität B a y r e u t h 
D-8580- B a y r e u t h , F.R. Germany 

I . HISTORICAL INTRODUCTION 

The i n t r o d u c t i o n of l a s e r s i n t o Raman s p e c t r o s c o p y has s t i m -
u l a t e d t h i s t r a d i t i o n a l f i e l d of m o l e c u l a r s p e c t r o s c o p y i n v a r i -
ous a s p e c t s . I n c o n v e n t i o n a l Raman s p e c t r o s c o p y a r e n a i s s a n c e be-
gan by s i m p l y r e p l a c i n g the l i g h t source.Many new t e c h n i q u e s , s p e c i 
a l l y a d a p t e d t o t h e c o h e r e n t e m i s s i o n of the new Raman e x c i t a t i o n 
s o u r c e , were d e v e l o p e d which p e r m i t t h e m o l e c u l a r s p e c t r o s c o p i s t 
t o r e c o r d Raman s p e c t r a of a g r e a t v a r i e t y of Compounds, from 
d e e p l y c o l o u r e d o r even b l a c k m a t e r i a l s , t o h i g h l y f l u o r e s c e n t 
m o l e c u l e s . P a r a l l e l t o t h e s e achievements t h e r e has been a r a p i d 
development of f u n d a m e n t a l l y new methods. These a r e based on the 
c o n t r i b u t i o n s of t h e n o n - l i n e a r p a r t of the i n d u c e d d i p o l e moment 
o r t h e i n d u c e d p o l a r i z a t i o n t o the i n t e n s i t y of the f r e q u e n c y -
s h i f t e d l i g h t . 

Soon a f t e r t h e d i s c o v e r y of t h e l a s e r i t was demonstrated 
t h a t t h e i n t e n s e e l e c t r i c f i e l d of a l a s e r can produce n o n l i n e a r 
o p t i c a l e f f e c t s i n v a r i o u s media. The f i r s t such d e m o n s t r a t i o n was 
by F r a n k e n e t a l . [ 1 ]. The beam of a ruby l a s e r was f o c u s s e d 
i n t o a q u a r t z c r y s t a l and r a d i a t i o n a t t h e second harmonic of t h e 
ruby l a s e r was g e n e r a t e d i n t h i s e x p e r i m e n t . At about the same 
time K a i s e r and G a r r e t t [2] ob s e r v e d a n o t h e r n o n l i n e a r o p t i c a l 
e f f e c t p r o d u c e d by a l a s e r beam two-photon a b s o r p t i o n . 

The c o u p l i n g of h i g h i n t e n s e e l e c t r o m a g n e t i c f i e l d s w i t h 
m o l e c u l a r ( m e c h a n i c a l ) v i b r a t i o n s n a t u r a l l y was a consequent s t e p 
i n t h i s new f i e l d of n o n - l i n e a r o p t i c s . However, i t s h o u l d be 
me n t i o n e d , t h a t t h e d i s c o v e r y of t h e s t i m u l a t e d Raman e f f e c t by 
Woodbury and Ng [3] o c c u r e d r a t h e r a c c i d e n t a l l y . They were engaged 
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i n Q - s w i t c h i n g a ruby l a s e r w i t h a K e r r c e l l as an e l e c t r o o p t i -
c a l s h u t t e r . I t was n o t i c e d t h a t f o r s u f f i c i e n t l y h i g h l a s e r 
p u l s e i n t e n s i t y l e s s r e d l i g h t was e m i t t e d . The a u t h o r s t r a c e d 
t h i s unexpected r e s u l t t o enhanced e m i s s i o n i n the i n f r a r e d , 
c o r r e s p o n d i n g t o S t o k e s - s h i f t e d Raman s c a t t e r i n g i n n i t r o b e n z e n e . 
The c o r r e c t I n t e r p r e t a t i o n as s t i m u l a t e d Raman s c a t t e r i n g i n 
n i t r o b e n z e n e was g i v e n s h o r t l y l a t e r by E c k h a r d t e t . a l . [ 4 ] , 
who a l s o r e p o r t e d the O b s e r v a t i o n of t h i s new e f f e c t f o r a v a r i e t y 
of o t h e r l i q u i d s . A l t h o u g h most s t u d i e s on the s t i m u l a t e d Raman 
e f f e c t were devoted t o e i t h e r g e n e r a t i o n o f new c o h e r e n t l i g h t 
s o u r c e s o r t o a p p l i c a t i o n s p a r t i c u l a r l y t o t i m e - r e s o l v e d spec
t r o s c o p y i t must be s t a t e d t h a t t h e s t i m u l a t e d Raman e f f e c t c e r -
t a i n l y i s the fundamental p r o c e s s i n h e r e n t i n many o t h e r non
l i n e a r Raman p r o c e s s e s d i s c u s s e d h e r e . As example, Terhune [5] 
and Maker and Terhune [6] d i s c o v e r e d i n the y e a r s 1963-1965 t h a t 
by t h r e e - o r four-wave m i x i n g , s t i m u l a t e d Raman e m i s s i o n s c o u p l e d 
w i t h the o r i g i n a l l a s e r l i g h t to produce c o h e r e n t r a d i a t i o n a t 
a n t i - S t o k e s f r e q u e n c y . T h i s well-known paper [6] i n which s e v e r a l 
d i f f e r e n t n o n - l i n e a r o p t i c a l e f f e c t s a r i s i n g f r om an i n d u c e d 
o p t i c a l p o l a r i z a t i o n t h i r d o r d e r i n the e l e c t r i c f i e l d s t r e n g t h 
have been d e s c r i b e d l e d t o the e a r l y f o u n d a t i o n s of a new k i n d o f 
Raman s p e c t r o s c o p y , i . e . CARS o r c o h e r e n t a n t i - S t o k e s Raman spec
t r o s c o p y . Of a l l the n o n - l i n e a r c o h e r e n t Raman t e c h n i q u e s , CARS 
has p r o b a b l y r e c e i v e d the most a t t e n t i o n o v e r the p a s t few y e a r s . 
C o n s e q u e n t l y t h i s t e c h n i q u e w i l l be t r e a t e d e x t e n s i v e l y i n t h i s 
Advanced Study I n s t i t u t e . 

I n 1964 a n o t h e r k i n d of n o n - l i n e a r Raman s p e c t r o s c o p y was 
i n t r o d u c e d [ 7 ] . Up t o t h a t t i m e , a l l i n v e s t i g a t i o n s of Raman 
p r o c e s s e s , whether l i n e a r o r n o n - l i n e a r , have been co n c e r n e d w i t h 
the e m i s s i o n of the s c a t t e r e d r a d i a t i o n and i t s s p e c t r u m . However, 
a c c o r d i n g t o the d i s p e r s i o n t h e o r i e s of Kramers and H e i s e n b e r g 
[ 8 ] , and D i r a c [ 9 ] , the occ u r e n c e of s c a t t e r i n g of r a d i a t i o n 
s h o u l d m a n i f e s t i t s e l f b o t h i n e m i s s i o n and i n a b s o r p t i o n . Jones 
and S t o i c h e f f [7] have been the f i r s t t o demonstrate t h i s . I n 
t h e i r e x p e r i m e n t s , the s c a t t e r i n g medium was i r r a d i a t e d s i m u l 
t a n e o u s l y w i t h i n t e n s e monochromatic l i g h t of f r e q u e n c y 0)^ and 
w i t h an i n t e n s e continuum. Under t h i s e x c i t a t i o n t h e m o l e c u l e s 
a r e s t i m u l a t e d t o emit r a d i a t i o n a t 0)^ and a t the same time t o 
absorb r a d i a t i o n a t + 0) R o r U)^ - U) R from the continuum, the 
net e f f e c t b e i n g t o change t h e i r energy s t a t e s by -Hnü)R o r - f i u ) R , 
r e s p e c t i v e l y (u) R b e i n g the m o l e c u l a r f r e q u e n c y ) . T h i s s o - c a l l e d 
i n v e r s e Raman e f f e c t has been r e c e n t l y a p p l i e d v e r y s u c c e s s f u l l y 
by Owyoung [10] f o r h i g h - r e s o l u t i o n m o l e c u l a r s p e c t r o s c o p y . In 
h i s e x p e r i m e n t s he has r e p l a c e d the continuum by t u n a b l e l a s e r 
s o u r c e s . 

The method c a l l e d " S t i m u l a t e d Raman g a i n s p e c t r o s c o p y " i s 
i n p r i n c i p l e based on the same p h y s i c a l phenomenon as the i n v e r s e 
Raman e f f e c t . I n s t e a d of o b s e r v i n g the a n t i - S t o k e s a b s o r p t i o n i n -
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duced i n a Raman a c t i v e medium ("Raman l o s s " ) by a s t r o n g l a s e r 
beam v i a t h e i n v e r s e Raman e f f e c t , one can a l s o measure t h e 
s t i m u l a t e d Raman g a i n , e.g. a t St o k e s f r e q u e n c y . The h i g h - r e s o -
l u t i o n s p e c t r o s c o p i c c a p a b i l i t y of t h i s s t i m u l a t e d Raman g a i n 
t e c h n i q u e was f i r s t demonstrated by L a l l e m a n d e t a l . [11] a l r e a d y 
i n 1966 by u s i n g a p r e s s u r e - t u n e d H 2 Raman o s c i l l a t o r t o p r o v i d e 
t h e narrow-band source f o r p r o b i n g the backward Raman g a i n p r o f i l e 
i n d u c e d i n a second c e l l of H 2 a t c o n s t a n t p r e s s u r e . A g a i n , by 
em p l o y i n g t u n a b l e l a s e r s , Owyoung [12] was a b l e t o dev e l o p e t h i s 
" s t i m u l a t e d Raman g a i n " t e c h n i q u e t o a h i g h S t a n d a r d . 

A n o t h e r new Raman s p e c t r o s c o p i c t e c h n i q u e , which i s c l o s e l y 
r e l a t e d t o s t i m u l a t e d Raman g a i n s p e c t r o s c o p y i s p h o t o a c o u s t i c 
Raman s p e c t r o s c o p y (PARS). P i o n e e r i n g work by K e r r and Atwood [13] 
and by K r e u z e r [14] on the use of p h o t o a c o u s t i c methods t o measure 
t h e a b s o r p t i o n of l a s e r r a d i a t i o n i n gases samples has r e v i v e d 
i n t e r e s t i n a s p e c t r o s c o p i c t e c h n i q u e t h a t was d i s c o v e r e d n e a r l y 
a C e n t u r y ago by B e l l [15] and T y n d a l l [ 1 6 ] . The c o m b i n a t i o n of 
t h i s t e c h n i q u e w i t h n o n - l i n e a r Raman methods was f i r s t r e p o r t e d by 
B a r r e t t and B e r r y [17] i n 1978. 

The i n t r o d u c t i o n of the Raman-induced K e r r E f f e c t (RIKE) by 
Heiman e t a l . [18] i n 1976 and subsequent v a r i a t i o n s of t h i s 
t e c h n i q u e by E e s l e y et a l . [19] p r o v i d e d the " p o l a r i z a t i o n s p e c 
t r o s c o p y " forms of s t i m u l a t e d Raman s p e c t r o s c o p y . I n t h i s new 
e f f e c t , a l a s e r p u l s e can be made t o i n d u c e a K e r r e f f e c t o n l y a t 
R a m a n - s h i f t e d f r e q u e n c i e s . 

The n o n - l i n e a r Raman methods mentioned above a r e a l l c o h e r e n t 
t e c h n i q u e s which means, t h a t the s i g n a l i s c o n t a i n e d i n a c o h e r e n t 
l a s e r beam. Fu r t h e r m o r e , they a r e a l l a s s o c i a t e d w i t h the t h i r d -
o r d e r n o n - l i n e a r s u s c e p t i b i l i t y X^ 3^* The l a t t e r i s i m p o r t a n t f o r 
t h e s e phenomena, s i n c e an e n s e m b l e of m o l e c u l e s a l l c o n t r i b u t i n g 
t o the s u s c p e p t i b i l i t y a r e i n v o l v e d i n the n o n - l i n e a r p r o c e s s . 
As the r o o t s of t h i s Advanced Study I n s t i t u t e a r e t o be found i n 
th e f i e l d o f m o l e c u l a r s p e c t r o s c o p y and i t s a p p l i c a t i o n s i n chem
i s t r y , we w i l l a l s o i n c l u d e n o n - c o h e r e n t e f f e c t s t h a t a r e a s s o c i a 
t e d w i t h t h e second-order n o n - l i n e a r p o l a r i z a b i l i t y of a s i n g l e 
m o l e c u l e . E l a s t i c and i n e l a s t i c l i g h t s c a t t e r i n g a t about double 
i n c i d e n t l a s e r f r e q u e n c y a r e a s s o c i a t e d w i t h t h i s s e c o n d-order 
n o n - l i n e a r p o l a r i z a b i l i t y and they a r e c a l l e d h y p e r - R a y l e i g h and 
typer-Raman s c a t t e r i n g , r e s p e c t i v e l y . The p o s s i b i l i t y of h y p e r -
Raman s c a t t e r i n g was f i r s t e x p l i c i t l y r e c o g n i z e d by De c i u s and 
Rauch [20] i n 1959 and the f i r s t e x p e r i m e n t a l O b s e r v a t i o n of 
hyper R a y l e i g h and hyper Raman s c a t t e r i n g was made s i x y e a r s 
l a t e r by Terhune e t a l . [ 2 1 ] . S i n c e i n hyper Raman s c a t t e r i n g 
due t o d i f f e r e n t s e l e c t i o n r u l e s s i l e n t modes can be d e t e c t e d 
t h i s t e c h n i q u e i s complementary t o l i n e a r Raman and i n f r a r e d 
s p e c t r o s c o p y and hence can p r o v i d e v a l u e a b l e s p e c t r o s c o p i c i n 
f o r m a t i o n . 
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In the s e c t i o n s t o f o l l o w we w i l l o u t l i n e o n l y the p r i n c i p a l 
a s p e c t s of t h e methods mentioned above under a common p o i n t of 
v i e w . A more d e t a i l e d d i s c u s s i o n on each t o p i c w i l l be g i v e n i n 
the v a r i o u s c h a p t e r s o f t h i s book. 

2. HYPER RAYLEIGH AND HYPER RAMAN SCATTERING 

L e t us f i r s t b r i e f l y d i s c u s s spontaneous n o n - l i n e a r Raman 
s p e c t r o s c o p y on an i s o l a t e d s i n g l e m o l e c u l e . G e n e r a l l y the i n d u c e d 
d i p o l e moment' $ i n a m o l e c u l a r system i s w r i t t e n i n the form 

p = aE + ßEE + yEEE + ... ( 1 ) 
where a i s the p o l a r i z a b i l i t y , 3 the h y p e r p o l a r i z a b i l i t y and y the 
second h y p e r p o l a r i z a b i l i t y . The a,ß,Y, e t c . a r e t e n s o r s of rank 
2,3,4, e t c . , r e s p e c t i v e l y . t i s t h e e l e c t r i c f i e l d , M i s the 
d y a d i c p r o d u c t of two e l e c t r i c f i e l d s , e t c . The n o n - l i n e a r terms 
i n E q u a t i o n 1 a r e u s u a l l y s m a l l compared t o t h e l i n e a r term w h i c h 
g i v e s r i s e t o n o r m a l , l i n e a r Raman s c a t t e r i n g . However, when t h e 
e l e c t r i c f i e l d i s s u f f i c i e n t l y l a r g e as i s the cas e when f o r 
i n s t a n c e a Q-switched l a s e r i s f o c u s e d on t h e sample c o n t r i b u t i o n s 
from t h e second term i n E q u a t i o n 1 i s s u f f i c i e n t l y i n t e n s e t o be 
d e t e c t e d . T h i s s c a t t e r i n g i s a t a f r e q u e n c y 2UL ± oo R, where OJ^ 
i s the f r e q u e n c y of the e x c i t i n g l a s e r beam and -co R and +U)R a r e 
the Stokes and a n t i - S t o k e s h y p e r Raman d i s p l a c e m e n t s , r e s p e c t i v e l y . 
A l s o s c a t t e r i n g a t f r e q u e n c y 20)^ may o c c u r , depending on the 
symmetry of the m o l e c u l e . S c a t t e r i n g a t f r e q u e n c i e s 2O)L and 
2o) L ± 0) R a r e c a l l e d h y p e r - R a y l e i g h and hyper Raman s c a t t e r i n g , 
r e s p e c t i v e l y . 

The h yper Raman e f f e c t i s a t h r e e - p h o t o n p r o c e s s i n v o l v i n g 
two v i r t u a l s t a t e s of the s c a t t e r i n g system. The l e v e l scheme 
f o r hyper R a y l e i g h and hyper Raman s c a t t e r i n g i s p r e s e n t e d i n 
F i g u r e 1. 

0) L 

2 to. 

Hyper-Rayleigh 
S c a t t e r i n g 

0), 

U), 

Stokes-

2ü)L- UJR 
ü). 

U). 

2 U ) L + O J R 

anti-Stokes 
Hyper-Raman S c a t t e r i n g 

F i g . 1 Schematic l e v e l diagram f o r h y p e r - R a y l e i g h - and h y p e r -
Raman s c a t t e r i n g . 
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Two l a s e r photons of f r e q u e n c y (JÜ^ a r e s i m u l t a n e o u s l y s c a t 
t e r e d to g i v e a photon a t f r e q u e n c y 2ux^ ( h y p e r - R a y l e i g h ) , a t 
f r e q u e n c y 2 ^ - 0) R i n the Stokes hyper Raman c a s e , and 20^ + 0) R 

when an e x c i t e d m o l e c u l a r V i b r a t i o n ( o r r o t a t i o n ) i s d e s t r o y e d 
( a n t i - S t o k e s hyper-Raman). Thus, hyper-Raman l i n e s a r e found i n 
the s p e c t r a l neighbourhood of the second harmonic (20)^), of the 
i n c i d e n t l a s e r r a d i a t i o n . I t s h o u l d be mentio n e d , t h a t R a y l e i g h 
s c a t t e r i n g always o c c u r s , b u t hyper R a y l e i g h s c a t t e r i n g o c c u r s 
o n l y i f the s c a t t e r i n g m a t e r i a l does n o t have a c e n t r e of symme
t r y . Frequency doubled r a d i a t i o n c o n s i s t s of hyper R a y l e i g h 
s c a t t e r i n g from a pure c r y s t a l and c o n s e q u e n t l y a c r y s t a l used 
f o r frequency d o u b l i n g must n o t have a centroSymmetrie u n i t c e l l . 

The i m p ortance of the hyper-Raman e f f e c t as a s p e c t r o s c o p i c 
t o o l r e s u l t s from i t s symmetry s e l e c t i o n r u l e s . These a r e d e t e r 
mined by p r o d u e t s of t h r e e d i p o l e moment m a t r i x elements r e l a t i n g 
the f o u r l e v e l s i n d i c a t e d i n F i g u r e 1. I t t u r n s out t h a t a l l i n 
f r a r e d a c t i v e modes of t h e s c a t t e r i n g system a r e a l s o h y p e r -
Raman a c t i v e . I n a d d i t i o n , as a l r e a d y mentioned above, the hyper 
Raman e f f e c t a l l o w s the Observation of " s i l e n t " modes, w h i c h a r e 
a c c e s s i b l e neither by i n f r a r e d n o r by l i n e a r Raman spectroscopy. 
Hyper Raman s p e c t r a have been o b s e r v e d f o r the gaseous, l i q u i d 
and s o l i d State. A füll d e s c r i p t i o n of t h e o r y and p r a c t i s e of 
hyper-Raman s p e c t r o s c o p y i s g i v e n by Long i n t h i s book [ 2 2 ] . 

3. STIMULATED RAMAN EFFECT 

The s t i m u l a t e d Raman p r o c e s s i s s c h e m a t i c a l l y r e p r e s e n t e d 
i n F i g u r e 2. A l i g h t wave a t f r e q u e n c y ojg i s i n c i d e n t on t h e 
m a t e r i a l system s i m u l t a n e o u s l y w i t h a l i g h t wave a t f r e q u e n c y 
u^. W h i l e the i n c i d e n t l i g h t beam l o s e s a quantum (tico^) and the 

F i g . 2 Schematic diagram f o r s t i m u l a t e d Raman s c a t t e r i n g as a 
quantum p r o c e s s (adapted from Ref. 2 3 ) . 
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m a t e r i a l system i s e x c i t e d by a quantum 'fidü̂ -Mg) , a quantum 1iü)g 
i s added t o the wave a t f r e q u e n c y üüg, wh i c h c o n s e q u e n t l y becomes 
a m p l i f i e d . 

A t h e o r e t i c a l d e s c r i p t i o n of the s t i m u l a t e d Raman e f f e c t i n 
terms of a n o n l i n e a r Raman s u s c e p t i b i l i t y was p r e s e n t e d by 
Bloembergen [23] soon a f t e r the e x p e r i m e n t a l d i s c o v e r y of t h i s 
e f f e c t . He showed t h a t a p o l a r i z a t i o n a t Stokes f r e q u e n c y OJg i s 
g e n e r a t e d v i a t h e t h i r d - o r d e r n o n - l i n e a r s u s c e p t i b i l i t y X^ 3 • 

P(ü)S) = X ( 3 ) ( - w s , O J g , ^ , -ü)L) E (ü)s) |E(ü)L) | 2 (2) 
F o r the case t h a t pump f r e q u e n c y 0)^ and Stokes f r e q u e n c y U)g 
d i f f e r by a m o l e c u l a r e i g e n f r e q u e n c y U) R, i . e . o^-Cüg = OUR, the 
t h i r d - o r d e r n o n - l i n e a r s u s c e p t i b i l i t y nas a n e g a t i v e i m a g i n a r y 
p a r t . T h i s l e a d s t o a n e g a t i v e a b s o r p t i o n c o e f f i c i e n t o r an e x -
p o n e n t i a l g a i n a t the Sotkes f r e q u e n c y cüg p r o p o r t i o n a l t o t h e 
l a s e r i n t e n s i t y a t pump f r e q u e n c y oo^ [ 2 5 ] . The g a i n f a c t o r g, 
which d e s c r i b e s t h i s e x p o n e n t i a l growth has been shown t o depend 
on the d i f f e r e n t i a l Raman c r o s s s e c t i o n do/dQ as w e l l as on t h e 
l i n e w i d t h T of the m o l e c u l a r t r a n s i t i o n (co R) i n the f o l l o w i n g 
way [24] 

g(o) s) ~ (-§ )• ̂ - J ^ y + r * ( 3 ) 

Optimum g a i n i s found a t t h e c e n t e r of t h e Raman l i n e where 
GOß = ^""^g» Th e r e , t h e g a i n c o n s t a n t f o r s t i m u l a t e d Raman s c a t 
t e r i n g a t Stokes f r e q u e n c y i s g i v e n by 

From E q u a t i o n 4 we i m m e d i a t e l y r e c o g n i z e t h a t i n s t i m u l a t e d 
Raman s c a t t e r i n g p r o c e s s e s where o n l y one i n p u t l a s e r f i e l d w i t h 
f r e q u e n c y OJ^ i s employed a c o h e r e n t Stokes wave i s g e n e r a t e d f o r 
those Raman modes which have the h i g h e s t r a t i o between" d i f f e r e n 
t i a l Raman c r o s s s e c t i o n and l i n e w i d t h T. The l a t t e r c o r r e s p o n d s 
to t he de p h a s i n g time T 2 of the p h y s i c a l system, T = 1/T2 and 
r e f l e c t s t he damping of the system. 

I n t h i s c l a s s i c a l d e s c r i p t i o n of s t i m u a l t e d Raman s c a t t e r i n g 
a c o h e r e n t l i g h t beam a t Stok e s f r e q u e n c y 00g i s produced by a 
pump f i e l d a t = 0J g + ü) R. The d i s t i n c t i v e f e a t u r e of s t i m u l a t e d 
Raman s c a t t e r i n g i s t h a t an assemblage o f c o h e r e n t l y d r i v e n mole
c u l a r v i b r a t i o n s p r o v i d e s t h e means of c o u p l i n g the two l i g h t 
waves a t f r e q u e n c y oô  and (dg by m o d u l a t i n g the n o n l i n e a r s u s c e p t i 
b i l i t y . 

From the f a c t t h a t the Stokes beam i n t e r a c t i n g w i t h the pump 
l a s e r beam a u t o m a t i c a l l y e s t a b l i s h e s c o r r e c t p h a s i n g of the mole
c u l a r o s c i l l a t o r s so as t o ensure p r o p a g a t i o n of the Stokes beam, 
i t f o l l o w s t h a t Raman g a i n i s p o s s i b l e f o r any d i r e c t i o n of p r o 
p a g a t i o n of t h e Stokes beam w i t h r e s p e c t t o the pump beam. 



INTRODUCTION TO NON-LINEAR RAMAN SPECTROSCOPY 89 

However, the g r e a t e s t Stokes i n t e n s i t y s h o u l d be ob s e r v e d from 
a Raman c e l l a l o n g the d i r e c t i o n of i t s g r e a t e s t i l l u m i n a t e d 
l e n g t h , u n l e s s some o t h e r c o n s i d e r a t i o n s a r e i n t r o d u c e d . 

I n the o r d i n a r y Raman e f f e c t , few m o l e c u l e s a r e found i n 
t h e i r e x c i t e d v i b r a t i o n a l State. The s t r o n g pumping a c t i o n of a 
l a s e r beam changes t h i s Situation d r a s t i c a l l y , so t h a t an a p p r e -
c i a b l e f r a c t i o n of a l l m o l e c u l e s i n the l a s e r beam a r e soon made 
a v a i l a b l e f o r a n t i - S t o k e s e m i s s i o n . C l a s s i c a l l y , t h e a n t i - S t o k e s 
r a d i a t i o n i s g e n e r a t e d by the i n t e r a c t i o n of the l a s e r beam w i t h 
m o l e c u l a r v i b r a t i o n s , b u t t h e phase of the l a t t e r i s e s t a b l i s h e d 
by the s t i l l more i n t e n s e Stokes r a d i a t i o n . As a consequence, an 
ind e x - m a t c h i n g r e q u i r e m e n t e x i s t s f o r t h i s three-wave p r o c e s s . 
The d i r e c t i o n of e m i s s i o n of the a n t i - S t o k e s i n t e n s i t y i s g i v e n 
by t h e momentum matc h i n g c o n d i t i o n [24] 

S i n c e i n Condensed phases t h e r e i s c u r v a t u r e of the d i s p e r s i o n 
of the l i n e a r i n d e x of r e f r a c t i o n , n = n(oo) and because 

|k| = (6) 
1 1 c 

one i m m e d i a t e l y r e c o g n i z e s t h a t a c o l l i n e a r arrangement between 
pump, Stokes and a n t i - S t o k e s beams i s not p o s s i b l e . However, a 
d i r e c t i o n can be found which s a t i s f i e s the v e c t o r e q u a t i o n ( 5 ) , 
but i t c o n f i n e s the S and AS photon p a i r s t o c o n i c a l beams c o -
a x i a l w i t h the l a s e r beam. F i g u r e 3 shows the r e q u i r e d c o n s t r u c -
t i o n , the cones b e i n g g e n e r a t e d by r o t a t i n g t he p l a n e of the 
f i g u r e around k L . 

F i g . 3 Momentum c o n s e r v a t i o n f o r s t i m u l a t e d a n t i - S t o k e s Raman 
s c a t t e r i n g ( R e p r e s e n t a t i o n of E q u a t i o n 5 ) . 

S i m i l a r l y to the g e n e r a t i o n of c o h e r e n t fundamental Stokes 
and a n t i - S t o k e s r a d i a t i o n , h i g h e r - o r d e r s t i m u l a t e d Stokes and 
a n t i - S t o k e s e m i s s i o n can be produced when h i g h pump i n t e n s i t i e s 
are employed. 
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T h i s v e r y s h o r t t r e a t m e n t on s t i m u l a t e d Raman e f f e c t s h o u l d 
s e r v e t o i l l u s t r a t e o n l y some p r i n c i p a l a s p e c t s of t h i s t y p e o f 
n o n - l i n e a r Raman s c a t t e r i n g . I n t h e a r t i c l e s by Laubereau [26] 
and K a i s e r and Z i n t h [27,28] more i n f o r m a t i o n on s t i m u l a t e d 
Raman s c a t t e r i n g as w e l l as i t s a p p l i c a t i o n i n p i c o s e c o n d s p e c 
t r o s c o p y i s g i v e n i n t h i s book. We a l s o r e f e r t o r e v i e w a r t i c l e s 
and books l i s t e d i n R e f e r e n c e s 2 9 - 4 1 . 

4. NON-LINEAR RAMAN SPECTROSCOPY BASED ON THIRD-ORDER SUSCEPTI-
B I L I T I E S 

From the f o r e g o i n g s h o r t d i s c u s s i o n on s t i m u l a t e d Raman 
s c a t t e r i n g i t became c l e a r t h a t d u r i n g t h i s n o n - l i n e a r p r o c e s s 
c o h e r e n t l y d r i v e n m o l e c u l a r v i b r a t i o n s a r e g e n e r a t e d and t h a t t h e r e 
i s s t r o n g c o u p l i n g between t h e m e c h a n i c a l waves and t h e l i g h t 
waves when the f r e q u e n c y d i f f e r e n c e between pump and Stokes beam 
matches t h e m o l e c u l a r v i b r a t i o n a l f r e q u e n c y . I n what u s u a l l y i s 
named as s t i m u l a t e d Raman e f f e c t o n l y one i n p u t l a s e r f i e l d 
(o)^) i s used f o r t h i s type of e x c i t a t i o n . We have s e e n , i n s e c t i o n 
3, t h a t o n l y p a r t i c u l a r Raman modes, i . e . t h o s e w i t h h i g h e s t 
g a i n f a c t o r s , g i v e r i s e t o s t i m u l a t e d Stokes e m i s s i o n . Thus, 
f o r m o l e c u l a r s p e c t r o s c o p y i n w h i c h the i n t e r e s t dominates t o 
det e r m i n e a l l Raman a c t i v e modes, e x c i t a t i o n w i t h one s t r o n g 
l a s e r f i e l d would n o t s e r v e t h e p u r p o s e , a l t h o u g h i t would p r o 
v i d e v e r y h i g h s i g n a l s i n fo r m of a c o h e r e n t beam, b u t u n f o r t u n a t e -
l y , o n l y a t one p a r t i c u l a r v i b r a t i o n a l f r e q u e n c y . However, the 
advantages of s t i m u l a t e d Raman s c a t t e r i n g , b e i n g h i g h s i g n a l 
s t r e n g t h and c o h e r e n t r a d i a t i o n , can be f u l l y e x p l o i t e d by a 
v e r y s i m p l e m o d i f i c a t i o n of the t y p e of e x c i t a t i o n . The t r i c k 
i s s i m p l y t o p r o v i d e t h e m o l e c u l a r system w i t h an i n t e n s e e x t e r n a l 
Stokes f i e l d by u s i n g a second l a s e r beam a t St o k e s f r e q u e n c y 
Cüg i n s t e a d of h a v i n g i n i t i a l l y t h e Stokes f i e l d p roduced i n the 
m o l e c u l a r system by c o n v e r s i o n of energy from t h e pump f i e l d . 
Thus, by k e e p i n g one of the two l a s e r s , e.g. t h e l a s e r w i t h f r e 
quency co^, f i x e d i n f r e q u e n c y and t h e o t h e r one, e.g. the l a s e r 
beam a t Stokes f r e q u e n c y Lüg t u n a b l e , one i s now a b l e t o e x c i t e 
s e l e c t i v e l y c o h e r e n t m o l e c u l a r v i b r a t i o n s a t any d e s i r e d f r e 
quency lüß. A v a r i e t y of "new" Raman t e c h n i q u e s based on t h i s 
i d e a has been d e v e l o p e d i n t h e l a s t decade. I have put t h e word 
new between q u o t a t i o n m a r k s , s i n c e o n l y the v a r i o u s t e c h n i q u e s 
a r e new, but n o t t h e i r common p h y s i c a l b a s i s , w h i c h i s the s t i m 
u l a t e d Raman p r o c e s s . S e v e r a l names f o r t h e s e n o n - l i n e a r Raman 
s p e c t r o s c o p i c t e c h n i q u e s based on t h e t h i r d - o r d e r n o n - l i n e a r s u s 
c e p t i b i l i t y have been used i n t h e l i t e r a t u r e : 
"Coherent A c t i v e Raman S p e c t r o s c o p y " [ 4 2 , 4 3 ] , "Coherent Raman Spec
t r o s c o p y " [44] o r " A c t i v e Raman S p e c t r o s c o p y " [45,46]. These v a r i 
ous names s t a n d f o r methods which combine the wide s p e c t r o s c o p i c 
P o t e n t i a l s o f spontaneous Raman s p e c t r o s c o p y and the h i g h e f f i c i e n 
cy of s c a t t e r i n g , s t r o n g e x c i t a t i o n and p h a s i n g of m o l e c u l a r 
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v i b r a t i o n s i n a ma c r o s c o p i c volume of s u b s t a n c e , t h a t i s , as 
a l r e a d y emphasized the f e a t u r e s i n h e r e n t i n . s t i m u l a t e d Raman 
s c a t t e r i n g . C e r t a i n l y , p r o g r e s s i n t h e s e t e c h n i q u e s was connected 
m a i n l y w i t h the achievements i n the development o f t u n a b l e l a s e r s . 
The f o l l o w i n g acronyms o f some of t h e s e n o n - l i n e a r ( c o h e r e n t ) 
Raman t e c h n i q u e s have been w i d e l y used [47] : CARS (Coherent a n t i -
S t o k e s Raman S p e c t r o s c o p y ) , CSRS (Coherent Stokes Raman S p e c t r o 
scopy) , PARS ( P h o t o a c o u s t i c Raman S p e c t r o s c o p y ) , RIKE (Raman 
Induced K e r r E f f e c t ) , SRGS ( S t i m u l a t e d Raman G a i n S p e c t r o s c o p y ) , 
IRS ( I n v e r s e Raman S c a t t e r i n g ) , ASTERISK (a f o u r c o l o u r t e c h n i q u e , 
so named because of the arrangement o f the p l a n e s of p o l a r i z a t i o n 
i n t h e e x p e r i m e n t ) , and HORSES ( H i g h e r - O r d e r Raman S p e c t r a l E x c i 
t a t i o n S t u d i e s ) . Most of th e s e t e c h n i q u e s w i l l be d i s c u s s e d ex-
t e n s i v e l y i n t h i s NATO A S I . I t i s the prupose of t h i s i n t r o d u c -
t o r y c h a p t e r t o v e r y s h o r t l y i l l u m i n a t e t he b a s i c p r i n c i p l e s of 
the s e t e c h n i q u e s under a common p o i n t of v i e w . T h i s w i l l be done 
n e x t . 

A schematic diagram f o r some of the methods mentioned above 
i s i l l u s t r a t e d i n F i g u r e 4. The common p h y s i c a l a s p e c t i s the 
e x c i t a t i o n of Raman-active m o l e c u l a r v i b r a t i o n s ( o r r o t a t i o n s ) 
i n t he f i e l d of two l a s e r beams 

Sample 

Laser toL Laser toL 

Laser u)s Laser u)s 

Lens 

S (2u)s-(DL) CSRS 

• A S (Cü s) SRGS 

-AS(U) L ) IRS 

S ( 2 u ) L - ü ) s ) CARS 

F i g . 4 Schematic diagram f o r a few t e c h n i q u e s i n n o n - l i n e a r 
( c o h e r e n t ) Raman s p e c t r o s c o p y (CSRS: Coherent Stokes Raman Spec
t r o s c o p y ; SRGS: S t i m u l a t e d Raman g a i n S p e c t r o s c o p y ; IRS: I n v e r s e 
Raman S p e c t r o s c o p y ; CARS: Coherent a n t i - S t o k e s Raman S p e c t r o s c o p y ) 

w i t h f r e q u e n c i e s coL and tüg i n such a way t h a t t h e i r d i f f e r e n c e 
c o r r e s p o n d s t o the f r e q u e n c y of the m o l e c u l a r V i b r a t i o n to R (o)jj-ü)g= 
ü)ß). The s t r o n g c o u p l i n g between t h e g e n e r a t e d c o h e r e n t m o l e c u l a r 
v i b r a t i o n s w i t h the i n p u t l a s e r f i e l d s v i a t h e t h i r d - o r d e r non
l i n e a r s u s c e p t i b i l i t y opens t h e p o s s i b i l i t y f o r t h e v a r i o u s t e c h 
n i q u e s . As mentioned i n s e c t i o n 3 an a n t i - S t o k e s s i g n a l a t f r e 
quency co^g = co^ + coR = 2oo^ - Cüg i s g e n e r a t e d when the momentum 
matching c o n d i t i o n ( E q u a t i o n 5, F i g u r e 3) i s f u l l f i l l e d . However, 
i n c o n t r a r y t o s t i m u l a t e d Raman s c a t t e r i n g e x c i t e d w i t h o n l y one 
l a s e r (io T ) , the a n t i - S t o k e s i n t e n s i t y i s not ' s c a t t e r e d i n t o a 
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cone as d e s c r i b e d above, i n s t e a d i t i s s c a t t e r e d i n one d i r e c t i o n , 
w h i c h l i e s i n the p l a n e g i v e n by the two l a s e r d i r e c t i o n s co^ and 
0)g and wh i c h i s d e t e r m i n e d by t h e momentum v e c t o r diagram shown 
i n F i g u r e 3. T h e r e f o r e , t h i s s o - c a l l e d CARS-spectroscopy i s s i m p l y 
performed by measuring t h e s i g n a l S(2toL-iög) = S(io L+co R), which i s 
a c o h e r e n t beam e m i t t e d i n t o a c e r t a i n d i r e c t i o n . These c o h e r e n t 
s i g n a l s w i t h a n t i - S t o k e s f r e q u e n c i e s a r e g e n e r a t e d each time t h e 
f r e q u e n c y d i f f e r e n c e of t h e i n p u t l a s e r f i e l d s matches a mo l e c u 
l a r f r e q u e n c y . 

The m i x i n g o f the two l a s e r f i e l d s can a l s o produce r a d i a 
t i o n on t h e Stokes s i d e o f t h e L ü o - l a s e r . The d i r e c t i o n of t h i s 
c o h e r e n t Stokes Raman s i g n a l (CSRS) i s a g a i n d e t e r m i n e d by a 
c o r r e s p o n d i n g momentum c o n s e r v a t i o n diagram, which l e a d s t o a 
d i f f e r e n t d i r e c t i o n ( see F i g u r e 4, l a b e l l e d by S(2u)g-Lö-|0) . From 
the symmetry of t h i s two g e n e r a t e d c o h e r e n t beams, t h e r e seems 
t o be no r e a s o n t o f a v o u r the CSRS o r CARS t e c h n i q u e b u t , s i n c e 
2cOg-coL = L ü g - LOr i s t o low wavenumber of b o t h LOj and LOg t h e r e i s 
s t r o n g tendency f o r CSRS t o be o v e r l a p p e d by f l u o r e s c e n c e . F u r -
thermore, the CSRS s i g n a l i s i n p r i n c i p l e weaker than t h e CARS 
s i g n a l . F o r t h e s e r e a s o n s the CARS t e c h n i q u e i s more f r e q u e n t l y 
used. 

The i n t e r a c t i o n of the e l e c t r i c f i e l d s of the two i n p u t 
l a s e r s w i t h f r e q u e n c i e s LOl and Lüg w i t h the e l e c t r i c f i e l d a s s o 
c i a t e d w i t h t h e c o h e r e n t m o l e c u l a r v i b r a t i o n s can y i e l d a l s o t o 
a g a i n o r a l o s s i n the power o f the l a s e r s . The method where the 
g a i n a t t h e Stokes f r e q u e n c y ( l a b e l l e d i n F i g u r e 4 by +AS ( ü ü g ) ) 
i s measured i s g e n e r a l l y r e f e r r e d t o as " S t i m u l a t e d Raman G a i n 
S p e c t r o s c o p y " whereas the " I n v e r s e Raman S c a t t e r i n g " i s the t e r -
m i n o l o g y commonly used t o d e s i g n a t e the i n d u c e d l o s s a the pump 
l a s e r f r e q u e n c y ( F i g u r e 4 , - A S ( L O L ) ) . 

From an e x p e r i m e n t a l p o i n t of v i e w , i t i s q u i t e e v i d e n t , 
t h a t f o r the f o u r n o n - l i n e a r ( c o h e r e n t ) Raman t e c h n i q u e s d i s c u s s e d 
u n t i l now, one e i t h e r measures t h e r a d i a t i o n g e n e r a t e d a t a n t i -
Stokes f r e q u e n c y (CARS, LO^g = 2L0L~L0g) o r a t Stokes f r e q u e n c y 
(CSRS, 2üJg-L0 ) o r one d e t e r m i n e s the change AS i n the l a s e r beam 
power (LOl: IRS; LOg: SRGS). I n o r d e r t o get füll Raman i n f o r m a t i o n 
of the medium, i t i s n e c e s s a r y t o tune the f r e q u e n c y d i f f e r e n c e 
Lü^-LOg; t h e n , s u c c e s s i v e l y a l l Raman-active v i b r a t i o n s ( o r r o -
t a t i o n s , o r r o t a t i o n - v i b r a t i o n s ) w i l l be e x c i t e d and a complete 
"Raman spectrum" i s o b t a i n e d . 

In P h o t o a c o u s t i c Raman S p e c t r o s c o p y (PARS) t h e sample i s 
i l l u m i n a t e d a g a i n by the two l a s e r beams OO^,LOr the same way as 
shown i n F i g u r e 4, i . e . w i t h s p a t i a l l y and t e m p o r a l l y o v e r l a p p i n g . 
Due t o the s t i m u l a t e d Raman e f f e c t , a p o p u l a t i o n of a p a r t i c u l a r 
energy l e v e l (LO r) of the sample i s a c h i e v e d . As the v i b r a t i o n a l l y 
e x c i t e d m o l e c u l e s r e l a x hy means of c o l l i s i o n s , a p r e s s u r e wave 
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i s g e n e r a t e d i n the sample and t h i s a c o u s t i c s i g n a l i s d e t e c t e d 
b y a s e n s i t i v e microphone. I n the PARS t e c h n i q u e one u s u a l l y 
m o d ulates e i t h e r one o r b o t h of the l a s e r beams. When f r e q u e n c y 
m a t c h i n g i s a c h i e v e d (co R = ^-co^) p r e s s u r e v a r i a t i o n s a r e gener a 
t e d i n the sample and an a c o u s t i c s i g n a l a t the l a s e r m o d u l a t i o n 
f r e q u e n c y i s d e t e c t e d . A g a i n , by t u n i n g one of t h e two l a s e r 
f r e q u e n c i e s one can o b t a i n complete Raman i n f o r m a t i o n from the 
sample. 

As a l r e a d y mentioned above, the i n t r o d u c t i o n of t h e Raman 
i n d u c e d K e r r e f f e c t (RIKE) p r o v i d e d the " p o l a r i z a t i o n s p e c t r o 
s c o p y " forms of s t i m u l a t e d Raman s p e c t r o s c o p y . I n RIKE [ 1 8 ] , 
a g a i n two l a s e r bemas w i t h f r e q u e n c i e s coL and lOg (pump and probe 
beam) a r e made s p a t i a l l y o v e r l a p p e d i n a sample s i m i l a r as shown 
i n F i g u r e 4. In a d d i t i o n , however, the probe beam i s l i n e a r l y 
p o l a r i z e d , whereas the pump beam i s c i r c u l a r l y p o l a r i z e d . The 
probe beam i s n o r m a l l y b l o c k e d b e h i n d t h e sample t h r o u g h a p o l a -
r i z e r w i t h p e r p e n d i c u l a r p o l a r i z a t i o n i n r e s p e c t t o the l a s e r 
p o l a r i z a t i o n . The c i r c u l a r l y p o l a r i z e d pump beam a t f r e q u e n c y 
now induces complex, a n i s o t r o p i c changes i n the r e f r a c t i v e i n -
d i c e s of the sample. These changes e x h i b i t resonances when oo^-coR 

i s n e a r the f r e q u e n c y of a Raman-active V i b r a t i o n i n the s c a t t e r 
i n g medium. B e i n g a n i s o t r o p i c , t h ese changes cause t h e e x c i t i n g 
p o l a r i z e d probe beam t o be p a r t i a l l y t r a n s m i t t e d t h r o u g h the 
" c r o s s e d " p o l a r i z e r b e h i n d the sample. By t u n i n g the f r e q u e n c y 
co^-cOg t h i s t e c h n i q u e p e r m i t s the O b s e r v a t i o n of a Raman spectrum. 

One of the major advantages of t h e s e n o n - l i n e a r ( c o h e r e n t ) 
Raman t e c h n i q u e s over c o n v e n t i o n a l Raman s p e c t r o s c o p y i s the 
a b i l i t y t o o b t a i n Raman s p e c t r a w i t h v e r y h i g h r e s o l u t i o n which 
i s s o l e l y determined by the l i n e w i d t h of the i n p u t s o u r c e s . The 
e x p e r i m e n t a l r e q u i r e m e n t s f o r h i g h r e s o l u t i o n measurements u t i -
l i z i n g these t e c h n i q u e s p r e c l u d e the n e c e s s i t y of u s i n g mono-
c h r o m a t o r s , i n t e r f e r o m e t e r s , o r o t h e r a p p a r a t u s u s u a l l y used i n 
c o n v e n t i o n a l Raman s p e c t r o s c o p y . S i n c e p r e c i s e l y c o n t r o l l e d , 
t u n e a b l e , narrow l i n e - w i d t h l a s e r s o u r c e s w i t h a p p r e c i a b l e power 
a r e a v a i l a b l e c o m m e r c i a l l y , h i g h r e s o l u t i o n m o l e c u l a r s p e c t r o 
scopy, which f o r q u i t e a l o n g time was o n l y p o s s i b l e by i n f r a r e d 
a b s o r p t i o n , has become f e a s i b l e now a l s o i n the v i s i b l e r e g i o n 
t h r o u g h these n o n - l i n e a r t e c h n i q u e s . 

The advantages of these t e c h n i q u e s , namely h i g h s i g n a l 
s t r e n g t h and s i m u l t a n e o u s l y h i g h r e s o l u t i o n i s c l e a r l y demonstra-
te d i n the example shown i n F i g u r e s 5 and 6. I n F i g u r e 5 a con
v e n t i o n a l ( l i n e a r ) Raman spectrum of NO a t a p r e s s u r e of 100 T o r r 
o b t a i n e d w i t h a commercial Raman 0.85m-double monochromator and ex
c i t a t i o n w i t h an a r g o n - i o n l a s e r of 1.5 Watt power i s d i s p l a c e d 
[48] . 
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1870 1876 
WAVENUMBER (cm-4) 

F i g . 5 C o n v e n t i o n a l ( l i n e a r ) Raman spectrum of the Q-branch of 
NO a t 100 T o r r p r e s s u r e . E x c i t a t i o n : 514.5 nm, 1.5 Watt; s l i t s : 
2 cm" 1 [ 4 8 ] . 

CO 
z 
LÜ 

2 

NO 
1 0 0 T o r r 

OBSERVED 

1871 1873 1875 

WAVENUMBER (cm"1)—-
1877 

F i g . 6 CARS spectrum of the Q-branch of NO a t 100 T o r r p r e s s u r e . 
P u l s e d e x c i t a t i o n : power of co^-Laser: 10 kW, power of ojg-Laser: 
5kW; p u l s e w i d t h s 5 n s ; r e p e t i t i o n r a t e 10 Hz. (Adapted from 
R e f e r e n c e 49) 
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The r e s o l u t i o n was about 2 c m " . F i g u r e 6 shows the CARS 
spectrum e x c i t e d w i t h a n i t r o g e n - l a s e r pumped d y e - l a s e r system 
[49] but w i t h a r e s o l u t i o n of 0.05 cm"1. The peak power of the 
p u l s e d dye l a s e r s (co L ,CO s ) have been 10 kW and 5 kW, r e s p e c t i v e l y , 
t h e p u l s e w i d t h was about 5 ns and t h e r e p e t i t i o n r a t e was 10 Hz. 
From these v a l u e s one can c a l c u l a t e a t i m e - a v e r a g e d t o t a l power 
of 0.75 mW o n l y . A l t h o u g h the t o t a l average power has been reduced 
by a f a c t o r of 2000 i n CARS e x c i t a t i o n , the improvement i n r e s o l u 
t i o n i s about 40. As w i l l be shown i n t h i s Advanced Study I n s t i t u t e , 
even h i g h e r r e s o l u t i o n i s p o s s i b l e . 
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THE POLARIZABILITY AND HYPERPOLARIZABILITY TENSORS 
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1. INTRODUCTION 

T h i s c h a p t e r i s conc e r n e d w i t h t h e p r o p e r t i e s o f t h e 
p o l a r i z a b i l i t y and h y p e r p o l a r i z a b i l i t y t e n s o r s w i t h p a r t i c u l a r 
r e f e r e n c e t o t h e i r r o l e s i n R a y l e i g h and Raman s c a t t e r i n g and 
i n h y p e r R a y l e i g h and hyper Raman s c a t t e r i n g , r e s p e c t i v e l y . 
B e f o r e e m b arking on t h e d e t a i l e d m a t h e m a t i c a l t r e a t m e n t s o f 
t h e s e t e n s o r s i t seems a p p r o p r i a t e t o i n d i c a t e b r i e f l y t h e 
n a t u r e o f t h e s e forms o f s c a t t e r i n g and why an u n d e r s t a n d i n g 
o f t h e s e t e n s o r s i s n e c e s s a r y . 

The n e x t c h a p t e r w i l l d e a l w i t h t h e t h e o r y o f hyper 
R a y l e i g h and hyp e r Raman s c a t t e r i n g and w i t h a p p l i c a t i o n s o f 
t h e s e e f f e c t s . 

2. RAYLEIGH AND RAMAN SCATTERING 

When monochromatic r a d i a t i o n o f normal i r r a d i a n c e and 
wavenumber v Q i s i n c i d e n t on Systems l i k e d u s t - f r e e , t r a n s p a r e n t 
gases and l i q u i d s , o r o p t i c a l l y p e r f e c t , t r a n s p a r e n t , s o l i d s , most 
o f i t i s t r a n s m i t t e d w i t h o u t change, b u t , i n a d d i t i o n , some 
s c a t t e r i n g o f t h e r a d i a t i o n o c c u r s . I f t h e f r e q u e n c y c o n t e n t o f 
t h e s c a t t e r e d r a d i a t i o n i s a n a l y s e d , t h e r e w i l l be o b s e r v e d t o be 
p r e s e n t , t h e wavenumber v Q a s s o c i a t e d w i t h t h e i n c i d e n t r a d i a t i o n 
and a l s o , i n g e n e r a l , p a i r s o f new wavenumbers o f t h e t y p e 
v f = v 0 ± v M . I n m o l e c u l a r Systems, t h e wavenumbers v M a r e foun d 
t o l i e p r i n c i p a l l y i n t h e ra n g e s a s s o c i a t e d w i t h t r a n s i t i o n s 
between r o t a t i o n a l , v i b r a t i o n a l , and e l e c t r o n i c l e v e l s . The 
s c a t t e r e d r a d i a t i o n u s u a l l y has p o l a r i z a t i o n c h a r a c t e r i s t i c s 
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d i f f e r e n t f r om t h o s e o f t h e i n c i d e n t r a d i a t i o n , and b o t h t h e 
i n t e n s i t y and t h e p o l a r i z a t i o n o f t h e s c a t t e r e d r a d i a t i o n 
depend on t h e d i r e c t i o n o f Observation. 

The r a d i a t i o n s c a t t e r e d w i t h o u t change o f "wavenumber i s 
known as R a y l e i g h s c a t t e r i n g when t h e s c a t t e r i n g c e n t r e s a r e 
v e r y much s m a l l e r t h a n t h e w a v e l e n g t h o f t h e i n c i d e n t r a d i a t i o n 
as i s t h e case f o r m o l e c u l e s . S c a t t e r i n g o f r a d i a t i o n w i t h 
m o d i f i e d wavenumbers o f t h e t y p e v Q ± Vy[ i s c a l l e d Raman 
s c a t t e r i n g . The Raman bands a t wavenumbers l e s s t h a n t h e 
i n c i d e n t wavenumber ( i . e . o f t h e t y p e V 0 - Vm ) a r e r e f e r r e d t o 
as Stokes bands, and t h o s e a t wavenumbers g r e a t e r t h a n t h e 
i n c i d e n t wavenumber ( i . e . o f t h e t y p e v 0 + V j ^ ) as a n t i - S t o k e s 
bands. R a y l e i g h s c a t t e r i n g i s g e n e r a l l y s e v e r a l Orders o f 
magnitude more i n t e n s e t h a n Raman s c a t t e r i n g . A t y p i c a l 
R a y l e i g h and Stokes Raman spe c t r u m i s shown i n F i g . l ( a ) . 

The o r i g i n o f t h e m o d i f i e d f r e q u e n c i e s ( o r wavenumbers) 
found i n Raman s c a t t e r i n g may be e x p l a i n e d i n terms o f energy 
t r a n s f e r between t h e s c a t t e r i n g system and t h e i n c i d e n t 
r a d i a t i o n . When a system i n t e r a c t s w i t h r a d i a t i o n o f 
wavenumber v Q , i t may make an upward t r a n s i t i o n f rom a l o w e r 
energy l e v e l E x t o an upper energy l e v e l E 2 . I t must t h e n 
a c q u i r e t h e n e c e s s a r y e n e r g y , AE = E2 - E i , from t h e i n c i d e n t 
r a d i a t i o n . The energy AE may be e x p r e s s e d i n terms o f a 
wavenumber a s s o c i a t e d w i t h t h e two l e v e l s i n v o l v e d , where 
AE = hcVM* T h i s energy r e q u i r e m e n t may be r e g a r d e d as b e i n g 
p r o v i d e d by t h e a n n i h i l a t i o n o f one photon o f t h e i n c i d e n t 
r a d i a t i o n o f energy h c v Q and t h e s i m u l t a n e o u s c r e a t i o n o f a 
photon o f s m a l l e r energy h c ( v 0 - Vy[), so t h a t s c a t t e r i n g o f 
r a d i a t i o n o f l o w e r wavenumber, V Q - v ^ , o c c u r s . A l t e r n a t i v e l y , 
t h e i n t e r a c t i o n o f t h e r a d i a t i o n w i t h t h e system may cause a 
downward t r a n s i t i o n from a h i g h e r energy l e v e l E 2, i f t h e system 
happens a l r e a d y t o be i n t h a t e x c i t e d l e v e l , t o a l o w e r energy 
l e v e l E i , i n w h i c h case i t makes a v a i l a b l e energy E2 - E i = h c v ^ . 
A g a i n a photon o f t h e i n c i d e n t r a d i a t i o n o f energy h c v 0 i s 
a n n i h i l a t e d , b u t i n t h i s i n s t a n c e t h e r e i s s i m u l t a n e o u s l y 
c r e a t e d a photon o f h i g h e r energy h c ( v 0 + v ^ ) , so t h a t s c a t t e r i n g 
o f r a d i a t i o n o f h i g h e r wavenumber, v 0 + v ^ , o c c u r s . 

I n t h e case o f R a y l e i g h s c a t t e r i n g , a l t h o u g h t h e r e i s no 
r e s u l t a n t change i n t h e energy s t a t e o f t h e sy s t e m , t h e system 
s t i l l p a r t i c i p a t e s d i r e c t l y i n t h e s c a t t e r i n g a c t , c a u s i n g one 
photon o f i n c i d e n t r a d i a t i o n h c v 0 t o be a n n i h i l a t e d and a photon 
o f t h e same energy t o be c r e a t e d s i m u l t a n e o u s l y , so t h a t 
s c a t t e r i n g o f r a d i a t i o n o f unchanged wavenumber, v Q , o c c u r s . 
A l t h o u g h t h e i n v o l v e m e n t o f t h e sys t e m i s not ap p a r e n t i n t h e 
wavenumber o f t h e s c a t t e r e d r a d i a t i o n , o t h e r p r o p e r t i e s o f t h e 
s c a t t e r e d r a d i a t i o n a r e c h a r a c t e r i s t i c o f t h e s c a t t e r i n g system 
and c o n f i r m i t s p a r t i c i p a t i o n i n t h e s c a t t e r i n g a c t . 



F i g . 1. (a) R a y l e i g h and Raman s p e c t r a ; (h) h y p e r 
R a y l e i g h and hyper Raman s p e c t r a o f CC1», 
( l i q u i d ) . 
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3. HYPER RAYLEIGH AND HYPER RAMAN SCATTERING 

When a system i s i l l u m i n a t e d w i t h r a d i a t i o n o f wavenumber 
v Q o f a d e q u a t e l y l a r g e i r r a d i a n c e , t h e s c a t t e r e d r a d i a t i o n i s 
found t o i n c l u d e wavenumbers o f t h e t y p e 2 v Q and 2 v 0 ± v ^ , 
where i s a wavenumber a s s o c i a t e d w i t h a t r a n s i t i o n between 
two l e v e l s o f t h e s c a t t e r i n g m o l e c u l e s . The s c a t t e r i n g a t 2 v Q 

i s c a l l e d h y p e r R a y l e i g h s c a t t e r i n g , t h a t a t 2 v Q - v ^ , Stok e s 
hyper Raman s c a t t e r i n g and t h a t a t 2 v Q + a n t i - S t o k e s h y p e r 
Raman s c a t t e r i n g . Such s c a t t e r i n g a l s o has p o l a r i z a t i o n 
c h a r a c t e r i s t i c s d i f f e r e n t f r o m t h o s e o f t h e i n c i d e n t r a d i a t i o n ; 
and b o t h t h e i n t e n s i t y and p o l a r i z a t i o n o f t h i s s c a t t e r e d 
r a d i a t i o n depend on t h e d i r e c t i o n o f O b s e r v a t i o n . Hyper 
R a y l e i g h and h y p e r Raman s c a t t e r i n g i s many Orders o f magnitude 
l e s s i n t e n s e t h a n R a y l e i g h and Raman s c a t t e r i n g . However t h e 
wavenumbers w h i c h a r e o b s e r v e d i n hype r Raman s c a t t e r i n g can 
be d i f f e r e n t f r o m t h o s e o b s e r v e d i n Raman s c a t t e r i n g and 
i n f r a - r e d a b s o r p t i o n and even when t h e y a r e n o t , t h e i n t e n s i t i e s , 
p o l a r i z a t i o n c h a r a c t e r i s t i c s and band c o n t o u r s c o n t a i n new 
i n f o r m a t i o n . Thus i n t e r e s t i n hype r R a y l e i g h and h y p e r Raman 
s c a t t e r i n g l i e s i n t h e i r p o t e n t i a l as s o u r c e s o f new 
s p e c t r o s c o p i c i n f o r m a t i o n . 

The h y p e r R a y l e i g h and Stok e s hyper Raman s p e c t r a o f CCli, 
a re shown i n F i g . l ( b ) . Comparison w i t h t h e R a y l e i g h and 
Stokes Raman sp e c t r u m i n F i g . l ( a ) i l l u s t r a t e s some o f t h e 
d i f f e r e n c e s between t h e two t y p e s o f s c a t t e r i n g . 

Hyper R a y l e i g h and h y p e r Raman s c a t t e r i n g can a l s o be g i v e n 
f o r m a l e x p l a n a t i o n s i n terms o f energy t r a n s f e r schemes. Each 
s c a t t e r i n g a c t i s a s s o c i a t e d w i t h t h e s i m u l t a n e o u s a n n i h i l a t i o n 
o f two photons o f t h e i n c i d e n t r a d i a t i o n energy h c v 0 and t h e 
c r e a t i o n o f one photon o f energy w h i c h i s s c a t t e r e d . The energy 
o f t h e s c a t t e r e d photon i s t h u s hc ( 2 v 0 - Vy[) f o r S t o k e s h y p e r 
Raman s c a t t e r i n g i n w h i c h t h e energy o f t h e s c a t t e r i n g system 
i n c r e a s e s by hcVj^ , h c ( 2 v 0 + Vy{) f o r a n t i - S t o k e s h y p e r Raman 
s c a t t e r i n g i n w h i c h t h e energy o f t h e s c a t t e r i n g System 
d e c r e a s e s by hc\5]y[ and h c 2 v 0 f o r h y p e r R a y l e i g h s c a t t e r i n g i n 
which t h e r e i s no r e s u l t a n t change i n t h e energy o f t h e 
s c a t t e r i n g system. 

k. THE INDUCED ELECTRIC DIPOLE 

The energy exchange models r e l a t e t h e o b s e r v e d wavenumbers 
i n t h e s c a t t e r e d r a d i a t i o n t o t h e energy l e v e l s o f t h e s c a t t e r i n g 
system b u t a f f o r d no e x p l a n a t i o n o f t h e mechanism o f t h e 
i n t e r a c t i o n and i n consequence no i n f o r m a t i o n about s e l e c t i o n 
r u l e s , i n t e n s i t i e s , band c o n t o u r s , d i r e c t i o n a l p r o p e r t i e s , and 
s t a t e s o f p o l a r i z a t i o n . 
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Such d e t a i l e d knowledge can o n l y be o b t a i n e d f rom quantum 
m e c h a n i c a l t r e a t m e n t s . However i t i s u s e f u l t o c o n s i d e r 
i n i t i a l l y c e r t a i n a s p e c t s o f a c l a s s i c a l t r e a t m e n t w h i c h can be 
c a r r i e d o v e r i n t o a quantum m e c h a n i c a l t r e a t m e n t . 

A c c o r d i n g t o t h e c l a s s i c a l t h e o r y o f e l e c t r o m a g n e t i c 
r a d i a t i o n , e l e c t r i c and magnetic m u l t i p o l e s o s c i l l a t i n g w i t h a 
g i v e n f r e q u e n c y r a d i a t e e l e c t r o m a g n e t i c r a d i a t i o n o f t h a t 
f r e q u e n c y . L i g h t s c a t t e r i n g phenomena may be g i v e n a c l a s s i c a l 
e x p l a n a t i o n i n terms o f t h e e l e c t r o m a g n e t i c r a d i a t i o n p r oduced 
by s u c h m u l t i p o l e s indueed i n a s c a t t e r i n g system by t h e e l e c t r i c 
and magnetic f i e l d s o f t h e i n c i d e n t r a d i a t i o n . 

I n what f o l l o w s we s h a l l c o n f i n e o u r s e l v e s t o electriö 
dvpoZes i n d u c e d by t h e e l e c t r i c f i e l d o f t h e i n c i d e n t r a d i a t i o n . 

The i n d u c e d e l e c t r i c d i p o l e moment jp i s r e l a t e d t o t h e 
e l e c t r i c f i e l d £ o f t h e r a d i a t i o n by t h e power s e r i e s 

P- Pfl,+ P"+P&>+.... ( i ) 
where 

p'K <*.E ( 2 ) 

?»* tß:E£ ( 3 ) 

and 

I n t h e s e e q u a t i o n s , P and Ei, are v e c t o r s w i t h u n i t s o f 
C m and V m"1, r e s p e c t i v e l y , and (X , ß , and y , wh i c h r e l a t e 
jP and i ; , ar e t e n s o r s s i n c e , i n g e n e r a l , t h e d i r e c t i o n o f t h e 
i n d u c e d d i p o l e i s not t h e same as t h a t o f t h e e l e c t r i c f i e l d 
p r o d u c i n g i t : i . e . , i n g e n e r a l , each component o f p1' i s a 
d i f f e r e n t l i n e a r c o m b i n a t i o n o f t h e components o f ß , each 
component o f j r i s a d i f f e r e n t l i n e a r c o m b i n a t i o n o f t h e 
components o f E! , and so on. The füll s i g n i f i c a n c e o f t h e s e 
t e n s o r r e l a t i o n s h i p s w i l l emerge as we pr o c e e d . 

OL i s termed t h e p o l a r i z a b i l i t y t e n s o r and i s a second-rank 
t e n s o r whose components have u n i t s o f CV" 1 m 2; ß i s t h e 
h y p e r p o l a r i z a b i l i t y t e n s o r and i s a t h i r d - r a n k t e n s o r whose 
components have u n i t s o f CV~ 2 m 3; y i s termed t h e second 
h y p e r p o l a r i z a b i l i t y t e n s o r and i s a f o u r t h - r a n k t e n s o r whose 
components have u n i t s o f CV~ 3 mh. The p o l a r i z a b i l i t i e s , OL 
ß , and y can be r e g a r d e d as measures o f t h e ease w i t h w h i c h 
e l e c t r o n s can be d i s p l a c e d t o produce an e l e c t r i c d i p o l e under 
t h e a c t i o n o f an e l e c t r i c f i e l d . 
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T y p i c a l Orders o f magnitude f o r components o f 
OL . ß 

and / a r e as f o l l o w s : a , l O " 1 * 0 CV" 1 m 2; 3, 1 0 " 5 0 CV~ 2 m 3; 
and y, 1 0 ~ 6 1 CV~ 3 m*. F o r sucj^ v a l u e s , i f t h e c o n t r i h u t i o n 
t o t h e i n d u c e d d i p o l e f r o m JT^ i s t o r e a c h one p e r cent o f 
t h a t from P° t h e e l e c t r i c f i e l d i n t e n s i t y must be o f t h e 
o r d e r o f 1 0 9 V m"1. T h i s r e q u i r e s r a d i a t i o n w i t h an 
i r r a d i a n c e o f t h e o r d e r o f 10 5 Wm"*2 w h i c h i s n o r m a l l y r e a c h e d 
o n l y i n f o c u s e d g i a n t p u l s e l a s e r beams. 

The f i r s t - o r d e r t e r m JP̂  ^ has t h e c o r r e c t f r e q u e n c y 
dependence f o r R a y l e i g h and Raman s c a t t e r i n g . The s e c o n d - o r d e r 
t e r m P^ does n o t i n c l u d e any i n d u c e d d i p o l e s whose 
f r e q u e n c i e s c o r r e s p o n d t o normal R a y l e i g h and Raman s c a t t e r i n g , 
b u t g i v e s r i s e t o h y p e r R a y l e i g h and h y p e r Raman s c a t t e r i n g , 
and o t h e r n o n - l i n e a r phenomena. A l t h o u g h t h e t h i r d - o r d e r t e r m 

does i n c l u d e i n d u c e d d i p o l e s w i t h t h e c o r r e c t f r e q u e n c y 
dependence f o r R a y l e i g h and Raman s c a t t e r i n g , t h e c o n t r i b u t i o n s 
from such d i p o l e s i s q u i t e n e g l i g i b l e . P a l s o g i v e s r i s e 
t o a v a r i e t y o f n o n - l i n e a r phenomena i n c l u d i n g second h y p e r 
R a y l e i g h and Raman s c a t t e r i n g a s s o c i a t e d w i t h f r e q u e n c i e s o f 
t h e t y p e 3v Q and 3v Q ± Vjyj r e s p e c t i v e l y . The a m p l i t u d e s o f 
t h e s e i n d u c e d d i p o l e s w i l l d e t e r m i n e t h e i n t e n s i t i e s o f t h e 
s c a t t e r i n g p r o c e s s e s w i t h w h i c h t h e y a r e a s s o c i a t e d a c c o r d i n g 
t o c l a s s i c a l r a d i a t i o n t h e o r y . 

5. THE TRANSITION ELECTRIC DIPOLE 

A füll quantum t h e o r y o f s p e c t r o s c o p i c p r o c e s s e s s h o u l d 
t r e a t t h e r a d i a t i o n and t h e m o l e c u l e as a complete system i n 
whi c h b o t h have q u a n t i s e d e n e r g i e s , a n d e x p l o r e how energy may 
be t r a n s f e r r e d between t h e r a d i a t i o n and t h e m o l e c u l e as a 
r e s u l t o f t h e i r i n t e r a c t i o n . C o r r e c t r e s u l t s f o r R a y l e i g h , 
Raman, hype r R a y l e i g h and h y p e r Raman s c a t t e r i n g may be o b t a i n e d 
by a compromise p r o c e d u r e i n w h i c h t h e r a d i a t i o n i s t r e a t e d 
c l a s s i c a l l y and i s r e g a r d e d as t h e s o u r c e o f a p e r t u r b a t i o n o f 
t h e m o l e c u l a r s y s t e m w h i c h i s t r e a t e d quantum m e c h a n i c a l l y . 

I n t h e quantum m e c h a n i c a l p i c t u r e t h e o s c i l l a t i n g e l e c t r i c 
d i p o l e P o f c l a s s i c a l t h e o r y i s r e p l a c e d by a t r a n s i t i o n 
e l e c t r i c d i p o l e CP3<Fl a s s o c i a t e d w i t h a t r a n s i t i o n between an 
i n i t i a l s t a t e i and a f i n a l State f . The a m p l i t u d e o f t h e 
t r a n s i t i o n e l e c t r i c d i p o l e d e t e r m i n e s t h e i n t e n s i t y , and i t s 
t i m e dependence^the f r e q u e n c y o f t h e r a d i a t i o n a s s o c i a t e d w i t h 
t h e t r a n s i t i o n . 

F o r an u n p e r t u r b e d system i n t h e s t a t e i t h e time-dependent 
wave f u n c t i o n , i s g i v e n by 
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y f o ) = j\>. exp(-iü).t) (5) 
1 1 1 

•where IJJ. i s t h e c o r r e s p o n d i n g t i m e - i n d e p e n d e n t wave f u n c t i o n 
and'tflü. i s t h e energy o f t h e s t a t e i . We note t h a t ty. i s 
a s s o c i a t e d w i t h an a r b i t r a r y phase f a c t o r e x p ( i 6 _ ^ ) . 

When t h e system i s p e r t u r b e d t h e time-dependent wave 
f u n c t i o n may be e x p r e s s e d as 

vi = + + + . . . . (6) 
1 1 1 1 

where H^1^ i s t h e f i r s t - o r d e r p e r t u r b a t i o n t e r m , ^ i 2 ^ i s t h e 
sec o n d - o r d e r p e r t u r b a t i o n t e r m , and so on. 

Hence 9 t h e e l e c t r i c d i p o l e t r a n s i t i o n moment f o r 
t h e t r a n s i t i o n f +• i , when t h e system i s p e r t u r b e d , i s g i v e n 
by 

[P]k = <^ | P | * ! > (T) 
P i s t h e e l e c t r i c d i p o l e moment O p e r a t o r f o r t h e system 
d e f i n e d by 

where e^ i s t h e Charge, t h e p o s i t i o n v e c t o r o f t h e j - t h 
p a r t i c l e , and t h e summation i s o v e r a l l p a r t i c l e s . 

On i n t r o d u c i n g i n t o eq. (7) t h e e x p a n s i o n s o f t h e p e r t u r b e d 
wave f u n c t i o n s and o f t h e form g i v e n by eq. ( 6 ) , we f i n d 
t h a t 

[p]*-rp<oL-rp(,,Mp(,!i« »> 
where 

(o) l D l w ( o ) P l ^ o ; > (10) 

[ p 1 0 ] = <*^ l ) i p i ^ o ) > + < ^ o > i p i v ^ 1 } > d l ) 

[P*]* = < ^
1 )

i P i ^
1 )

> - ^
2 )

i P i ^
o )

>
+ 

< ^ o ) | p | ¥ ( 2 ) > (12) 

The t r a n s i t i o n moment fl r e l a t e s t o a d i r e c t t r a n s i t i o n 
between t h e u n p e r t u r b e d s t a t e s f and i , and w i l l not be 



106 D. A. LONG 

c o n s i d e : r e ^ f u r t h e r h e r e . We s h a l l f i n d t h a t t h e f i r s t - o r d e r 
t e r m J^jP i n c l u d e s terms t h a t r e l a t e t o normal R a y l e i g h 
and Raman s c a t t e r i n g , and t h a t t h e s e c o n d - o r d e r t e r m c o n t a i n s 
terms r e l a t i n g t o hype r R a y l e i g h and Raman s c a t t e r i n g , and so on. 
We s e e , t h e r e f o r e , t h a t eq. (9) w i t h t h e d i r e c t t r a n s i t i o n moment 

J f t o m i t t e d , i s c l o s e l y analogous t o eq. ( l ) . 

When t h e time-dependent p e r t u r b a t i o n t h e o r y i s f o l l o w e d 
t h r o u g h i t i s found t h a t t h e f i r s t - o r d e r t r a n s i t i o n e l e c t r i c 
d i p o l e a s s o c i a t e d w i t h R a y l e i g h and Raman s c a t t e r i n g can be 
w r i t t e n i n t h e form 

(13) 

w h i c h i s t h e quantum m e c h a n i c a l analogue o f eq. (2) and t h e 
second-order t r a n s i t i o n e l e c t r i c d i p o l e a s s o c i a t e d w i t h h y p e r 
R a y l e i g h and hype r Raman s c a t t e r i n g i n t h e fo r m 

w h i c h i s t h e quantum m e c h a n i c a l analogue o f eq. ( 3 ) . 

r E ö O f t i - s termed t h e t r a n s i t i o n p o l a r i z a b i l i t y t e n s o r and 
\ß \fl t h e t r a n s i t i o n h y p e r p o l a r i z a b i l i t y t e n s o r . I t i s now 
c l e a r t h a t t h e s e t r a n s i t i o n t e n s o r s p l a y t h e d e t e r m i n i n g r o l e s 
i n t h e s c a t t e r i n g p r o c e s s e s we a r e c o n s i d e r i n g and we now t u r n 
our a t t e n t i o n t o a d e t a i l e d s u r v e y o f t h e i r n a t u r e and 
p r o p e r t i e s . 

6. SOME GENERAL PROPERTIES OF A SECOND R A M TENSOR 

A. I n t r o d u c t i o n 

The c l a s s i c a l p o l a r i z a b i l i t y t e n s o r 0C and t h e t r a n s i t i o n 
p o l a r i z a b i l i t y t e n s o r [ Ä ^ ^ are second r a n k t e n s o r s and i t i s 
c o n v e n i e n t t o summarize t h e g e n e r a l p r o p e r t i e s o f a second r a n k 
t e n s o r b e f o r e p r o c e e d i n g t o t h e s p e c i f i c case o f t h e t r a n s i t i o n 
p o l a r i z a b i l i t y t e n s o r , F or economy i n n o t a t i o n we s h a l l 
r e l a t e t h e s e g e n e r a l p r o p e r t i e s t o t h e p o l a r i z a b i l i t y t e n s o r (X . 
The e q u a t i o n 

?= Oi'E ( 1 5 ) 

i m p l i e s t h a t t h e magnitudes o f t h e components o f 1? a r e r e l a t e d 
t o t h e magnitudes o f t h e components o f by t h e f o l l o w i n g 
t h r e e l i n e a r e q u a t i o n s : 
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P c t E + g t E + a E xx x y x z z 

P (16) 
y 

P = a E + a E + a E z zx x zy y zz z 

The n i n e c o e f f i c i e n t s ot£j c o n s t i t u t e t h e components o f t h e 
p o l a r i z a b i l i t y t e n s o r OL . We may w r i t e t h e s e n i n e components 
i n an o r d e r e d a r r a y as f o l l o w s : 

a a a 
XX xy x z 

a a a 
y x y y yz 

a a a 
zx zy zz 

(17) 

and t h i s c o n s t i t u t e s a r e p r e s e n t a t i o n o f t h e t e n s o r OL . I f 
a x y = ßyx» a x z = a z x > ^ z = a z y t h e t e n s o r i s Symmetrie and 
has a maximum o f s i x d i s t i n e t components. 

The n a t u r e o f t h e t e n s o r components and t h e i r i n t e r - r e l a t i o n 
depends on t h e system. F o r example t h e t r a n s i t i o n p o l a r i z a b i l i t y 
t e n s o r may be r e a l o r complex and Symmetrie o r non-symmetric, 
depending on t h e m o l e c u l a r system i n v o l v e d i n t h e s c a t t e r i n g 
and t h e r e l a t i o n s h i p between i t s energy l e v e l s and t h e photon 
energy o f t h e i n c i d e n t e l e c t r o m a g n e t i c r a d i a t i o n . To m a i n t a i n 
g e n e r a l i t y we s h a l l p r e s e n t t h e second r a n k t e n s o r p r o p e r t i e s 
f o r t h e g e n e r a l case o f n i n e d i s t i n e t components and f o r t h e 
s p e c i a l case o f t h e r e a l Symmetrie t e n s o r . 

B. R o t a t i o n o f axes 

The r e l a t i o n s h i p between t h e t e n s o r components i n one 
C a r t e s i a n system x, y, z and a n o t h e r C a r t e s i a n system x 1 , y f , 
z ! w i t h t h e same o r i g i n b u t a d i f f e r e n t o r i e n t a t i o n i n space i s 
g i v e n by 

a = y a . , c o s ( x x f ) c o s ( y y ? ) ( l 8 ) 
xy i t x ! y 

where t h e d i r e c t i o n c o s i n e , c o s ( x x f ) , i s t h e c o s i n e o f t h e a n g l e 
between t h e x - a x i s and x f - a x i s 5 and so on, and t h e summation i s 
o v e r a l l p o s s i b l e p a i r s o f C a r t e s i a n axes i n t h e x f y t z ! system, 
m . , x f x f , y f y f , z f z ! , x ' y 1 , y ' x 1 , x ! z ' , z f x f , y f z f , and z'y1» 
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C. I n v a r i a n t s 

A l t h o u g h t h e v a l u e s o f i n d i v i d u a l components o f t h e 
p o l a r i z a b i l i t y t e n s o r change on r o t a t i o n o f t h e a x i s System, 
c e r t a i n c o m b i n a t i o n s o f them rem a i n i n v a r i a n t . F o r t h e 
g e n e r a l case t h e s e a r e t h e mean p o l a r i z a b i l i t y a d e f i n e d b y 

a = ~ ( a 4a +a ) ; (19) 3 x x y y z z 5 

t h e a n i s o t r o p y y d e f i n e d by 

Y 2 = i f " ( a -a ) 2 4 ( a -a ) 2 + ( a -a ) 2 + | { ( a 4a ) 2 4 
2L xx y y y y z z z z xx 2 x y y x 

(a 4a ) 2 4 ( a 4a ) 2 } (20) y z zy z x xz J 

and t h e second a n i s o t r o p y , 6 d e f i n e d by 

6 2 = f { ( a -a ) 2 4 ( a -a ) 2 4 ( a -a ) 2 } (21) 
k x y y x yz zy zx x z 

For t h e Symmetrie t e n s o r t h e mean p o l a r i z a b i l i t y a remains 
unchanged, y 2 r e d u c e s t o 

Y 2 = ~ { ( a -a ) 2 4 ( a -a ) 2 4 ( a -a ) 2 4 
2 x x y y y y zz zz xx 

6 ( a 2 4 a 2 4 a 2 )} (22) x y y z zx 

and 6 2 becomes z e r o . 

D. Space averages 

When c o n s i d e r i n g s c a t t e r i n g from a system o f m o l e c u l e s 
f r e e l y r o t a t i n g i t i s n e c e s s a r y t o average o v e r a l l 
o r i e n t a t i o n s t a k e n up by t h e system w i t h r e s p e c t t o t h e 
e l e c t r i c f i e l d . S i n c e t h e power o f t h e s c a t t e r e d r a d i a t i o n 
from a f r e e l y r o t a t i n g i n d u c e d d i p o l e w i l l be d e t e r m i n e d b y t h e 
space-averaged v a l u e o f t h e Square o f t h e i n d u c e d d i p o l e , we 
s h a l l r e q u i r e t h e average o f t h e Squares o f t h e t e n s o r 
components o v e r a l l o r i e n t a t i o n s o f t h e s y s t e m - f i x e d axes 
r e l a t i v e t o a s e t o f s p a c e - f i x e d axes w h i c h we s h a l l h e r e denote 
as x, y, z. The n e c e s s a r y r e s u l t s may be o b t a i n e d . b y s t a r t i n g 
w i t h eq. ( l 8 ) where x ? , y f , z f a r e r e g a r d e d as t h e s y s t e m - f i x e d 
a x e s , s q u a r i n g and a v e r a g i n g o v e r t h e a p p r o p r i a t e c o s i n e t e r m s . 
From such c a l c u l a t i o n s we f i n d t h a t f o r t h e Symmetrie t e n s o r 



POLARIZABILITY AND HYPERPOLARIZABILITY TENSORS 109 

xx y y zz 

k5a2+ky2 

o.2._ = -a2„ = ai_ = J J J — (23) 

(21+) — Y 2 

2 2 2 or = a = a = — y x y z z x 15 

h5a.2-2yz 

a a = a a = a a = r-= (25) 
xx y y y y z z z z xx 45 

and a l l o t h e r t e r m s , i . e . , t h o s e w h i c h i n v o l v e any s u h s c r i p t 
once o n l y , l i k e Q>xxQ<xy> a n < ^ s o o n > a r e z e r o * I t s h o u l d n o t be 
s u r p r i s i n g t h a t t h e s e Space averages a r e e x p r e s s e d i n terms o f 
t h e i n v a r i a n t s o f t h e p o l a r i z a b i l i t y t e n s o r . 

When t h e t e n s o r i s not Symmetrie t h e f o l l o w i n g a d d i t i o n a l 
space averages a r e r e q u i r e d 

a -a \ 2 = / a -a \ 2 = / a -a \ 2
 xz xy yx ] / xz z x ] / yz zy ] 6 

The c l a s s i c a l space a v e r a g i n g i s e q u i v a l e n t t o summing 
and a v e r a g i n g over a l l p e r m i t t e d r o t a t i o n a l t r a n s i t i o n s . Thus 
i f t h e r o t a t i o n a l s t r u c t u r e i s not o f i n t e r e s t t h e i n t e n s i t i e s 
and p o l a r i z a t i o n p r o p e r t i e s a r i s i n g f r o m v i b r a t i o n a l t r a n s i t i o n s 
i n f r e e l y r o t a t i n g m o l e c u l e s can be c a l c u l a t e d u s i n g t h e c l a s s i c a l 
space averages o f t h e Squares o f components o f t h e v i b r a t i o n a l 
t r a n s i t i o n p o l a r i z a b i l i t y . 

E. Tensor d e c o m p o s i t i o n 

The second rank t e n s o r OL can always be w r i t t e n as t h e sum 
o f t h r e e o t h e r t e n s o r s : an i s o t r o p i c t e n s o r ^ i S o s an 
a n i s o t r o p i c t e n s o r (X a n i s o anc^- 8 1 1 a n t i - s y m m e t r i c t e n s o r O^anti* 
These t e n s o r s a r e d e f i n e d as f o l l o w s : 

# i s o : a 0 0 
0 a 0 (27) 

0 0 a 
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a + a a + a 
Ol . : a _ a *Y 7* ™ o

 z * 
a n i s o x x 2 2 

a + a a + a 
• V v a ( 2 8 ) 

a + a a + a zx xz zy y z 
2 2 ~ a z z " a 

a n t i " 2 

(a - a \ 

(a - a \ / a - a \ xz z x j _ f yz zy J 

a - a a - a xy y x x z z x 

a - a 
-XS—SL (29) 

I t i s c l e a r t h a t 

a = (x. + oc . +öf .. (30) 
i s o a n i s o a n t i 

and t h a t 0 ^ s o and K a n i s o a r e b o t h Symmetrie w i t h a — = 
and (X + • i s a n t i s y m m e t r i c w i t h a- • = -ou^. Thus we can 

. ant I . > «j <J 
r e w r i t e eq. (30; as 

(X = (X + (X _ (31) sym a n t i 
where 

(X =0f. +0t . (32) sym i s o a n i s o 

I f (X i s Symmetrie t h e n c l e a r l y t h e d e f i n i t i o n o f ^ 
remains unchanged, (V . becomes ö J a n i s o 

OC . : a - a ot a a n i s o x x x y xz 

a a - a a n (33) yx y y yz 

a a a - a zx zy zz 

( w i t h a x y = a y x , a y z = a z y and = and tf^. i s z e r o . 
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The traces of the products o f these tensors with 
themselves are r e a d i l y shown to be as f ollows: 

TracetiX. : (X. } = 3 a 2 (3U) 
ISO ISO 

T r a c e { t f . o : tt . } = f Y 2 (35) a n i s o a n i s o 3 

where y 2 i s given by eq. (20) i f t h e t e n s o r i s n o t Symmetrie 
and by eq. (22) i f the tensor i s Symmetrie. 

Trace{(X . . : (X } = | ö 2 (36) a n t i a n t i 3 

T r a c e s o f c r o s s p r o d u c t s o f t h e t y p e Trace { ( X . : Ol . A e t c . 
r . i s o a n i s o 

a r e a l l z e r o . T h i s has i m p o r t a n t consequences because i t 
means t h a t t h e i n t e n s i t y o f R a y l e i g h and Raman s c a t t e r i n g f rom 
f r e e l y r o t a t i n g m o l e c u l e s can always be e x p r e s s e d as t h e sum 
o f an i s o t r o p i c p a r t ( i n v o l v i n g o n l y a 2 ) , an a n i s o t r o p i c p a r t 
( i n v o l v i n g o n l y y 2 ) and an a n t i s y m m e t r i c p a r t ( i n v o l v i n g o n l y 
6 2 ) . F o r a r e a l Symmetrie t e n s o r t h e r e w i l l be no a n t i 
symmetric c o n t r i h u t i o n t o t h e s c a t t e r i n g . 

F. I r r e d u c i b l e components 

The C a r t e s i a n i r r e d u c i b l e components o f OL a r e g i v e n by 

a = M + a ( l )
 + a U ) (37) x y x j xy xy 

where a^°^ = a w h i c h i s d e f i n e d b y eq. ( 1 9 ) , 

a ( 1 ) = \ (a - a ) (38) 

and 

x y 2 xy y x 

a ( 2 ) = \ (a + a ) - 6 a (39) xy 2 xy y x x y 
(o) . . . ( 1) . . (2) 
a i s t h e i s o t r o p i c p a r t , c t ^ t h e a n t i s y m m e t r i c p a r t and o^y 
t h e a n i s o t r o p i c p a r t and c o n s t i t u t e t h e components o f & i s o , 
( X a n t i and a n i s o r e s p e c t i v e l y . The components o f each o f t h e 
t h r e e t e n s o r s t r a n s f o r m among t h e m s e l v e s under t h e Operations 
o f t h e r o t a t i o n group ( t h a t i s t h e y a r e d e f i n e d t o reduce t h e 
C a r t e s i a n OL t e n s o r i n t o a d d i t i v e p a r t s w h i c h do not mix under 
r o t a t i o n s ) and form t h e bases f o r t h e r e p r e s e n t a t i o n s o f a 
s c a l a r , a v e c t o r and a Symmetrie t r a c e l e s s second r a n k t e n s o r . 
Because o f t h e c o n n e c t i o n w i t h a n g u l a r momentum t h e o r y t h e y 
are s a i d t o have w e i g h t s j = 0 , 1 and 2 r e s p e c t i v e l y ( d e n o t e d 
by t h e super S c r i p t s on t h e i r r e d u c i b l e components) each h a v i n g 
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( 2 j + l ) components, t h u s a c c o u n t i n g f o r t h e 9 i n d e p e n d e n t 
components o f a second rank t e n s o r . 

7. THE TRANSITION POLARIZABILITY TENSOR 

A. Quantum m e c h a n i c a l f o r m u l a 

The t r a n s i t i o n p o l a r i z a b i l i t y t e n s o r £DC J f i i n t r o d u c e d 
i n eq. (13) can be r e l a t e d t o t h e energy l e v e l s o f a 
s c a t t e r i n g System u s i n g p e r t u r b a t i o n t h e o r y , t h e most c o n v e n i e n t 
approach b e i n g t o use diagrammatic p e r t u r b a t i o n t e c h n i q u e s . 
The r e l e v a n t p e r t u r b a t i o n diagrams are shown i n F i g . 2 and 
from t h e s e t h e f o l l o w i n g e x p r e s s i o n f o r £a "jf^ i s q u i t e r e a d i l y 
o b t a i n e d 

r 

(ho) 

where t h e summation i s o v e r a l l s t a t e s r o f t h e sy s t e m e x c e p t 
i and f . 0) O i s t h e c i r c u l a r f r e q u e n c y o f t h e i n c i d e n t 
r a d i a t i o n . /fto) i s t h e energy o f t h e s t a t e r and 

0) 0) - 0). e t c . r I 
(kl) 

TP "L = < y J P |Y.> e t c . (U2) 1 y J f r f y l I 

where P y i s t h e y component o f t h e e l e c t r i c d i p o l e moment 
Operator d e f i n e d b y eq. ( 8 ) . 

Eq. {ko) a p p l i e s i n non-resonant c o n d i t i o n s , t h a t i s 
p r o v i d e d t o ^ u ) ^ . I n r e s o n a n t c o n d i t i o n s damping f a c t o r s must 
be i n t r o d u c e d i n t o t h e f r e q u e n c y denominators and t h e s e w i l l be 
d i s c u s s e d i n a l a t e r s e c t i o n . 

We now examine t h e i m p l i c a t i o n s o f eq. (Uo) f o r R a y l e i g h 
and Raman s c a t t e r i n g . 

B. The r o l e o f t h e s t a t e s r 

We see t h a t t h e numerators o f t h e t r a n s i t i o n p o l a r i z a b i l i t y 
components always c o n t a i n p r o d u c t s o f components o f t r a n s i t i o n 
moments o f t h e t y p e s [ p x 3 r i > i n v o l v i n g t h e i n i t i a l s t a t e and 
t h e s t a t e r , and C ? y 3 f r > i n v o l v i n g t h e f i n a l s t a t e and t h e 
s t a t e r . S i n c e t h e s e t r a n s i t i o n moments always o c c u r as 
p r o d u c t s , i f t h e s c a t t e r i n g t e n s o r component i s t o be n o n - z e r o , 
t h e r e must e x i s t i n t h e system a t l e a s t one s t a t e r w h i c h has a 
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non-zero d i p o l e t r a n s i t i o n moment t o b o t h t h e i n i t i a l s t a t e 
and t h e f i n a l s t a t e . I t must be s t r e s s e d t h a t t h i s 
r e q u i r e m e n t does n ot mean t h a t t h e t r a n s i t i o n from s t a t e i t o 
s t a t e f , wh i c h i s a s s o c i a t e d w i t h Raman s c a t t e r i n g , o c c u r s i n 
two d i s t i n g u i s h a b l e s t a g e s v i a a t r a n s i t i o n t o an ' i n t e r m e d i a t e 1 

s t a t e r . We note a l s o t h a t i n c i d e n t r a d i a t i o n o f energy /tfü) 
i s n o t absorbed, s i n c e t h e r e i s no r e q u i r e m e n t t h a t t h e energy 
,hL0o c o r r e s p o n d s t o an energy d i f f e r e n c e between two d i s c r e t e 
s t a t e s o f t h e system, i . e . , Xfoö does n o t have t o be e q u a l t o 

^tfco r. F u r t h e r t h e r e i s no r e s t r i c t i o n upon t h e s t a t e s r 
r e l a t i v e t o 0) o. I n d e e d , t h e s t a t e r can l i e above t h e f i n a l 
s t a t e f , below t h e i n i t i a l s t a t e i , o r between i and f . 

C. Coherence p r o p e r t i e s o f t h e s c a t t e r e d r a d i a t i o n 

When t h e phase f a c t o r s i n t h e t i m e - i n d e p e n d e n t wave 
f u n c t i o n s \pi > fc' a n ( ^ tyf a r e t a k e n i n t o a c c o u n t , t h e Raman 
t r a n s i t i o n moment C P ^ I - f t o f eq. (13) w i l l have t h e phase 
f a c t o r e x p { - i ( 6 f - ö-[)} w h i c h w i l l v a r y a r b i t r a r i l y f r om one 
s c a t t e r i n g m o l e c u l e t o t h e n e x t , and so Raman s c a t t e r i n g w i l l 
be i n c o h e r e n t . I n t h e case o f t h e R a y l e i g h t r a n s i t i o n moment 
D"*°Ju 5 t h e phase f a c t o r i s u n i t y s i n c e exp{-i(ö^ - 6^)}= 1, 
and so R a y l e i g h s c a t t e r i n g i s c o h e r e n t , p r o v i d e d t h e s t a t e i 
i s non-degenerate. I f t h e s t a t e i i s d e g e n e r a t e , t h e n i n 
a d d i t i o n t o coherent R a y l e i g h s c a t t e r i n g i n v o l v i n g t h e same 
s t a t e i t h e r e i s an i n c o h e r e n t c o n t r i h u t i o n i n v o l v i n g 
t r a n s i t i o n s between t h e v a r i o u s d e g e n e r a t e s t a t e s i . 

D. S e l e c t i o n r u l e s 

We have a l r e a d y seen t h a t t h e e x i s t e n c e o f a t l e a s t one 
l e v e l r w h i c h has a non-zero d i p o l e t r a n s i t i o n moment w i t h b o t h 
t h e i n i t i a l and f i n a l s t a t e s o f t h e system i s a n e c e s s a r y 
c o n d i t i o n f o r t h e t r a n s i t i o n p o l a r i z a b i l i t y t o be non-zero. 
The s e l e c t i o n r u l e s c a n , however, be c a s t i n a fo r m w h i c h 
i n v o l v e s o n l y t h e p r o p e r t i e s o f t h e i n i t i a l and f i n a l s t a t e s 
and n o t t h e p r o p e r t i e s o f t h e s t a t e s r . 

I t can be shown t h a t [ a
x y ] f i n a s t h e same t r a n s f o r m a t i o n 

p r o p e r t i e s as 

<f| x y | i > (U3) 

Thus, t h e g e n e r a l c o n d i t i o n f o r C a x y l f i t o be non-zero i s 
t h a t t h e p r o d u c t ^ f x y i j ; i b e l o n g s t o a r e p r e s e n t a t i o n w h i c h 
c o n t a i n s t h e t o t a l l y Symmetrie s p e c i e s ; and t h e s e l e c t i o n 
r u l e s f o l l o w from t h i s . 

I t s h o u l d be n o t e d t h a t t h e g e n e r a l c o n d i t i o n we have 
s t a t e d , w h i l e a n e c e s s a r y one, i s n o t a s u f f i c i e n t one. 
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A l t h o u g h a t r a n s i t i o n p o l a r i z a b i l i t y s a t i s f i e s t h e symmetry 
r e q u i r e m e n t s , i t may s t i l l have a n e a r - z e r o v a l u e . 

E. Frequency dependence 

Because t h e denominators o f t h e t r a n s i t i o n p o l a r i z a b i l i t y 
components c o n t a i n f r e q u e n c y terms o f t h e t y p e 0 ) r f + ca 0 and 
Cüri - 0) O> t h e magnitude o f t h e t r a n s i t i o n d i p o l e moment - i s , i n 
g e n e r a l , dependent on t h e e x c i t a t i o n f r e q u e n c y U)0. O n l y i f 
t h e e x c i t a t i o n f r e q u e n c y G0O i s much s m a l l e r t h a n t h e t r a n s i t i o n 
f r e q u e n c i e s co rf and 03 ri can t h e t r a n s i t i o n p o l a r i z a b i l i t y be 
r e g a r d e d as independent o f 0 ) o , so t h a t t h e i n t e n s i t y o f 
s c a t t e r i n g f o l l o w s a f o u r t h power l a w . As oo0 approaches a 
t r a n s i t i o n f r e q u e n c y , t h e i n t e n s i t y o f s c a t t e r i n g w i l l d e p a r t 
f r o m t h e f o u r t h power l a w . I n p a r t i c u l a r , i f u) 0 i s r e a s o n a b l y 
c l o s e t o U) ri, t h e f r e q u e n c y o f an a b s o r p t i o n band o f t h e 
system, t h e t r a n s i t i o n p o l a r i z a b i l i t y components w i l l have 
v a l u e s w h i c h a r e g r e a t l y enhanced compared w i t h t h e v a l u e s when 
ü) Q i s remote from ü)ri. Such a n o m a l o u s l y i n t e n s e Raman 
s c a t t e r i n g i s termed resonance Raman s c a t t e r i n g . 

Resonance Raman s c a t t e r i n g c a n e x h i b i t s e l e c t i o n r u l e s and 
p o l a r i z a t i o n phenomena w h i c h a r e d i f f e r e n t f r o m o r d i n a r y Raman 
s c a t t e r i n g . T h i s i s b e c a u s e , as we s h a l l see s u b s e q u e n t l y , 
when 0) O i s much s m a l l e r t h a n any t r a n s i t i o n f r e q u e n c y t h e 
t r a n s i t i o n p o l a r i z a b i l i t y t e n s o r a c q u i r e s symmetry p r o p e r t i e s 
t h a t a r e n o t p o s s e s s e d by t h e g e n e r a l t e n s o r . The l o w e r 
symmetry o f t h e g e n e r a l t e n s o r can mean, f o r example, t h a t 
t r a n s i t i o n s i n a c t i v e i n normal Raman s c a t t e r i n g become a c t i v e 
i n r esonance Raman s c a t t e r i n g . 

When O ) 0 ^ w r i , i t would appear t h a t t h e t r a n s i t i o n 
p o l a r i z a b i l i t y w i l l t e n d t o i n f i n i t y . However, t h e f o r m u l a e 
we have d e r i v e d h e r e do not a p p l y i n t h i s l i m i t i n g c a s e . 
I n a more g e n e r a l t r e a t m e n t , t h e l i f e t i m e s o f t h e s t a t e s r have 
t o be t a k e n i n t o a c c o u n t . The s t a t e s r a r e assumed t o decay 
e x p o n e n t i a l l y w i t h t i m e so t h a t t h e s t a t i o n a r y s t a t e r , 
d e f i n e d b y a form o f eq. ( 5 ) , becomes a q u a s i - s t a t i o n a r y s t a t e 
g i v e n b y 

¥ = i|/ exp{-i(ü) - i ir ) t } {kk) r T r r 2 r 

where T r i s i n v e r s e l y p r o p o r t i o n a l t o t h e l i f e t i m e o f t h e 
s t a t e r . The f i n i t e l i f e t i m e s o f t h e s t a t e s r can t h e r e f o r e 
be i n c o r p o r a t e d i n t o our f o r m u l a e s i m p l y b y c h a n g i n g t o complex 
e n e r g i e s , i . e . , r e p l a c i n g «#ü)r by Jfco r - §inT r. Thus, t h e 
f r e q u e n c y denominators i n t h e t r a n s i t i o n p o l a r i z a b i l i t y w i l l now 
be o f t h e t y p e (ü) r^ - to 0 - ir r^) where TY^ = l(Tr - T±) and i s 
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r e l a t e d t o t h e w i d t h o f t h e r -<- i t r a n s i t i o n . C l e a r l y t h e 
new f r e q u e n c y denominators do n o t become z e r o when 
0) Äf CO . . 
o r i 

F. Symmetry p r o p e r t i e s 

We c o n s i d e r , f i r s t , t h e symmetry p r o p e r t i e s o f t h e complex 
R a y l e i g h s c a t t e r i n g t e n s o r w i t h components C a

X v 3 ü # U s i n g 
t h e H e r m i t i a n p r o p e r t y o f t h e t r a n s i t i o n moment, namely, t h a t 

L x J r i *- x J i r v 

i t i s r e a d i l y shown t h a t 

[ S = f a ] . . (U6) x y J n L y x J n 

and t h u s t h e t e n s o r i t s e l f i s H e r m i t i a n . I f t h e components o f 
t h e t e n s o r are r e a l t h e n t h e t e n s o r i s Symmetrie, s i n c e 

L x y j n L y x j n 

I f t h e components o f t h e t e n s o r a r e complex we may w r i t e 

f a 1.. = f a " ) . . - i f a ' 1.. (1+8) L x y J i i L x y J i i L x y J i i 
where f a x y j i i i s r e a l and i f p t x y j i i i m a g i n a r y . Now,using 
eq. (1+7), we may w r i t e 

f a * " ] . . = f a ] . . + i f a 1 ] . . (1+9) L y x ' n L y x ^ n u y x J n 

I t f o l l o w s from eq. (1+6) t h a t [ a ^ J ^ i = "fayxlü* Thus, t h e 
i m a g i n a r y p a r t o f t h e complex t e n s o r i s always a n t i s y m m e t r i c , 
whereas t h e r e a l p a r t i s always Symmetrie. F o r R a y l e i g h 
s c a t t e r i n g , t h e r e can be no a n t i s y m m e t r i c r e a l p a r t and no 
Symmetrie i m a g i n a r y p a r t o f t h e s c a t t e r i n g t e n s o r . Now a 
complex t e n s o r r e q u i r e s complex wave f u n e t i o n s and t h e s e can 
o n l y e x i s t f o r Systems i n t h e p r e s e n c e o f e x t e r n a l magnetic 
f i e l d s o r where t h e r e a r e i n t e r n a l m a gnetic p e r t u r b a t i o n s , as 
i n t h e case o f s p i n - o r b i t i n t e r a c t i o n s . Thus, i n t h e absence 
o f magnetic p e r t u r b a t i o n , t h e R a y l e i g h s c a t t e r i n g t e n s o r i s 
r e a l and Symmetrie. I t s h o u l d be n o t e d t h a t t h e r e i s no 
r e s t r i c t i o n on t h e f r e q u e n c y d e n o m i n a t o r s ; t h e symmetry 
p r o p e r t i e s o f t h e R a y l e i g h s c a t t e r i n g t e n s o r a r e t h e same f o r 
t r a n s p a r e n t and a b s o r b i n g samples. 

F o r t h e complex Raman s c a t t e r i n g t e n s o r w i t h components Ca 1^., i t i s e a s i l y shown t h a t x y J f i ' 
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f a L . * fa* 1 . (50) t x y J f i »* y x < f i 

and t h u s , i n g e n e r a l , t h e s c a t t e r i n g t e n s o r i s n o t H e r m i t i a n 
and so i s n o t Symmetrie, even i f t h e t e n s o r components a r e 
r e a l . 

We s h a l l now d e v e l o p t h e P l a c z e k p o l a r i z a b i l i t y t h e o r y 
w h i c h w i l l r e v e a l under what c o n d i t i o n s t h e t e n s o r can be f i r s t 
H e r m i t i a n and t h e n Symmetrie. 

G. The P l a c z e k p o l a r i z a b i l i t y t h e o r y 

The wave f u n e t i o n s i j ^ , and ij^f i n v o l v e d i n t h e 
t r a n s i t i o n p o l a r i z a b i l i t i e s a r e t h e t i m e - i n d e p e n d e n t t o t a l wave 
f u n e t i o n s o f t h e system. We now s e p a r a t e t h e wave f u n e t i o n s 
i n t o t h e i r e l e c t r o n i c , v i b r a t i o n a l , and r o t a t i o n a l p a r t s . 
We w r i t e , f o r f o r example 

* i - * e i W ( 5 1 ) 

I n eq. ( 5 1 ) , ^ Q 1 i s t h e e l e c t r o n i c p a r t o f t h e wave f u n c t i o n 
w i t h t h e s e t o f e l e c t r o n i c quantum numbers e^, and i s a 
f u n c t i o n o f t h e e l e c t r o n i c and n u c l e a r c o o r d i n a t e s ; and 
^ v i p i ^ s t h e v i b r a t i o n a l and r o t a t i o n a l p a r t o f t h e wave 
f u n c t i o n w i t h t h e s e t o f v i b r a t i o n a l quantum numbers v 1 and t h e 
se t o f r o t a t i o n a l quantum numbers R 1. The wave f u n c t i o n 
^ y i f t i c a n ^ e e x P a n d e d as 

* i B i - * i e
B i (52) 

v R v R 

where <b ,• i s t h e v i b r a t i o n a l wave f u n c t i o n w h i c h i s a f u n c t i o n v 1 . ~ o f t h e normal c o o r d i n a t e s o f V i b r a t i o n and 0 ^ i s t h e r o t a t i o n a l 
wave f u n c t i o n w h i c h i s a f u n c t i o n o f t h e E u l e r a n g l e s w h i c h 
d e f i n e t h e o r i e n t a t i o n o f t h e m o l e c u l e w i t h r e s p e c t t o s p a c e -
f i x e d a x es. I n what f o l l o w s we s h a l l be con c e r n e d w i t h t h e 
S e p a r a t i o n o f t h e e l e c t r o n i c p a r t from t h e v i b r a t i o n a l and 
r o t a t i o n a l p a r t s , and i t w i l l t h u s not be n e c e s s a r y t o 
i n t r o d u c e eq. (52) i n t o eq. (51) . 

I f t h e e x p a n s i o n s o f , and tyf a r e i n t r o d u c e d i n t o 
eq. (ko)9 t h e r e s u l t i n g e x p r e s s i o n f o r t h e t r a n s i t i o n 
p o l a r i z a b i l i t y i s r a t h e r c o m p l i c a t e d , and t h e e l e c t r o n i c and 
n u c l e a r c o n t r i b u t i o n s appear t o be i n e x t r i c a b l y m ixed. 
However, i f c e r t a i n s p e c i a l c o n d i t i o n s a r e s a t i s f i e d , t h e 
s c a t t e r i n g t e n s o r a s s o c i a t e d w i t h a t r a n s i t i o n i n w h i c h o n l y 
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t h e v i b r a t i o n a l and/or r o t a t i o n a l quantum numbers change and 
t h e system s t a r t s and f i n i s h e s i n t h e ground e l e c t r o n i c s t a t e 
i s g i v e n by 

r 5Jfi = < v f R f | [ v U o l v i R i > (53) 

where 

I n eq. ( 5 * 0 , e and e r e f e r , r e s p e c t i v e l y , t o t h e electronic 
quantum numbers o f t h e ground s t a t e and an i n t e r m e d i a t e 
s t a t e r , and t h e summation i s ove r a l l e l e c t r o n i c s t a t e s ; 
^ e r e o -*-s "^ n e a v e r a S e f r e q u e n c y S e p a r a t i o n o f t h e ground 
e l e c t r o n i c s t a t e and t h e e l e c t r o n i c r ; and t h e t r a n s i t i o n 
moment components i n eq. ( 5 M r e l a t e t o t r a n s i t i o n s between 
electronic s t a t e s , i n e q u i l i b r i u m n u c l e a r geometry so t h a t 

[ \ ] r o = < e ' K l ^ ' e t C « ( 5 5 ) 

J e e J e 

where P y e i s t h e y-component o f t h e electronic p a r t o f t h e 
e l e c t r i c d i p o l e O p e r a t o r ( i . e . , i n t h e d e f i n i t i o n o f t h e 
d i p o l e moment O p e r a t o r g i v e n by eq. (8) t h e summation i s now 
c o n f i n e d t o t h e e l e c t r o n s ) . 

The r a t h e r e x t e n s i v e m a n i p u l a t i o n s t h a t a r e n e c e s s a r y t o 
a r r i v e a t eqs. (53) and (5*0 w i l l n ot be g i v e n h e r e . We s h a l l 
c o n t e n t o u r s e l v e s w i t h n o t i n g t h e s p e c i a l c o n d i t i o n s t h a t have 
t o be i n t r o d u c e d i n t h e c o u r s e o f t h e m a n i p u l a t i o n s . These 
a r e : 

(a) The e x c i t a t i o n f r e q u e n c y u) 0 must be much l a r g e r t h a n 
t h e f r e q u e n c y a s s o c i a t e d w i t h any V i b r a t i o n o r 
r o t a t i o n t r a n s i t i o n o f t h e system. 

(b) The e x c i t a t i o n f r e q u e n c y 0) O must be much l e s s t h a n any 
e l e c t r o n i c t r a n s i t i o n f r e q u e n c y <^ er eo °^ ̂ n e system. 

(c) The ground e l e c t r o n i c s t a t e must n ot n o r m a l l y be 
degenerate ( a l t h o u g h t h e r e may be s p e c i a l c a s e s where 
t h i s i s n o t a n e c e s s a r y c o n d i t i o n ) . 

The s p e c i a l form o f t h e t r a n s i t i o n p o l a r i z a b i l i t y g i v e n by 
eq. (53) i s H e r m i t i a n , s i n c e [ Ö ( J 0 0 * s H e r m i t i a n . Thus, when 
t h e c o n d i t i o n s i n ( a ) , ( b ) , and f c ) a r e s a t i s f i e d , t h e Raman 



118 D. A. LONG 

t r a n s i t i o n p o l a r i z a b i l i t y has t h e same symmetry p r o p e r t i e s as 
t h e R a y l e i g h s c a t t e r i n g t e n s o r , i . e . , i t has o n l y a r e a l 
Symmetrie p a r t and an a n t i s y m m e t r i c i m a g i n a r y p a r t . 

I n t h e absence o f magnetic p e r t u r b a t i o n s , t h e e l e c t r o n i c 
wave f u n e t i o n s o f t h e ground s t a t e a r e r e a l , [0£J e O eo ^ s r e a l 
and hence Symmetrie and so [ o ^ J p - i s r e a l and Symmetrie. 
We have t h e n i n p l a c e o f eqs. \5o) and (5*0 

f i 
f f = <v R 

1 l x y | x y J e o o 1 
| v V > (56) 

and 

(57) 

f a ] o o ̂ S t h e e l e c t r o n i c p o l a r i z a b i l i t y i n t h e ground 
e l e ? t ? o n i c s t a t e . 

In a d d i t i o n t o t h e symmetry p r o p e r t i e s w i t h w h i c h 
f a

X y ] ^ o e o "*"s e n < i o w e ( 3

- 9 ^ i s a f u n c t i o n o f t h e n u c l e a r 
c o o r d i n a t e s o n l y , and not o f t h e e l e c t r o n c o o r d i n a t e s . 

Thus, i t i s o n l y when t h e s e s e v e r a l c o n d i t i o n s a r e met t h a t 
t h e p o l a r i z a b i l i t y can be r e g a r d e d as a f r e q u e n c y - i n d e p e n d e n t , 
Symmetrie r e a l t e n s o r w h i c h i s a f u n c t i o n s i m p l y o f t h e n u c l e a r 
c o o r d i n a t e s . 

I n resonance Raman s c a t t e r i n g t h e s i m p l i f i c a t i o n s o f t h e 
P l a c z e k t h e o r y no l o n g e r a p p l y , and we have t o d e a l i n g e n e r a l 
w i t h a Raman s c a t t e r i n g t e n s o r w h i c h i s b o t h unsymmetric and 
complex. However, i n t h e absence o f magnetic p e r t u r b a t i o n , 
t h e t e n s o r becomes r e a l a l t h o u g h r e m a i n i n g unsymmetric. 

8. THE TRMSITION HYPERPOLARIZABILITY TENSOR 

A. I n t r o d u c t i o n 

I n g e n e r a l a t h i r d r a n k t e n s o r has 27 components. I n t h e 
case o f t h e t r a n s i t i o n h y p e r p o l a r i z a b i l i t y t e n s o r [ ß j f > i f 
t h e two i n c i d e n t photons have d i f f e r e n t e n e r g i e s t h e n £he 
t e n s o r has no p e r m u t a t i o n a l symmetry o f i t s i n d i c e s x , y, z 
whatsoever and so t h e g e n e r a l case o f 27 components o f t h e t y p e 
ß has t o be c o n s i d e r e d . However f o r t h e s p e c i a l c ase o f xyz 
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h yper R a y l e i g h and hyper Raman s c a t t e r i n g where t h e two 
i n c i d e n t photons have t h e same energy t h e t r a n s i t i o n 
h y p e r p o l a r i z a b i l i t y t e n s o r [j&Jfi can be shown t o be Symmetrie 
i n i t s l a s t two i n d i c e s , i . e . , ' p = ß e t c . Such a 
t h i r d r a n k t e n s o r has o n l y 18 c o m p o n e n t s ^ 

Because we a r e o n l y i n t e r e s t e d i n t h i s s p e c i a l case h e r e , 
i t i s c o n v e n i e n t t o c o n s i d e r f i r s t t h e quantum m e c h a n i c a l 
f o r m u l a f o r t h e t r a n s i t i o n h y p e r p o l a r i z a b i l i t y fßTp^ a s s o c i a t e d 
w i t h h y p e r R a y l e i g h and hyper Raman s c a t t e r i n g as t h i s e n a b l e s 
us t o e s t a b l i s h t h e s p e c i a l symmetry p r o p e r t i e s o f t h i s 
p a r t i c u l a r t h i r d rank t e n s o r . Other r e l e v a n t p r o p e r t i e s o f 
t h i s t e n s o r w i l l t h e n be t r e a t e d . Some o f t h e s e a r e o f 
g e n e r a l a p p l i c a b i l i t y t o any t h i r d r a n k t e n s o r . 

B. Quantum m e c h a n i c a l f o r m u l a 

The t r a n s i t i o n h y p e r p o l a r i z a b i l i t y t e n s o r fß]fi i n t r o d u c e d 
i n eq. ( i k ) can be r e l a t e d t o t h e energy l e v e l s o f a s c a t t e r i n g 
system u s i n g diagrammatic p e r t u r b a t i o n t h e o r y . The r e l e v a n t 
diagrams f o r t h e s p e c i a l case when t h e e n e r g i e s o f t h e two 
i n c i d e n t photons a r e t h e same and each e q u a l toAfa0 a r e shown 
i n F i g . 3 and l e a d t o t h e f o l l o w i n g e x p r e s s i o n s f o r [~ß ] . x y z J f i 

< 8 

+ 

(58) 
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where t h e summation i s . o v e r a l l s t a t e s r and s o f t h e system 
e x c e p t i and f . The d e f i n i t i o n s o f t h e f r e q u e n c y terms ü) r^ 
e t c . , and t h e e l e c t r i c d i p o l e t r a n s i t i o n a m p l i t u d e s £p *] 
e t c . , f o l l o w from eqs. ( k l ) and (k2) r e s p e c t i v e l y . y s 

Eq. (58) a p p l i e s i n non - r e s o n a n t c o n d i t i o n s , t h a t i s 
p r o v i d e d a) Q ^ 0) R^ and w s i * ^ n r e s o n a n t c o n d i t i o n s 
damping f a c t o r s must he i n t r o d u c e d i n t o t h e f r e q u e n c y 
denominators as d i s c u s s e d i n s e c t i o n 7E f o r t h e t r a n s i t i o n 
p o l a r i z a b i l i t y t e n s o r . 

C. Index symmetry p r o p e r t i e s 

I t i s r e a d i l y seen t h a t fßxyzlfi a s d e f i n e d i n eq. (58) i s 
Symmetrie i n t h e l a s t two i n d i c e s so t h a t ["ßxyzlfi = L ^ x z y j f i * 
I t i s i m p o r t a n t t o note t h a t t h e r e i s n o t füll p e r m u t a t i o n 
symmetry o f t h e i n d i c e s . 

D. The r o l e o f t h e s t a t e s r and s 

For C ^ x y z l f i t o t e n o n " " z e r o t h e r e must e x i s t i n t h e system 
at l e a s t two s t a t e s r and s f o r w h i c h t h e r e a r e no n - z e r o 
e l e c t r i c d i p o l e t r a n s i t i o n moments i n v o l v i n g t h e s t a t e s i and r , 
r and s, and s and f . The i n v o l v e m e n t o f two s t a t e s r and s 
i s t o be c o n t r a s t e d w i t h t h e i n v o l v e m e n t o f o n l y one s t a t e r 
i n t h e case o f [ ^ x y j f i * T n e two s i t u a t i o n s a r e compared i n 
F i g s . ka. and b. 

E. P l a c z e k a p p r o x i m a t i o n 

I f t h e P l a c z e k c o n d i t i o n s d i s c u s s e d i n s e c t i o n TG a r e 
a p p l i e d t o t h e t r a n s i t i o n h y p e r p o l a r i z a b i l i t y t e n s o r t h e n f o r 
v i b r a t i o n a l and r o t a t i o n a l t r a n s i t i o n s w i t h i n t h e ground 
e l e c t r o n i c s t a t e t h e t e n s o r w i t h components ["ßxvzlfi may be 
e x p r e s s e d i n t h e form 

(59) 

where 1 Q 0 i s analogous t o f a 1 0 0 and i s a f u n c t i o n 
u x y z J e

u
e

u . *• xy-'e e . r i o f t h e n u c l e a r c o o r d i n a t e s o n l y . However u n l i k e Ja„.j o o, 
l^xyzje°e 0 d o e s n o ^ a c ( l u l r e a n y a d d i t i o n a l i n d e x symmetry; 
i t i s s t i l l o n l y Symmetrie i n t h e l a s t two i n d i c e s . However 
i f t h e f o l l o w i n g c o n d i t i o n s a r e s a t i s f i e d 

0) 2u) + 0) . 
_o_ « i and — 2 £ i « i (60) 
t o t o 
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F i g o 2. P e r t u r b a t i o n diagrams f o r t r a n s i t i o n 
p o l a r i z a b i l i t y [ a ^ f i i n c i d e n t ; 
W R = + s c a t t e r e d ) . 

(JO Oi U) 0) 0)_ 

o o R o R 

s f i r 

R » o , R 

r s f I r s 

r s f i r s 

Figo 3. P e r t u r b a t i o n diagrams f o r t r a n s i t i o n 
h y p e r p o l a r i z a b i l i t y [ßxy Z] f i i n c i d e n t , 
w_ = 2o) + ü).^ s c a t t e r e d ) . R o i f 
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(a) 

\ 
\ 

\ 

j = E f - E. 

<t>) 

atiu 
'fa 

KU/ 
/ 2ÜJ - ü)_. o f i 

F i g . (a) t h e s t a t e s i , r and f and Jet] ^; 
(b) t h e s t a t e s i , r , s and f and 
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where t = r o r s. t h e t e n s o r becomes Symmetrie • The 
non-symmetric p a r t o f t h e t e n s o r t h u s becomes l e s s s i g n i f i c a n t 
as t h e p h oton e n e r g i e s become s m a l l e r . However under normal 
c o n d i t i o n s t h e f r e q u e n c y r a t i o s i n eq. (6o) can l i e i n t h e 
ränge 0.25 t o 0.50 and so i t i s n o t a good a p p r o x i m a t i o n t o 
i g n o r e t h e asymmetric p a r t o f t h e t e n s o r . 

F. F r e q u e n c y dependence 

Resonance enhancement can r e s u l t i f cor£ o) Q o r O J S ^ & 2oo0. 
I f b o t h c o n d i t i o n s can be s a t i s f i e d s i m u l t a n e o u s l y , i n t e n s i t y 
enhancements o f t h e o r d e r o f 1 0 1 0 c o u l d be p o s s i b l e . 

G. R o t a t i o n o f axes 

The r e l a t i o n s h i p between t h e h y p e r p o l a r i z a b i l i t y t e n s o r 
components i n one C a r t e s i a n system x, y, z and a n o t h e r C a r t e s i a n 
s y s t e m x 1 , y* , z f w i t h t h e same o r i g i n but a d i f f e r e n t 
O r i e n t a t i o n i n space i s g i v e n by 

where c o s ( x x f ) i s t h e d i r e c t i o n c o s i n e between t h e x and x f 

axes and so on and t h e summation i s o v e r a l l p o s s i b l e t r i p l e s 
o f axes i n t h e x ' y ' z 1 system. T h i s i s a g e n e r a l r e l a t i o n s h i p 
f o r any t h i r d rank t e n s o r . 

H. Space averages 

I n t h i s s e c t i o n we s h a l l use X, Y, Z t o denote a s p a c e - f i x e d 
C a r t e s i a n a x i s system and i , j , k t o denote a m o l e c u l e - f i x e d 
C a r t e s i a n system. F o r t h e h y p e r p o l a r i z a b i l i t y t e n s o r w i t h 
symmetry i n t h e l a s t two i n d i c e s , i . e . , ß^j^ = ^ i k j e t c . , t h e 
space averages o f q u a d r a t i c f u n e t i o n s o f t h e h y p e r p o l a r i z a b i l i t y 
t e n s o r components r e f e r r e d t o t h e s p a c e - f i x e d axes X, Y, Z a r e 
g i v e n i n T a b l e 1 i n terms o f q u a d r a t i c f u n e t i o n s o f h y p e r 
p o l a r i z a b i l i t y t e n s o r components r e f e r r e d t o m o l e c u l e - f i x e d axes 
w h i c h a r e l i s t e d i n T a b l e 2 ( l ) . 

I t s h o u l d be n o t e d t h a t t h e e x i s t e n c e o f t h e s e s i x 
q u a d r a t i c f u n e t i o n s does no t i m p l y t h a t t h e r e a r e s i x 
i n d e p e n d e n t v a r i a b l e s w h i c h can be measured i n a p p r o p r i a t e l i g h t 
s c a t t e r i n g e x p e r i m e n t s . Because an assembly o f f r e e l y 
O r i e n t i n g m o l e c u l e s ( e . g . a l i q u i d o r a gas) i s i s o t r o p i c 
w h a t e v e r t h e s t r u c t u r e o f t h e i n d i v i d u a l m o l e c u l e s , t h e r e a r e 
o n l y f i v e o b s e r v a b l e s . The r e l a t i o n s h i p o f t h e s i x q u a d r a t i c 
space averages t o t h e s e f i v e o b s e r v a b l e s ( d e noted by a, b , c, 
d and e) i s i n c l u d e d i n T a b l e 1. 

X'y »z t lcos(xx l )cos(yy 1 ) c o s ( z z 1 ) (61) 



T a b l e 1. E x p e c t a t i o n v a l u e s o f q u a d r a t i c f u n e t i o n s o f S i n s p a c e - f i x e d c o o r d i n a t e s 
e x p r e s s e d as c o e f f i c i e n t s o f q u a d r a t i c f u n e t i o n s o f ß i n m o l e c u l e - f i x e d 
c o o r d i n a t e s (see T a b l e 2 ) . 

(ßzz*) = 2a+c+l{b+d+e) 

<ßxzz*)=2a+c 

(ßlZzßxYY) = C 

(ßzzzßz yy)=c+2c 

{(ßzYZ+ßzZY)') = 4(0+b+d) 

((ßxrz+ßxzY)*)=4o 

a ßi ßt ßt ßi 71 7* 7* *2 

1 2 2 1 2 1 1 1 2 1 1 

7 35 35 35 35 35 105 105 105 210 105 

1 4 - 1 3 - 1 2 1 - 1 - 1 1 - 1 

35 105 35 35 35 105 35 210 105 70 210 

1 2 - 1 1 - 1 - 1 8 1 - 1 - 1 1 

105 35 105 35 105 210 105 105 21 84 105 

1 11 1 2 1 - 1 1 - 1 1 - 1 - 1 

35 105 210 105 210 70 35 210 42 420 210 

4 - 4 2 8 2 8 -2 1 - 4 1 1 

35 35 105 105 105 105 105 70 105 42 70 

4 - 4 - 4 4 - 4 1 - 2 - 1 8 1 1 - 1 

105 105 105 35 105 21 21 35 105 210 35 

> 

o 
SS 
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Ta b l e 2. Q u a d r a t i c f u n e t i o n s o f ß i n m o l e c u l e -
f i x e d axes. 

Ä = X ßiiiißiü+ßiii), 

Ä-E/»<*•, 
ft= X ) ßijj(ß>ij+ß»i) y 

i,j 

7 i = ^jßijßikk, 

i.j.k 

73= 2 ßijj(ßkik+ßkki), 

ij.k 

5 2= Z (ßi*+ßikj)(ßj*+ßjki). 
U,k 

T a b l e 3. Space averages o f q u a d r a t i c ß f u n e t i o n s 
f o r füll p e r m u t a t i o n symmetry. 

+TS 22 ßiijßjkk+i%ßijk*, 
ijk* eyelie 

—r§T 2 ßiijßjkk+&ßi)k29 
ijk, cyclio 

— A r ßaßjkk+ltßiji?. 
ijk, cyclio 
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T a b l e 5. I r r e d u c i b l e components o f t h e ß t e n s o r . 

0 2 

03 

04 

05 

06 

07 

08 

09 

010 

011 

012 

013 

014 

015 

016 

017 

018 

0*ry + 0yyy + 0 «y >̂ s e t A 

0 „ « + 0 y y , + 0 . « 

0 « * + 0*y» + 0 « , 

ßy*, + ßyy„+ßvM, ^ set B 

0 « » + 0 « y y + 0 « « 

weight-1 

0 ,_y«-0y« 

^ ( 0 y « - 2 0 w + 0,y,) 

/ i ( 0 y » « - 0 « y y + 0 , « - 0 ) c « ) 

^ ( 0 « « - 0 « * + 0xyy-0yy,r) 

/ f ( 0 , „ + 0 y « r + 0 « y ) 

2 ( 0 « * ~ 2 0yyjf ~0 «yy) 

5 (0yyj,-2 ßggy — ßygg) 

Sp 0 » « + 0 « f - 2 0 y y , - 0 < y y ) 

V A < 2 0 * « " 2 0 « * ~ 2 0 m " 0 « « " 0*yy> 

/^(8 0 . « + 4 0 , „ - 3 / 3 ^ - 2 0 ^ - 0 ^ ) 

(8 ß m + 4 ßytt-3ßvw-2ßxxy-ßyxx) 

weight-2 

weight-3 

a f t e r Andrews and Thirunamachandran ( 5 ) . 
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I n t h e s p e c i a l ca.se where t h e h y p e r p o l a r i z a b i l i t y t e n s o r 
has füll p e r m u t a t i o n symmetry o f i t s i n d i c e s o n l y t h r e e space 
a v e r a g e d q u a d r a t i c f u n e t i o n s a r e n o n - z e r o . These t h r e e 
f u n e t i o n s have t h e s p e c i a l forms g i v e n i n T a b l e 3* These 
s p e c i a l forms may be o b t a i n e d from T a b l e s 1 and 2 by i n t r o d u c i n g 
füll p e r m u t a t i o n symmetry o f t h e i n d i c e s i , j , k. W i t h füll 
p e r m u t a t i o n symmetry t h e r e a r e o n l y two o b s e r v a b l e s ( a = b , 
c = d = e ) . 

I . I r r e d u c i b l e components 

A t h i r d rank t e n s o r w i t h o u t any i n d e x symmetry has 27 
independent components. I n t h e case o f symmetry i n t h e l a s t 
two i n d i c e s t h e number o f independent components i s 18 and f o r 
füll p e r m u t a t i o n symmetry o f t h e i n d i c e s t h e r e a r e o n l y 10. 
The d i s t r i b u t i o n s o f components amongst terms o f w e i g h t s , 0 , 1 , 
2 and 3 i s g i v e n i n T a b l e k f o r t h e t h r e e i n d e x symmetry c a s e s . 
A s e t o f i r r e d u c i b l e components f o r t h e h y p e r p o l a r i z a b i l i t y 
t e n s o r w i t h symmetry i n t h e l a s t two i n d i c e s i s g i v e n i n 
T a b l e 5 . 

T a b l e h. Numbers o f i r r e d u c i b l e components and t h e i r 
w e i g h t s f o r t h i r d r a n k t e n s o r s o f v a r i o u s 
i n d e x symmetries 

Index 
Symmetry 

T o t a l 
Number o f 
I r r e d u c i b l e 
Components 

Number o f terms o f Index 
Symmetry 

T o t a l 
Number o f 
I r r e d u c i b l e 
Components 

Weight 
0 

( 2 j+l=l) 

Weight 
1 

(2j+l=3) 

Weight 
2 

(2j+l=5) 

Weight 
3 

(2j+l=7) 

none 27 1 3 2 1 

i j k = i k j 18 0 2 1 1 

füll 
permut
a t i o n 

symmetry 

10 0 1 0 1 

J . S e l e c t i o n r u l e s 

I t can be shown t h a t |ß 1-. t r a n s f o r m s as 
1 x y z Jf l 

<f|ß |i> (62) 1 x y z 1 

and ß as t h e produet xy.z. Thus, t h e g e n e r a l s e l e c t i o n r u l e 

http://ca.se
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f o r h y p e r Raman a c t i v i t y i s t h a t t h e t r i p l e d i r e c t p r o d u c t o f 
t h e s p e c i e s o f t h e wave f u n e t i o n s f o r t h e s t a t e s i and f , and 
x y z must c o n t a i n t h e t o t a l l y Symmetrie s p e c i e s . 

Thus t o p r e d i c t h y p e r Raman a c t i v i t y r e q u i r e s a knowledge 
f o r each p o i n t group o f t h e symmetry c l a s s e s t o w h i c h t h e 
p r o d u c t s x y z h e l o n g . 

The f i r s t d e t a i l e d t a b u l a t i o n o f t h e t r a n s f o r m a t i o n 
p r o p e r t i e s o f ß^jk was g i v e n by C y v i n , Rauch and D e c i u s (2) b u t 
t h i s r e l a t e d o n l y t o t h e case where ßijk has füll p e r m u t a t i o n 
symmetry. S u b s e q u e n t l y C h r i s t i e and Lockwood (3) gave t h e 
t r a n s f o r m a t i o n p r o p e r t i e s f o r t h e case where ßijk has i n d e x 
symmetry o n l y i n t h e l a s t two i n d i c e s . They t a b u l a t e d 
s e p a r a t e l y t h e t r a n s f o r m a t i o n p r o p e r t i e s f o r t h e Symmetrie and 
non-Symmetrie p a r t s o f ßijk* Long (k) has g i v e n c o n v e n i e n t 
t a b l e s o f t h e s e r e s u l t s c o r r e c t i n g some m i s p r i n t s i n t h e 
o r i g i n a l paper o f C y v i n , Rauch and D e c i u s w h i c h have been 
c a r r i e d o v e r i n t o o t h e r p u b l i c a t i o n s . 

However as Andrews and Thirunamachandran (5) have p o i n t e d 
out C h r i s t i e and Lockwood used an ov e r - c o m p l e t e s e t o f t e n s o r 
components (20 Symmetrie and l 6 non-symmetric components). 
Andrews and Thirunamachandran have prop o s e d a s e t o f 18 
i r r e d u c i b l e components ( T a b l e 5) upon w h i c h t o base 
t r a n s f o r m a t i o n p r o p e r t i e s and s e l e c t i o n r u l e s . They a l s o g i v e 
t h e r e l a t i o n s h i p s between f i v e independent q u a d r a t i c f u n e t i o n s 
o f t h e h y p e r p o l a r i z a b i l i t y and t h e 18 i r r e d u c i b l e components o f 
T a b l e 5 . These f i v e independent q u a d r a t i c f u n e t i o n s w h i c h 
c o r r e s p o n d t o a, b , c, d, e o f T a b l e 1 i n v o l v e o n l y t h e 
f o l l o w i n g f i v e t y p e s o f p r o d u c t s o f t h e i r r e d u c i b l e components 
lAßiBg; 1AßiAß ; iBßlBß. 23*3. 3 ß 3 ß w h e r e t h e S U p e r s c r i p t s 
r e f e r t o t h e C l a s s i f i c a t i o n b y w e i g h t s i n T a b l e 5. 

Andrews and Thirunamachandran have g i v e n t h e i r r e d u c i b l e 
r e p r e s e n t a t i o n s spanned by t h e 18 i r r e d u c i b l e components f o r 
m o l e c u l e s o f p o i n t group symmetry Dsh, Ü6h> Dl*d> D 6 d s ^h> Lh 
and Doon« These a r e r e p r o d u c e d i n T a b l e 6. The c o r r e s p o n d i n g 
r e p r e s e n t a t i o n s f o r o t h e r p o i n t groups o f l o w e r symmetry can be 
o b t a i n e d u s i n g c o r r e l a t i o n t a b l e s . 

9. FURTHER READING 

The r o t a t i o n a l s t r u c t u r e o f v i b r a t i o n a l bands i n hype r 
Raman s p e c t r a o f gases has been t h o r o u g h l y r e v i e w e d b y 
Altmann and S t r e y ( 6 ) . The t h e o r y o f h y p e r Raman s c a t t e r i n g i n 
c r y s t a l s has been t r e a t e d b y Zaborobnev and Ovander (7) and 
by Andrews ( 8 ) . The t h e o r y o f Raman s c a t t e r i n g i s c o v e r e d i n 
some d e t a i l by Long (k). A g e n e r a l r e v i e w o f n o n - l i n e a r l i g h t 



T a b l e 6. I n f r a - r e d , Raman, and hyper-Raman a c t i v i t y : I r r e d u c i b l e r e p r e s e n t a t i o n s o f 
d i p o l e u, p o l a r i z a b i l i t y a , and h y p e r p o l a r i z a b i l i t y ß.T 

Raman Hyper-Raman 

Group p (weight 1) Ö (weight 0) <* (weight 2) ß (weight 1) |8 (weight 2) ß (weight 3) 

A{'+E{ ^ ' 2 A2"+2E{ v i , " + £,' + £ 2 " A{' +E{ +E2'+E2" 

2A2u + 2Elu Atu + E\u
 + E2u A2u+Blu + B2u + Elu + E, 

*>« B2 + £, A i 2B2 + 2£ 4 B1+El+E2 B2+Ei+E2+E3 

Du 
B2 +£, Ai At+Et+Es 2 ß 2 + 2 £ , B2+E{ + E3+Ei 

Tiu AU E , + T2t 2 T l u A2u + Tiu + T2y 

h Tu A, 
22;+2n„ z;+n u+A„ 

a f t e r Andrews and Thirunamachandran ( 5 ) . 
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s c a t t e r i n g has been g i v e n b y F r e n c h and Long ( 9 ) . 
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CLASSICAL APPROACH TO THIRD-ORDER NON-LINEAR SUSCEPTIBILITIES 

J . W. F l e m i n g and A.B. Harvey 

C h e m i s t r y D i v i s i o n 
N a v a l Research L a b o r a t o r y 
Washington, D.C. 20375 USA 

1. INTRODUCTION 

The i m p o r t a n t q u a n t i t i y i n any n o n l i n e a r l i g h t s c a t t e r i n g 
phenomenon i s the n o n l i n e a r m o l e c u l a r s u s c e p t i b i l i t y 

x " * i j k i < < W W 3 « ( 1 ) 

where N i n d i c a t e s Nth o r d e r dependence on the i n d u c i n g e l e c t r i c 
f i e l d and the s u b s c r i p t s i , j , k, 1, ... denote d i r e c t i o n s i n a 
C a r t e s i a n c o o r d i n a t e system i n d i c a t i n g p o l a r i z a t i o n d i r e c t i o n s 
of the ge n e r a t e d and i n c i d e n t r a d i a t i o n . I n g e n e r a l , ~ denotes 
a v e c t o r , denotes a t e n s o r o f rank two and *8 w i l l i d e n t i f y 
t e n s o r s of rank g r e a t e r t h a n two. The s u s c e p t i b i l i t y i s a 

t e n s o r of rank N+1. T h i r d o r d e r e f f e c t s i n c l u d e Coherent Stokes 
and A n t i - S t o k e s Raman S c a t t e r i n g , t h e a.c. and d.c. K e r r e f f e c t s , 
t h i r d harmonic g e n e r a t i o n , s e l f - f o c u s s i n g , s e l f - p h a s e m o d u l a t i o n , 
s t i m u l a t e d B r i l l o u i n s c a t t e r i n g , s t i m u l a t e d Raman s c a t t e r i n g , 
Raman in d u c e d K e r r e f f e c t and i n v e r s e Raman. 

The common q u a n t i t y i n each of t h e s e i s the t h i r d - o r d e r 
n o n l i n e a r m o l e c u l a r s u s c e p t i b i l i t y , a t e n s o r of rank f o u r . The 
t h i r d - o r d e r s u s c e p t i b i l i t y ^ s a c t u a l l y a p r o p e r t y of the 
m i c r o s c o p i c sample. To s e p a r a t e b u l k p r o p e r t i e s from m o l e c u l a r 
c o n t r i h u t i o n , x c a n be r e d e f i n e d i n the f o l l o w i n g way: 

X = N^(a + 6 + Y + ...) (2) 
* *r 

Here, a i s r e c o g n i z e d as t h e l i n e a r p o l a r i z a b i l i t y . H i g h e r 
o r d e r terms, denoted by ß,Y^, ••• a r e r e f e r r e d t o as the f i r s t , 
second, h y p e r p o l a r i z a b i l i t i e s , r e s p e c t i v e l y . I n g e n e r a l 

X = X L + X N L (3) 
131 
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where L and NL i n d i c a t e l i n e a r and n o n l i n e a r , r e s p e c t i v e l y . 
The b u l k t h i r d o r d e r s u s c e p t i b i l i t y ^ s p r o p o r t i o n a l t o t h e 
second h y p e r p o l a r i z a b i l i t y , y , where no s u p e r s c r i p t i n d i c a t i n g 
t h e o r d e r i s n e c e s s a r y . X^ 3' then i s a f u n c t i o n of t h e t o t a l 
number of m o l e c u l e s per u n i t volume N, the second h y p e r p o l a r i z a 
b i l i t y y, and a l o c a l f i e l d c o r r e c t i o n f a c t o r The l o c a l f i e l d 
c o r r e c t i o n f a c t o r r e l a t e s t h e e l e c t r i c f i e l d e x p e r i e n c e d by t h e 
p a r t i c l e due t o the p r e s e n c e of s u r r o u n d i n g medium t o t h e i n d u -
c i n g f i e l d . I t s form w i l l depend on the t y p e of i n t e r a c t i o n . To 
d e s c r i b e t h e p r o p a g a t i o n of the f i e l d s i n the medium one must 
employ M a x w e l l ! s e q u a t i o n s . 

2. MAXWELL 1S EQUATIONS AND NONLINEAR POLARIZATION 

In o r d e r t o t r e a t the c l a s s i c a l development of t h e e l e c t r i c 
s u s c e p t i b i l i t y (see r e f e r e n c e s [ 1 ] - [ 4 ] f o r g e n e r a l r e v i e w works) 
one must Start w i t h M a x w e l l f s e q u a t i o n s . The system we w i s h t o 
c h a r a c t e r i z e i s non-magnetic and n o n - c o n d u c t i n g : i e . no f r e e 
c h a rges o r f r e e c u r r e n t s . I n o r d e r t o show e x p l i c i t o r i e n t a t i o n a l 
r e l a t i o n s h i p s between e l e c t r i c f i e l d p o l a r i z a t i o n and t h e s u s 
c e p t i b i l i t y , the d i s c u s s i o n h e r e w i l l be l i m i t e d t o i s o t r o p i c 
m a t e r i a l s such as m o l e c u l a r l i q u i d s and gases. In g e n e r a l t h e s e 
media would be i n thermodynamic e q u i l i b r i u m e x c e p t f o r the p r e 
sence of e l e c t r o m a g n e t i c r a d i a t i o n p r o p a g a t i n g t h r o u g h them. For 
t h i s system M a x w e l l f s e q u a t i o n s can be w r i t t e n i n the f o l l o w i n g 
form [ 5 ] : 

V * D ( r , t ) = 0 (4) 
V * H ( r , t ) = 0 (5) 
V x E ( r , t ) + u 0 H ( r , t ) = 0 (6) 
V x H ( r , t ) - D ( r , t ) = 0 (7) 

where the dot i n d i c a t e s t i me d e r i v a t i v e . The c o n s t i t u t i v e r e l a 
t i o n s h i p i m p o r t a n t t o t h i s d i s c u s s i o n i s 

D(r , t ) = e 0 E ( i r , t ) + P ( r , t ) (8) 
I n c l u d e d i n t h e above e q u a t i o n s a r e the p e r m i t t i v i t y of f r e e 
space e Q , and the p e r m e a b i l i t y of f r e e space u . By d e f i n i t i o n 
c 2 = 1/M 0e 0. The f i e l d s i n t h e above e q u a t i o n s a r e t h e e l e c t r i c 
f i e l d E ( r , t ) , the magnetic f i e l d H ( r , t ) , the e l e c t r i c d i p o l e 
p e r u n i t volume P ( r , t ) and t h e e l e c t r i c d i s p l a c e m e n t D ( r , t ) . As 
i s i n d i c a t e d , each of the f i e l d s i s a f u n c t i o n of p o s i t i o n and 
t i m e . I n g e n e r a l , each of t h e s e f i e l d s i s composed of many f r e 
q u e n c i e s and i t i s c o n v e n i e n t t o use the F o u r i e r t r a n s f o r m to 
o b t a i n e q u a t i o n s f o r t h e i r f r e q u e n c y components. Thus f o r the 
e l e c t r i c p o l a r i z a t i o n and e l e c t r i c f i e l d 
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P ( t ) = /P(0))e" i a J tda) (9) 
—00 

00 

E ( t ) = /E(ü))e"lü)tda) (10) 
—oo 

w i t h c o r r e s p o n d i n g i n v e r s e t r a n s f o r m s 
00 

P(u>) = ^ J P ( t ) e i ü J t d t (11) 
—00 

00 

E((ü) = ^ / E ( t ) e i a ) t d t (12) 

For E ( r , t ) and P ( r , t ) t o be r e a l t h ey must obey the time i n -
v a r i a n c e p r i n c i p l e . T h i s may be shown by t a k i n g the complex 
c o n j u g a t e of eq. (10) 

00 

E*(u) = ~ - / E * ( t ) e " l ü ) t d t (13) 
—00 

as one r e l a t i o n s h i p and l e t t i n g co ̂  -03 as a n o t h e r 
00 

E(-w) = - L / E ( t ) e " i a ) t d t (14) 
—00 

I f E ( t ) i s r e a l , i e . E ( t ) = E * ( t ) 
then 

E(-0)) = E*(u>) (15) 
The same may be shown f o r P ( t ) . 

M a x w e l l f s e q u a t i o n s can be a r r a n g e d t o show how the e l e c t r i c 
f i e l d and the induced p o l a r i z a t i o n a r e c o u p l e d t o g e t h e r . T a k i n g 
the c u r l of both s i d e s of eq. (6) 

VxVxE(r^,t) + V x u 0 H ( r , t ) = 0 (16) 
But s i n c e V and 8/8t commute 

2 4 t S < E . O - It" V x H ( r . t ) (17) 

then combining eqs. ( 7 ) , (8) and (16) 
V x V x E ( r , t ) + u e Q E ( r , t ) = - ) J 0 P ( r , t ) (18) 

The wave e q u a t i o n f o r each f r e q u e n c y component may be o b t a i n e d 
u s i n g eq. (10) i n eq. (18) and e v a l u a t i n g the second time 
d e r i v a t i v e „ 

(JÜ2. 
VxVxE(r,o).)- c4 E(r^i) = oo2. uoP(r,ü>.) (19) 
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Fo r weak f i e l d s P(r,U)) w i l l be l i n e a r i n E(r,ü)) o r 
P L(r,03) = e o x L ( o ) ) E ( r , o ) ) (20) 

X T (ÜJ) w i l l be r e c o g n i z e d as t h e l i n e a r s u s c e p t i b i l i t y (see eq. 
( 3 ) ) . F or i n t e n s e f i e l d s t he p o l a r i z a t i o n can be i n d u c e d by f i e l d s 
a t d i f f e r e n t f r e q u e n c i e s . T h i s may be r e p r e s e n t e d by 

£<£.<•>> = 2 L <£»<*>> + S N L ( * ' W ) ( 2 1 ) 

where NL i n d i c a t e s t h e n o n l i n e a r c o n t r i b u t i o n s . S u b s t i t u t i o n 
i n t o t h e wave e q u a t i o n y i e l d s 

CO* 
V X V X E ^ ^ ^ - ^ I + X L ) ^ , ^ ) 

= ^ 1 ( 2 2 ) 

The complex d i e l e c t r i c c o n s t a n t e(o)) i s d e f i n e d as 

e(ü>) = 1+X T(w) (23) 
so t h a t eq. (22) may be r e w r i t t e n as 

^ x | ^ ^ i ) - c T ^ ^ ) £ ( r , a ) . ) - ^ ^ ( £ , 0 3 . ) (24) 

The n o n l i n e a r p o l a r i z a t i o n P ^ ( r , 0 ) ) i n eq. (23) i s the ind u c e d 
p o l a r i z a t i o n from a l l f i e l d s m t e r a c t i n g w i t h the medium which 
g i v e r i s e t o an co^ f r e q u e n c y dependence. The c o m b i n a t i o n of 
f r e q u e n c y components and t h e a s s o c i a t e d e q u a t i o n s form a s e t of 
c o u p l e d e q u a t i o n s . These e q u a t i o n s cannot be s o l v e d i n c l o s e d 
form. However, f o r our d i s c u s s i o n we have assumed a non-magnetic 
medium w i t h no f r e e c h a r g e s o r c u r r e n t s . We w i l l f u r t h e r assume 
t h a t f o r j P ^ ( r , 0 ) ) , a l l terms h i g h e r than t h i r d - o r d e r i n the e l e c 
t r i c f i e l d a r e n e g l i g i b l e . W i t h t h e s e assumptions the above equa
t i o n s can be used as a s t a r t i n g p o i n t f o r a d e s c r i p t i o n of the 
r e l a t i o n s h i p between P M T and the a p p l i e d f i e l d s . 

3. CLASSICAL MODELS OF NONLINEARITY 

A. G e n e r a l 

When e l e c t r o m a g n e t i c r a d i a t i o n i n t e r a c t s w i t h a m o l e c u l a r 
system, the i n c i d e n t r a d i a t i o n i n d u c e s a p o l a r i z a t i o n i n the 
medium wh i c h can be r e l a t e d t o the i n c i d e n t r a d i a t i o n t hrough 
the m o l e c u l a r s u s c e p t i b i l i t y x» 

I f t he m o l e c u l a r system i s composed of N p o l a r i z a b l e p a r t i c l e s 
p e r u n i t volume the n t h e i n d u c e d p o l a r i z a t i o n may be e x p r e s s e d 
as 

P = Ntfd (26) 
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where d i s t h e i n d u c e d d i p o l e moment r e s u l t i n g f r o m t h e i n t e r -
a c t i o n . I n t h i s development we assume t h a t t h e Born-Oppenheimer 
a p p r o x i m a t i o n i s v a l i d [ 6 ] . T h i s a p p r o x i m a t i o n r e l i e s on the 
f a c t t h a t f o r o p t i c a l f r e q u e n c i e s , e l e c t r o n s a d i a b a t i c a l l y f o l l o w 
b o t h t h e n u c l e a r motions and the ch a n g i n g o p t i c a l f i e l d . The 
i n d u c e d d i p o l e moment can be r e l a t e d t o t h e a p p l i e d f i e l d t h r o u g h 
t h e p o l a r i z a b i l i t y so t h a t 

d = aE (27) 
T h i s r e s u l t s i n an e x p r e s s i o n f o r x i - n terms of t h e p o l a r i z a b i l i -
t y 

X = N & / e (28) 
F o r t h e development of the s o u r c e of n o n l i n e a r terms i n a 
c l a s s i c a l p i c t u r e two approaches can be used. One can i n t r o d u c e 
the n o n l i n e a r i t y i n t o t h e d r i v i n g f o r c e ( i e . a system of h a r -
m o n i c a l l y bound p a r t i c l e s i n a n o n l i n e a r f i e l d ) o r one can c o n -
s i d e r an anharmonic o s c i l l a t o r . We w i l l c o n s i d e r b o t h of t h e s e 
models. 

B. HARMONIC OSCILLATOR MODEL 

The m o t i o n of the e l e c t r o n s can be d e s c r i b e d as t h a t of a 
harmonic o s c i l l a t o r . A c c o r d i n g t o P l a c z e k 1 s p o l a r i z a b i l i t y t h e o r y 
[7] t h e i n d u c e d p o l a r i z a b i l i t y a, due t o an e x t e r n a l f i e l d can 
be r e l a t e d t o the d i s t r i b u t i o n of a bond c o o r d i n a t e q, i n the 
o s c i l l a t o r . E x panding a ( q ) about i t s e q u i l i b r i u m v a l u e 
( q e q u i l = 0 ) 8 i v £ S . 

^ = % + ( f r / V + ••• ( 2 9 ) 

where o n l y terms t o f i r s t o r d e r i n q a r e c o n s i d e r e d . The f o r c e 
e x p e r i e n c e d by the o s c i l l a t o r due t o t h i s i n d u c e d p o l a r i z a b i l i t y 
i s 

F = 1 ( g ) o E . (30) 
so t h a t t h e e q u a t i o n of m o t i o n d e s c r i b e d by t h e harmonic o s c i l 
l a t o r e q u a t i o n becomes 

q + T q + 0)2q = - (31) ^ V 1 V 1 u 
where T i s a damping c o n s t a n t , oo i s t h e r e s o n a n t f r e q u e n c y of 
V i b r a t i o n and u i s the reduced mass of the o s c i l l a t o r . Thus, 

« • r v q + U J q - y ! f ) o E . (32) 

The t o t a l i n c i d e n t f i e l d i n g e n e r a l can be a s i n g l e f r e q u e n c y , 
two f r e q u e n c i e s or the c o m p l e t e l y g e n e r a l c a s e of t h r e e d i s t i n e t 
f r e q u e n c i e s . S i n c e we a r e concerned w i t h n o n l i n e a r Raman s c a t t e r 
i n g we w i l l d e v e l o p the case f o r CARS. The ca s e f o r o t h e r n o n l i n e 
a r Raman s c a t t e r i n g t e c h n i q u e s f o l l o w a s i m i l a r d e r i v a t i o n . I f 
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the t o t a l i n c i d e n t f i e l d E T , i s the sura of two f i e l d s , one can 
w r i t e 

-T 2 [ E°e i (kl ^ V ^ E * I ~1 ~2 
i ( k 0 ' r - o ) 0 t ) e ~2 ~ 2 +c.c (33) 

Assuming a Solution t o the equation of motion of the form 
1 - i [(ki-k«) •r-(a) 1-0) o) t] , / 0 / * q = "0"% e ~1 ^2 ~ 1 2' J + c . c . (34) 

gives the following, upon Substitution i n eq. (32) 

q u\3q/o ^(o}^2)2+i(ü}]-bi2)T^ 

F o r convenience 
D(u)) = U)2-U)2+iü)r = D*(-OJ) v v 

( 3 5 ) 

( 3 6 ) 

The r e l a t i o n s h i p of q t o x c a n be seen by S u b s t i t u t i o n of eq. 
( 2 9 ) i n (28) 

M y , ^ N X /3a\ X - N & o / c o + — ( ^ q ( 3 7 ) 

The f i r s t term can be r e l a t e d t o t h e l i n e a r s u s c e p t i b i l i t y 
X L = NJfa/e 0 (38) 

and the second term t o t h e n o n l i n e a r s u s c e p t i b i l i t y . 
/ da) 

NL 
_ N X / d a \ 
~ 1^ ( 3 ^ ( 3 9 ) 

S u b s t i t u t i o n of eq. ( 3 5 ) i n t o ( 3 9 ) r e s u l t s i n s e v e r a l t e r m s , i f 
the t o t a l S o l u t i o n t o the e q u a t i o n of m o t i o n i s c o n s i d e r e d . 
A g a i n we c o n s i d e r the c a s e where ÜJ~ = 2b) ^-(ti^' Frequency combi-
n a t i o n s e x c e p t tiliü^-w^) w i l l not be s i g n i f l c a n t l y enhanced a t 
0)v = w i " " w 2 a n c * c a n ^ e c o m b i n e d and c o l l e c t i v e l y c a l l e d X N R « Thus, 
k e e p i n g o n l y t h o s e terms which have a ±(20)^-0)2) f r e q u e n c y depen
dence y i e l d s a r e s o n a n t t h i r d o r d e r n o n l i n e a r s u s c e p t i b i l i t y of 
the form 

N / da\2 A N V 

X< > (0)3,^ ,0)^-0)2) = - ( ^ J O D T ^ - ^ ( 4 0 ) 

AN V has been added t o a c c o u n t f o r the d i f f e r e n c e i n p o p u l a t i o n 
between the lower s t a t e ( u s u a l l y the ground s t a t e ) and the s t a t e 
c o n n e c t e d by the t r a n s i t i o n . Roughly i t i s p r o p o r t i o n a l t o 
N. . . ,-N £. - and approaches u n i t y f o r low t e m p e r a t u r e s and i n i t i a l . f i n a l _ ^ —. 7 ,. c z e r o f o r i n f i n i t e t e m p e r a t u r e s . The r e s u l t comes d i r e c t l y from 
a quantum m e c h a n i c a l d e r i v a t i o n and f o r t h i s work we w i l l assume 
A N V « ? 1 . The f r e q u e n c y d e s i g n a t i o n f o l l o w s t h a t of N. Bloembergen 
[ 1 ] . The f i r s t f r e q u e n c y i n p a r e n t h e s e s 0)3, i s t h a t of t h e i n 
duced p o l a r i z a t i o n and i s e q u a l t o the a l g e b r a i c sum of t h e r e -
m a i n i n g f r e q u e n c i e s , i e . f o r CARS 

( 4 1 ) V w 1, -w 2) 
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The f a c t o r of 3 i n eq. (40) i s due t o the f a c t t h a t t h e r e a r e 
3!/2! ways t o a c h i e v e a f r e q u e n c y c o m b i n a t i o n t a k i n g t h r e e f r e 
q u e n c i e s where two a r e t h e same. I t s h o u l d be n o t e d t h a t r e 
p o r t e d v a l u e s of X^ 3^ m a v d i f f e r by a f a c t o r of t h r e e ( o r f o u r ) 
and the r e a d e r i s reminded t o check t h i s b e f o r e u s i n g v a l u e s from 
the l i t e r a t u r e . By d e f i n i t i o n , the i n d u c e d p o l a r i z a t i o n f o r CARS 
t h e n i s 

P ( 3 ) ( Ü ) 3 ) = 3 e 0 x ( 3 ) ( a ) 3 , a ) l , a ) 1 , - a j 2 ) E 2 E* (42) 

C. ANHARMONIC OSCILLATOR MODEL 

Another d e r i v a t i o n f o r t h e development of the c l a s s i c a l 
n o n l i n e a r s u s c e p t i b i l i t y i s t o i n t r o d u c e an anharmonic term i n t o 
the o s c i l l a t o r e q u a t i o n f o r a bound system. The e q u a t i o n of m o t i o n 
may be w r i t t e n as [8] 

eE q + T q + Cü2q + Äq 2 =-77-v v M (43) 
where the f o r c e i s t h a t e x p e r i e n c e d by a charged p a r t i c l e i n an 
e l e c t r i c f i e l d . T h i s i s a second o r d e r n o n l i n e a r , nonhomogeneous 
d i f f e r e n t i a l e q u a t i o n and a p p r o x i m a t i o n methods must be used. A 
p e r t u r b a t i o n S o l u t i o n [1] can be found by assuming a S o l u t i o n of 
the form 

q«! + Aq 2 + A 2 q 3 

w i t h 
(44) 

(45) q 2 = q 2 + 2 X q i q 2 + X2 ( q 2 + 2 q i q 3 ) + ... 
S u b s t i t u t i n g eq. (44) i n t o (43) and e q u a t i n g terms independent 
of X g i v e s 

eE 
M q. + T q. + ü)2q1 ^1 v^1 v M (46) 

A g a i n the t o t a l a p p l i e d f i e l d w i l l be the sum of two f i e l d s 
(see eqs. (33) and ( 3 4 ) ) . S u b s t i t u t i n g eqs. (33) and (34) i n t o 
eq. (46) g i v e s 

i ( k i • r - O H t ) _,o e a / ' ^ 
q = -e 2M Ddiv,) + E° 

i ( k , - r - O L t ) 

D(a>„) + c .c. (47) 

where D(w) was d e f i n e d i n eq. ( 3 6 ) . E q u a t i n g terms i n A g i v e s 

q 2
 + r

v < i 2
 + ^ q 2 l i 

The q 2 term w i l l l e a d to e x p o n e n t i a l s depending on 2OJ^ , 2b$2 
OJ^±002 . Assuming a S o l u t i o n of t h e f o r m 

(48) 
and 

q° Q i ( k - k 0 ) - r - i ( o ) - 0 ) o ) t ^ 1 2 = e ~1 ~ z ~ 1 2 + c . c . (49) 

g i v e s 
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i[k)-k2) • r - ( w 1 - a ) 2 ) t ] 

i - 7 
~ e 2 / F o F o * e 
2M2 l ~ 1 * 2 D(ü)1-a)0)D(ü)jD*(ü)0) + c .c. (50) 

(51) 
E q u a t i n g terms i n A 2 g i v e s 

Here a g a i n the term on the r i g h t w i l l l e a d t o a m i x i n g of f r e 
q u e n c i e s . Assuming a S o l u t i o n of the form 

q? i ( k -r-ULt) ^ , c o v q 3 = e ~ 3 ~ 3 + c . c . (52) 

where 
k- ~~ 2k.—k«» 0), 2(0^0)2 

g i v e s 

2M3 

> E o * e i ( i S 3 ^ 3 t ) 
1 2 D (Ü>3 ) D 2 (OJ t ) D (OJ, -0) 2

 ) D* (OJ2 ) 1 
+ c.c, 

(53) 

(54) 

T h i s term w i l l g i v e a d i p o l e moment and a p o l a r i z a t i o n w h i c h 
when compared t o eq. (42) g i v e s the t h i r d o r d e r s u s c e p t i b i l i t y 

(3) NA 2e u/M 3 

X ( ü ) s ) = D(w 3)D 2 (ü^DO^-U), )D*(ü)2) ( 5 5 ) 

E q u a t i o n (42) a l o n g w i t h eq. (54) a r e t o be s u b s t i t u t e d i n t o 
eq. (24) i n o r d e r t o d e s c r i b e the p o l a r i z a t i o n of waves w i t h t he 
d e s i r e d f r e q u e n c y dependence. 

4. NONLINEAR SUSCEPTIBILITY AND THE RAMAN CR0SS-SECTI0N 

For a sense of the r e l a t i o n s h i p of t h e n o n l i n e a r s u s c e p t i 
b i l i t y t o t h e Raman c o n t r i h u t i o n i n the s c a t t e r i n g p r o c e s s l e t 
us r e t u r n t o the p o l a r i z a b i l i t y r e s u l t s and d e v e l o p x i n terms 
of the Raman c r o s s - s e c t i o n . 

The p o l a r i z a b i l i t y d e r i v a t i v e can be r e l a t e d t o the p o l a r i 
z a b i l i t y m a t r i x elements a. . , [93. F o r the i - * j t r a n s i t i o n 

J v ^v 
The Square of t h e p o l a r i z a b i l i t y m a t r i x i s p r o p o r t i o n a l t o t h e 
normal Raman c r o s s - s e c t i o n . S i n c e a i s a t e n s o r , s q u a r i n g adds 
a d d i t i o n a l i n d i c e s t o t h e i n d i v i d u a l e l e m e n t s . T h i s development 
d e a l s w i t h an i s o t r o p i c medium so t h a t i n d i c e s must be permuted 
to account f o r i n d i s t i n g u i s h a b i l i t y . The f o l l o w i n g o r i e n t a t i o n a l 
average r e s u l t s f8] 

< ( a K . , ) 2 > = 1 J k l 1 R J V (57) i j 'v 8 
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For our purpose h e r e , and the s p e c i f i c c a s e o f CARS, k and j 
w i l l be chosen e q u i v a l e n t . The r e s u l t i n g e x p r e s s i o n i s 

<a,,OL > 
<(<£., ) 2 > E i J fcl v (58) 

i j 'v 4 
E l e c t r o m a g n e t i c s c a t t e r i n g t h e o r y can be used t o d e r i v e the 
r e l a t i o n s h i p of the p o l a r i z a b i l i t y d e r i v a t i v e m a t r i x t o the 
Raman d i f f e r e n t i a l s c a t t e r i n g c r o s s - s e c t i o n [ 1 0 ] . The r e s u l t i s 

where a) g i s the f r e q u e n c y of the Stok e s s c a t t e r e d Raman r a d i a t i o n 
and c i s the speed of l i g h t . U s i n g the r e s u l t s f r o m eq. (55) and 
(53) 9a. . \ o) <a. . 

\9q / 2h 
so t h a t 

(60) 

(3) , . N ^ v V k l \ 
X - ^ O ^ U ) ^ , - ^ ) = r t i D( [o 1-a ) 2) ( 6 1 ) 

o r i n terms of the Raman c r o s s - s e c t i o n , t h e r i g h t hand s i d e of 
eq. (61) becomes 

= c N# v v / F- 9N 
6h dtt D ^ - u ^ ) K ' 

The t o t a l s u s c e p t i b i l i t y i s then 
( 3 ) T , . (,)NR, w N J f V ^ £ ^ 

X i j k l ( ü , 3 ) " X i j k l ( ü 3 3 } + 6h 0 ) ^ ( 0 ) , - ^ ) ^ i ( a )
1
- ( 0 2 ) r ( 6 3 ) 

J J v \ 2 1 - 1 v 

5. SUMMARY 

The development of the r e l a t i o n s h i p o f an i n d u c e d n o n l i n e a r 
p o l a r i z a t i o n i n a medium t o the e l e c t r i c f i e l d o r f i e l d s p r e s e n t 
has been o u t l i n e d u s i n g c l a s s i c a l methods. These d e r i v a t i o n s 
a l l o w us t o w r i t e e x p l i c i t e x p r e s s i o n s f o r t h e t h i r d - o r d e r 
n o n l i n e a r s u s c e p t i b i l i t y . A l t h o u g h the c l a s s i c a l a pproach t o x 
i s e x t r e m e l y u s e f u l , a quantum m e c h a n i c a l d e r i v a t i o n i s needed 
f o r the e x p l i c i t dependence of x ^ 3 ^ o n the i n c i d e n t and g e n e r a t e d 
f r e q u e n c i e s , e x p l i c i t p o l a r i z a t i o n i n f o r m a t i o n and c o n t r i b u t i o n s 
f r om e l e c t r o n i c resonance enhancement. N o n e t h e l e s s , t h e e x p r e s 
s i o n s d e r i v e d and subsequent assumptions a r e v a l u a b l e t o o l s i n 
u n d e r s t a n d i n g problems i n v o l v e d i n n o n l i n e a r Raman s c a t t e r i n g 
p r o c e s s e s . 
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1. INTRODUCTION 

I t i s w e l l known t h a t the s e l e c t i o n r u l e s f o r the a c t i v i t y 
o f v i b r a t i o n s o f m o l e c u l e s i n the Raman e f f e c t a r e d i f f e r e n t 
from those f o r i n f r a r e d a b s o r p t i o n . F o r m o l e c u l e s h a v i n g a 
c e n t e r o f symmetry the p r i n c i p l e o f mutual e x c l u s i o n h o l d s : 
v i b r a t i o n s t h a t a r e a c t i v e i n i n f r a r e d a b s o r p t i o n a r e i n a c t i v e 
i n the Raman e f f e c t and v i c e v e r s a . H i g h l y Symmetrie m o l e c u l e s 
may have q u i t e a number o f v i b r a t i o n s t h a t a r e i n a c t i v e i n b o t h 
e f f e c t s , the s o - c a l l e d s i l e n t modes. Of t h e 20 v i b r a t i o n s o f the 
benzene m o l e c u l e , f o r i n s t a n c e , 4 a r e i n f r a r e d a c t i v e , 7 Raman 
a c t i v e , and 9 s i l e n t modes. 

The s e l e c t i o n r u l e s f o r the hyper Raman e f f e c t a r e governed 
by the t r a n s f o r m a t i o n p r o p e r t i e s o f the t h i r d rank t e n s o r o f the 
h y p e r p o l a r i z a b i l i t y as opposed t o the second rank t e n s o r o f the 
l i n e a r p o l a r i z a b i l i t y f o r the l i n e a r Raman e f f e c t and the v e c t o r 
o f the d i p o l e moment f o r i n f r a r e d a b s o r p t i o n . T h e r e f o r e the 
s e l e c t i o n r u l e s a r e more r e l a x e d and some o f the " s i l e n t " modes 
become a c t i v e i n the hyper Raman e f f e c t and may be d i r e c t l y 
o b s e r v e d , as p o i n t e d out i n the p r e c e d i n g and the f o l l o w i n g paper 
by D.A. Long. 

F u r t h e r s i l e n t modes may become o b s e r v a b l e t h r o u g h the 
second hyper Raman e f f e c t based on the f o u r t h rank t e n s o r of the 
second h y p e r p o l a r i z a b i l i t y , t h e r e f o r e a l s o t he s e l e c t i o n r u l e s 
f o r t h i s e f f e c t a r e c o n s i d e r e d h e r e . 

There e x i s t s an extended l i t e r a t u r e on group t h e o r e t i c a l 
methods i n m o l e c u l a r s p e c t r o s c o p y . Only the c l a s s i c a l t e x t b o o k 
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of W i l s o n , D e c i u s , and Cross (1) and the c o r r e s p o n d i n g c h a p t e r s 
i n the books on Raman s p e c t r o s c o p y by Brandmüller and Moser ( 2 ) , 
S u s h c h i n s k i j ( 3 ) , and Long (4) s h a l l be mentioned h e r e . The 
s e l e c t i o n r u l e s f o r the hyper Raman e f f e c t were d e r i v e d by C y v i n , 
Rauch, and D e c i u s (5) and f o r the second hyper Raman e f f e c t by 
C h r i s t i e and Lockwood ( 6 ) . A quantum e l e c t r o d y n a m i c a l d e r i v a t i o n 
o f t h e hyper Raman s e l e c t i o n r u l e s , a l s o f o r c h i r a l m o l e c u l e s , 
can be found i n papers by Andrews and Thirunamachandran ( 7 ) . 

Here a v e r y s i m p l e e x p l a n a t i o n o f group t h e o r e t i c a l methods 
to c a l c u l a t e the number of v i b r a t i o n s o f a m o l e c u l e i n the 
v a r i o u s i r r e d u c i b l e r e p r e s e n t a t i o n s (symmetry s p e c i e s ) and t h e i r 
a c t i v i t y i n i n f r a r e d a b s o r p t i o n , the l i n e a r Raman e f f e c t , and 
the f i r s t and second hyper Raman e f f e c t w i l l be g i v e n w i t h o u t 
any m a t h e m a t i c a l p r o o f . The S c h o e n f l i e s n o t a t i o n common i n 
m o l e c u l a r s p e c t r o s c o p y and the Hermann-Mauguin o r i n t e r n a t i o n a l 
n o t a t i o n known from c r y s t a l l o g r a p h y w i l l be used i n p a r a l l e l . 

Only v i b r a t i o n a l s e l e c t i o n r u l e s and o n l y Symmetrie t e n s o r s 
are c o n s i d e r e d h e r e f o r s i m p l i c i t y . The r o t a t i o n a l s e l e c t i o n 
r u l e s o f the hyper Raman e f f e c t a r e t r e a t e d i n a r e v i e w a r t i c l e 
by Altmann and S t r e y ( 8 ) . A n t i s y m m e t r i c c o n t r i b u t i o n s t o the 
p o l a r i z a b i l i t y o c c u r i n resonance Raman s p e c t r a ( 9 ) . The a n t i 
symmetric components o f the p o l a r i z a b i l i t y and f i r s t h y p e r 
p o l a r i z a b i l i t y ( 6 , 10) t e n s o r s a r e i n c l u d e d i n the t a b l e s o f 
symmetry c l a s s e s i n L o n g f s book ( 4 ) . The s e l e c t i o n r u l e s f o r 
the f i r s t and second hyper Raman e f f e c t i n c r y s t a l s have been 
c a l c u l a t e d by W i n t e r (11) f o r the 32 c r y s t a l l o g r a p h i c p o i n t 
groups u s i n g the method of the p r o j e c t i o n O p e r a t o r (12, 13). The 
r e s u l t i n g t a b l e s can be o b t a i n e d by w r i t i n g t o S e k t i o n P h y s i k 
der Universität München, L e h r s t u h l J . Brandmüller, S c h e l l i n g -
s t r a s s e 4 / I I I , D-8000 München 40. 

2. MOLECULAR SYMMETRY 

R i g i d m o l e c u l e s , and o n l y t h e s e a r e c o n s i d e r e d h e r e , can 
be t r a n s f o r m e d i n t o i d e n t i c a l c o n f i g u r a t i o n s by symmetry 
O p e r a t i o n s . I n e v e r y symmetry O p e r a t i o n a p o i n t , a s t r a i g h t 
l i n e ( a x i s ) , a p l a n e , o r the whole space r e m a i n f i x e d ; t h e s e 
g e o m e t r i c a l elements a r e c a l l e d symmetry e l e m e n t s . The symmetry 
O p e r a t i o n s a r e c h a r a c t e r i z e d by the symmetry elements o f a 
m o l e c u l e and form a group; because a t l e a s t one p o i n t remains 
f i x e d i n the O p e r a t i o n s , the group i s c a l l e d the p o i n t group 
o f t he m o l e c u l e . I n a m o l e c u l a r V i b r a t i o n t he atoms a r e 
d i s p l a c e d from t h e i r e q u i l i b r i u m p o s i t i o n s and the symmetry o f 
the m o l e c u l e i s changed. A c c o r d i n g t o t h e i r symmetry o r a n t i -
symmetry w i t h r e s p e c t to the d i f f e r e n t symmetry elements t h e 
v i b r a t i o n s are grouped i n t o the d i f f e r e n t symmetry s p e c i e s o f a 
p o i n t group. The t e r m i n o l o g y w i l l be e x p l a i n e d u s i n g the examples 
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o f the m o l e c u l e s benzene C^H^ and c y c l o h e x a n e C^Hj2» 

2.1. Symmetry-Operations and Symmetry Elements 

2.1.1. R o t a t i o n s o r p r o p e r symmetry O p e r a t i o n s . The 
e q u i l i b r i u m s t r u c t u r e of the benzene m o l e c u l e i s shown i n F i g . 1. 

2 » 2 " 2* 

2 » 2" 2» 

F i g . 1 E q u i l i b r i u m s t r u c t u r e o f benzene_ C^H^ and i t s symmetry 
elements. I n s t e a d of 2', 2" and 2',2" i t may be b e t t e r 
to w r i t e 2 a , 2 b and 2 a , 2 b , r e s p e c t i v e l y . 

I t can be t r a n s f o r m e d i n t o an i d e n t i c a l c o n f i g u r a t i o n by r o t a t i o n 
through a n g l e s o f $ =i^L • k w i t h p=6 and k=0,1,2,...,p-l=5 about 
an a x i s p e r p e n d i c u l a r t o the p l a n e o f the m o l e c u l e . These 
symmetry O p e r a t i o n s are r e p r e s e n t e d by the f o l l o w i n g symmetry 
elements: i d e n t i t y C $ =E = 1 f o r k=0, s i x - f o l d a x i s C^=C 6E6 f o r 
k=1, t h r e e - f o l d a x i s C^=C3=3 f o r k=2, t w o - f o l d a x i s 
C 6 = C 2 E 2 f o r k = 3 # A r o t a t i o n t h r o u g h 240° f o r k=4 i s e q u i v a l e n t to 
a r o t a t i o n through -120°, the c o r r e s p o n d i n g symmetry element i s 
t h e r e f o r e denoted as C^=C3=-C3=-3; f o r k=5 one o b t a i n s C^=-C^=-6. 
The e q u i v a l e n t symmetry elements a r e s a i d t o b e l o n g t o one c l a s s . 

The benzene m o l e c u l e of F i g . 1 can a l s o be brought i n t o 
i d e n t i c a l c o n f i g u r a t i o n s by r o t a t i o n s t h r o u g h 180° about the 
t h r e e t w o - f o l d axes C j ^ 1 l y i n g i n the p l a n e o f the m o l e c u l e and 
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l i k e w i s e the t h r e e t w o - f o l d axes C2=2". A l t o g e t h e r we have so 
f a r found the symmetry elements E E 1 , 2 C^E6, 2 Cß=3, C 2 =2, 
3 C 2 ^ 2 R , 3 C2E2" o f the benzene m o l e c u l e . 

The s t r u c t u r e o f the n o n - p l a n a r c y c l o h e x a n e m o l e c u l e i s 
shown i n F i g . 2. The d o m i n a t i n g symmetry O p e r a t i o n i s now a 
r o t a t i o n t h r o u g h 120° about a t h r e e - f o l d a x i s C3E3. F u r t h e r we 

3 

F i g . 2 E q u i l i b r i u m s t r u c t u r e o f c y c l o h e x a n e C ^ H j 2 and i t s 
symmetry e l e m e n t s . 

f i n d C 3 = ~ C 3 = " 3 , and C^pEEl must always be p r e s e n t . Three two-
f o l d symmetry axes i n t e r s e c t the C-C bonds i n the m i d d l e . 
A l t o g e t h e r the p r o p e r symmetry elements of c y c l o h e x a n e are E E I , 
2 C 3 E 3 , 3 C 2 E 2 . 

2.1 . 2 . Improper symmetry O p e r a t i o n s . I n a d d i t i o n t o the 
symmetry O p e r a t i o n s t h a t a r e performed by pure r o t a t i o n s we can 
f i n d o t h e r s , namely r e f l e c t i o n s a t a m i r r o r p l a n e o r a t a p o i n t 
( t h e c e n t e r o f symmetry). When the S c h o e n f l i e s n o t a t i o n i s used, 
the improper symmetry O p e r a t i o n s a r e d e s c r i b e d as r o t a t i o n s 
t hrough a n g l e s o f <f> f o l l o w e d by a r e f l e c t i o n a t a m i r r o r 
p l a n e p e r p e n d i c u l a r to the r o t a t i o n a x i s . The c o r r e s p o n d i n g 
symmetry elements a r e c a l l e d r o t a r y - r e f l e c t i o n axes o r 
a l t e r n a t i n g axes and denoted as Sp. I n the i n t e r n a t i o n a l system 
the r o t a t i o n i s f o l l o w e d by an i n v e r s i o n t h r o u g h a p o i n t i n the 
c e n t e r . The improper axes a r e then c a l l e d i n v e r s i o n axes and 
denoted as T, "2, 3 and so on. 
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I n our example o f the benzene m o l e c u l e we f i n d a c e n t e r o f 
symmetry 1 wh i c h i s e q u i v a l e n t t o S 2 = i . T w o - f o l d i n v e r s i o n axes 
1 a r e e q u i v a l e n t t o m i r r o r p l a n e s Sj=a. One o f the s e i s p e r p e n d i -
c u l a r t o the s i x - f o l d symmetry a x i s o f the benzene m o l e c u l e and 
c o i n c i d e s w i t h the p l a n e o f the m o l e c u l e ; i t i s denoted as a b . 
Three o t h e r s _ a r e v e r t i c a l to the m o l e c u l a r p l a n e and c o n t a i n 
f o u r atoms ( 2 n = S" = o*v) and f u r t h e r t h r e e a r e d i a g n o n a l p l a n e s 
and d£ not c o n t a i n any atoms (21 ES|=a^). A t h r e e - f o l d i n v e r s i o n 
a x i s 3 c o i n c i d e s w i t h the s i x - f o l d r o t a t i o n a x i s , i s e q u i v a l e n t 
to a s i x - f o l d r o t a r y - r e f l e c t i o n a x i s S 5 and o c c u r s t w i c e i n t h i s 
c l a s s ( S^-Sß). F i n a l l y the s i x - f o l d i n v e r s i o n a x i s 6 i s found 
to be e q u i v a l e n t t o Sß=-S3 and a l s o o c c u r s t w i c e (SßE-ö"). The 
improper symmetry elements o f the benzene m o l e c u l e a r e t h e r e f o r e 
i = l , 2 S 3 E 6 , 2 S 6 E 3 , a h E 2 , 3ö dE2', 3G VE2". 

I n t h e _ c y c l o h e x a n e m o l e c u l e we f i n d alsc) a c e n t e r o f 
symmetry i = l , two t h r e e - f o l d i n v e r s i o n axes 3ES^ i n one c l a s s 
and t h r e e d i a g o n a l m i r r o r p l a n e s 3 a d E 2 . 

2.1.3. The t r a n s f o r m a t i o n m a t r i c e s . The symmetry Op e r a t i o n s 
can be performed by l i n e a r t r a n s f o r m a t i o n s o f the c o o r d i n a t e s of 
the atoms i n the m o l e c u l e . The c o r r e s p o n d i n g t r a n s f o r m a t i o n 
m a t r i c e s are ( f o r a c t i v e t r a n s f o r m a t i o n s ) 

C((f>) = 

cos (f> 
+ s i n <|) 
0 

- s i n <f> 
cos <j> 
0 

(1) 

f o r p r o p e r symmetry O p e r a t i o n s and 

S(4>) 

cos (f> 
+ s i n <f> 
0 

- s i n <f> 
cos <j> 
0 (-1)" 

(2) 

f o r improper symmetry O p e r a t i o n s , w i t h <{> 2rrk 
P 

The t r a c e o f these m a t r i c e s r e p r e s e n t s t h e c o n t r i h u t i o n o f 
one atom, w h i c h does not change i t s p o s i t i o n i n the symmetry 
O p e r a t i o n , to the c h a r a c t e r of t h i s symmetry O p e r a t i o n S j , 
namely 

X Q ( S j ) = 2 • cos 27Tk 
P 

+ 1 (3) 
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Ta b l e 1. C o n t r i b u t i o n s t o C h a r a c t e r o f Symmetry O p e r a t i o n s per 
U n s h i f t e d Atom XQ» C h a r a c t e r o f t h e R e p r e s e n t a t i o n 
f o r P o l a r i z a b i l i t y Components x a> f ° r F i r s t Hyper
p o l a r i z a b i l i t y Components x^> and f o r Second Hyper
p o l a r i z a b i l i t y Components x • 

X 0 X a X 3 x Y 

1ECJ=E 3 6 10 15 

2 E C 2 -1 2 - 2 3 

0 0 1 0 

1 0 0 1 

4 4 
5 , 5 * E C 5 , C^ { ( 1 + /F) 1 0 0 

2 3 2 3 
5 Z , 5 J = c ; , c ^ y ( l - / 5 ) 1 0 0 

6 E C 6 , C^ 2 2 1 0 

T E S 2 = i - 3 6 - 1 0 15 

"2=S -o 1 2 2 3 

3 E S 6 , S 6 0 0 -1 0 

-1 0 0 1 

— — 9 3 7 
10, IO^ES^, S^ - { ( 3 + / 5 ) 2+/F - ( 3 + / 5 ) 3+/5 

— 7 3 Q 
10 , 10 E S 5 , S* - { ( 3 - / 5 ) 2-/5 - ( 3 - / 5 ) 3-/5 

6ES«, S^ -2 2 -1 0 
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X Q (S.) = 2 cos y + ( - l ) k . (4) 

These c o n t r i b u t i o n s o f one atom t o the c h a r a c t e r o f the 
symmetry O p e r a t i o n are g i v e n i n T a b l e 1 f o r f u r t h e r u se. 

2.2 P o i n t Groups 

The symmetry elements o f a m o l e c u l e f o r m a group i n the 
ma t h e m a t i c a l sense, and because a t l e a s t one p o i n t remains 
u n s h i f t e d i n the symmetry O p e r a t i o n , i t i s c a l l e d t he p o i n t 
group of the m o l e c u l e . The elements o f the group have t o f u l f i l 
the f o l l o w i n g p r o p e r t i e s : a) the p r o d u c t o f two elements i s a l s o 
an element of the group, b) the a s s o c i a t i v e law o f m u l t i p l i c a t i o n 
i s v a l i d , c) the s e t i n c l u d e s an i d e n t i t y element, d) t o e v e r y 
element e x i s t s the i n v e r s e element w i t h i n the s e t . These 
p o s t u l a t e s a r e f u l f i l l e d f o r a l l m o l e c u l a r p o i n t groups. T a b l e 2 
g i v e s a number of examples f o r p o i n t groups. I n s t e a d o f 2 the 
l e t t e r m i s f r e q u e n t l y used f o r a m i r r o r p l a n e i n the i n t e r 
n a t i o n a l n o t a t i o n . 

T a b l e 2. Examples of P o i n t Groups 

I n t e r n a t i o n a l n o t a t i o n S c h o e n f l i e s n o t a t i o n 

1 = { 1} C l = (E) 
2 = (1,2 } C 2 = {E,C2> 
3 = {1,3,3 2} c 3 = {E,C3,C§} 
6 = {1,6,3,2,3 2,6 5} c 6 = (E,05,03,02,03,05} 

7 = {1 , 7 } C i = ( E . i } 
m = { l,m } C s = (E,a } 
2mm = { 1,2,m,m' } C 2 v = {E,C2,0 v> av* 
nimm = { l,2,2 ,,2 , ,,T,m,m\m"} 02h = {E.C^C^.C^'.i.o.a 1 ,a" } 
3m = { l , 3 , 3 2 , 3 m } C3v = {E,2C3,3o v } 
Im = {1,2-3,3-2,T,2-3,3ml p 3 d " { E , 2 C 3 , 3 C 2 , i , 2 S 6 , 3 a d } 
6/mmm = 0 , 2 - 6 , 2 0 , 2 , 3 - 2 \ 3 - 2 " , 

1,2-6,2-3,m,3mf,3m"} 
*>6h = { E , 2 C 6 , 2 C 3 , C 2 , 3 C i , 3 C 2 , i , 

2 S 3 » 2 S 6 ' a h ' 3 o d ' 3 a v ̂  
T0m2 = { l,2.5,2-5 2,5-2, 

m,2-10,2«10 7,5m' } 
*5h = {E,2C 5,2C^,5C 2,a h, 

2 S 5 , 2 S 3 , 5 a v } 
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The p o i n t group o f a m o l e c u l e can be found i n an unambiguous 
way by f o l l o w i n g the scheme g i v e n by Z e l d i n (14) w h i c h i s 
repr o d u c e d i n Ref. ( 1 5 ) . 

2.3. I r r e d u c i b l e R e p r e s e n t a t i o n s of P o i n t Groups 

So f a r we have c o n s i d e r e d t h e atoms i n the m o l e c u l e s t o be 
i n t h e i r e q u i l i b r i u m p o s i t i o n s . When the m o l e c u l e v i b r a t e s , how
e v e r , the s t r u c t u r e and h e r e w i t h the symmetry of the m o l e c u l e i s 
a p e r i o d i c f u n c t i o n o f t i m e , and a t the maximum o f t h e d i s p l a c e -
ment due t o a non-degenerate normal V i b r a t i o n the s t r u c t u r e i s 
e i t h e r Symmetrie o r a n t i - s y m m e t r i c to a symmetry element o f the 
mo l e c u l e i n i t s v i b r a t i o n a l ground s t a t e . 

A c c o r d i n g to t h e i r b e h a v i o r a g a i n s t the v a r i o u s symmetry 
O p e r a t i o n s o f a p o i n t group the normal v i b r a t i o n s o f a m o l e c u l e 
are c l a s s i f i e d i n t o v a r i o u s symmetry s p e c i e s . These a r e i d e n t i c a l 
w i t h the i r r e d u c i b l e r e p r e s e n t a t i o n s o f the p o i n t group. The 
n o t a t i o n f o r the i r r e d u c i b l e r e p r e s e n t a t i o n s has been i n t r o d u c e d 
by P l a c z e k ( 1 6 ) . 

A denotes symmetry w i t h r e s p e c t t o the main r o t a t i o n a x i s o r , 
i f t h e r e i s none, t o t h r e e p e r p e n d i c u l a r t w o - f o l d axes o r 
s i m p l y s e r v e s as b a s i s f o r i n d i c e s . 

B denotes anti-symmetry w i t h r e s p e c t t o the main r o t a t i o n a x i s 
o r t o two o f the t h r e e t w o - f o l d axes j u s t mentioned. 

E denotes t w o - f o l d degeneraey. 

F o r T denotes t h r e e - f o l d degeneraey. 

g o r u as low e r i n d e x denotes symmetry o r a n t i - s y m m e t r y w i t h 
r e s p e c t to a c e n t e r of i n v e r s i o n . 

f o r " as Upper i n d e x denotes symmetry o r a n t i - s y m m e t r y w i t h 
r e s p e c t to a m i r r o r p l a n e . 

1,2,3... as low e r i n d e x d i s t i n g u i s h the r e m a i n i n g symmetry 
s p e c i e s . 

The c h a r a c t e r s of the i r r e d u c i b l e r e p r e s e n t a t i o n s have been 
c o m p i l e d i n the c h a r a c t e r t a b l e s o f the p o i n t groups w h i c h can 
be found i n many books (1 2, 12, 15). I n T a b l e 3 t h e c h a r a c t e r 
t a b l e o f the p o i n t group 3mEDßj i s r e p r o d u c e d . The c y c l o h e x a n e 
m o l e c u l e b e l o n g s t o t h i s p o i n t group and s h a l l s e r v e as example 
t o demonstrate the use of the c h a r a c t e r t a b l e t o c a l c u l a t e the 
number o f normal v i b r a t i o n s i n a symmetry s p e c i e s and i t s 
a c t i v i t y i n the v a r i o u s Raman e f f e c t s . 
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T a b l e 3. C h a r a c t e r t a b l e o f the p o i n t group 3m = V^ w i t h 
a p p l i c a t i o n t o the c y c l o h e x a n e m o l e c u l e . 

3m 1 2-3 3-2 1 2-3 3m n M a Y 

V 
3d 

E 2C 3 3 C 2 i 2 S 6 V i b . IR Ra HR 2.HR 

1 1 1 1 1 1 6 0 2 0 4 

1 1 -1 1 1 -1 2 0 0 0 1 

E 
g 

2 -1 0 2 -1 0 2-8 0 4 0 10 

A . u 1 1 1 -1 -1 -1 3 0 0 1 0 

A 2 u 1 1 -1 -1 -1 1 5 1 0 3 0 

E 
u 

2 -1 0 -2 1 0 2-8 2 0 6 0 

w 
3 0 -1 -3 0 1 48 3 6 10 15 

a. 
J 

(18) (0) (0) 0 0 6 

a.-2 
J 

16 -2 -2 - - -

48 0 2 0 0 6 

W 3 0 -1 -3 0 1 

6 0 2 6 0 2 

x ß ( s . ) 10 1 -2 -10 -1 2 

x Y ( s . ) 15 0 3 15 0 3 
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The c h a r a c t e r t a b l e forms the l e f t upper p a r t o f T a b l e 3. I n 
the f i r s t two l i n e s t h e symmetry elements are g i v e n i n i n t e r n a 
t i o n a l and S c h o e n f l i e s n o t a t i o n . The numbers i n f r o n t o f the 
symbols f o r the symmetry elements are the number o f elements i n 
each c l a s s w h i ch w i l l be denoted by g j . In the f i r s t column we 
f i n d t h e symbols f o r t h e symmetry s p e c i e s . We see t h a t t h e r e a re 
as many symmetry s p e c i e s as c l a s s e s o f symmetry e l e m e n t s , so t h a t 
the c h a r a c t e r s o f the i r r e d u c i b l e r e p r e s e n t a t i o n s form a square 
m a t r i x . The c h a r a c t e r +1 means symmetry and -1 a n t i - s y m m e t r y w i t h 
respect t o the symmetry Operation, i n the degenerate s p e c i e s Eg 
and E u the degree o f degeneraey d=2 i s found i n the second column 
under \=E. 

2.4. C a l c u l a t i o n o f the Number of Normal V i b r a t i o n s o f a Molecule 
i n t he Symmetry S p e c i e s of the P o i n t Group 

A n o n - l i n e a r m o l e c u l e c o n s i s t i n g of N atoms has 3N-6 
v i b r a t i o n a l degrees o f freedom. The d i s t r i b u t i o n o f t h e s e 
p r o p e r normal v i b r a t i o n s over the v a r i o u s symmetry s p e c i e s can 
be c a l c u l a t e d by the f o r m u l a 

h<*>-4^ v * i ( Y ) * * V • ( 5 ) 

j 

where n is, ̂ he number of normal v i b r a t i o n s i n the symmetry 
s p e c i e s y, d ^ ' the degree of degeneraey of the symmetry s p e c i e s 
Y, g the o r d e r o f the p o i n t group, which i s e q u a l to the t o t a l 
number o f symmetry elements i n the.grgup, gj the number o f 
symmetry elements i n one c l a s s , Xj ^ the complex c o n j u g a t e o f 
the c h a r a c t e r of the i r r e d u c i b l e r e p r e s e n t a t i o n , and x(Sj) the 
c h a r a c t e r o f the symmetry O p e r a t i o n . 

XCSj) - ( a j - 2 ) x Q ( S j . ) (6) 

f o r p r o p e r symmetry O p e r a t i o n s , and 

X ( S . ) - a ^ x ^ S j ) (7) 

f o r improper symmetry O p e r a t i o n s , where a j i s the number o f 
atoms on a symmetry element, which remain u n s h i f t e d by t h e 
symmetry O p e r a t i o n , and X o ^ j ) t n e c o n t r i h u t i o n o f one atom t o 
the c h a r a c t e r of the symmetry O p e r a t i o n (see eqns. (3) and (4) 
and T a b l e 1). The p r o p e r t i e s o f the i n d i v i d u a l m o l e c u l e e n t e r 
o n l y t hrough a. i n t o the c o n s i d e r a t i o n , a p a r t from the d e t e r m i -
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n a t i o n o f the p o i n t group. The t r a n s l a t i o n a l and r o t a t i o n a l 
d e g r e e s of freedom are s p l i t o f f by s u b t r a c t i n g 2 from a j f o r 
p r o p e r symmetry O p e r a t i o n s i n eq. (6) and by w r i t i n g x ( S j ) 
and H ' y) i n s t e a d of x ( S j ) a n d n ^ ) 

I n o r d e r to c a l c u l a t e the number of normal v i b r a t i o n s i n 
t h e v a r i o u s symmetry s p e c i e s f o r the c y c l o h e x a n e m o l e c u l e , we 
f i r s t l o o k up X Q / S J ) f ° r t n e symmetry elements i n T a b l e 1 and 
w r i t e the numbers i n t o the n i n t h l i n e of T a b l e 3. Then we l o o k 
a t F i g . 2 and t r y to f i n d o u t , how many atoms t h e r e a r e on the 
symmetry elements. Of course a l l 18 atoms r e m a i n u n s h i f t e d when 
th e i d e n t i t y O p e r a t i o n 1EE i s a p p l i e d . Two C- and f o u r H-atoms 
a r e l o c a t e d on the d i a g o n a l m i r r o r p l a n e s mEa^, a l l o t h e r a j a r e 
z e r o . These numbers a r e w r i t t e n i n t o l i n e 10 o f T a b l e 3 and i n 
l i n e 11 we have to s u b t r a c t 2 f o r the p r o p e r symmetry O p e r a t i o n s 
( a l s o from 0 ) . Now l i n e 9 i s m u l t i p l i e d w i t h l i n e 11 o r 10 and 
t h e r e s u l t f o r x ( s j ) i - s w r i t t e n i n t o l i n e 12. 

A f t e r these p r e p a r a t i o n s we can proceed t_o the c a l c u l a t i o n 
o f n'^' by eq. ( 5 ) . g=12 f o r our p o i n t group 3mEt?3(j. To o b t a i n 
- ( A j g ) w e n a v e t o m u l t i p l y gj ( l i n e 1 o r 2 o f T a b l e 3) w i t h 
X j ( A l g ) ( l i n e 3) and x ( S j ) ( l i n e 12), sum up the p r o d u c t s f o r 
a l l c l a s s e s o f symmetry elements, and d i v i d e by g. 

n ( A ] g ) = 1 ( l - l - 4 8 + 2 - l - 0 + 3 - l - 2 + l - l - 0 + 2 - l - 0 + 3 - l - 6 ) = 

= 1 (48+6+18) = | | - 6. 

The r e s u l t must always be an i n t e g e r and i s w r i t t e n i n t o column 
8, l i n e 3 of T a b l e 3. 

As an example f o r a degenerate symmetry s p e c i e s we c a l c u l a t e 
H ( Eu> w i t h d C Eu^=2. 

n ( E u ) = y2 (1-2-48+0+0+0+0+0) = 2-y| = 2-8 . 

F o r c l a r i t y i t i s c o n v e n i e n t to w r i t e 2-8 i n s t e a d o f 16 i n t o 
column 8, l i n e 8 of T a b l e 3, because the r e s u l t means t h a t 8 
d o u b l y degenerate v i b r a t i o n s of s p e c i e s E u , w h i c h c o n t r i b u t e 
16 degrees of freedom, are to be expected f o r the c y c l o h e x a n e 
m o l e c u l e . 

- ( Y ) 
The r e m a i n i n g r e s u l t s f o r n are g i v e n i n column 8 o f 

T a b l e 3. The sum of t h i s column must always be 3N-6, i n our case 
3*18-6=48, the number o f a l l v i b r a t i o n a l degrees o f freedom. 
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3. SELECTION RULES 

Now we a r e ready t o c a l c u l a t e the s e l e c t i o n r u l e s f o r 
i n f r a r e d a b s o r p t i o n and f o r the d i f f e r e n t Raman s c a t t e r i n g 
p r o c e s s e s . 

3.1. S e l e c t i o n R u l e s f o r I n f r a r e d A b s o r p t i o n 

E l e c t r o m a g n e t i c r a d i a t i o n can o n l y be absorbed by a 
m o l e c u l e , when i t s f r e q u e n c y i s i n resonance w i t h a m o l e c u l a r 
e i g e n f r e q u e n c y and the m o l e c u l a r d i p o l e moment i s c h a n g i n g w i t h 
t h i s f r e q u e n c y . T h i s h o l d s i n the d i p o l e a p p r o x i m a t i o n , where 
magnetic d i p o l e s , e l e c t r i c q u a d r u p o l e s and h i g h e r m u l t i p o l e s 
a r e n e g l e c t e d . When the m o l e c u l a r energy l e v e l c o r r e s p o n d s t o a 
V i b r a t i o n , the e l e c t r o m a g n e t i c r a d i a t i o n has a f r e q u e n c y i n the 
i n f r a r e d r e g i o n o f the spectrum. 

The e l e c t r i c d i p o l e moment p i s a v e c t o r w i t h the components 
Up. The t r a n s f o r m a t i o n p r o p e r t i e s o f th e s e components a r e the 
same as t h a t o f the c a r t e s i a n c o o r d i n a t e s . T h e r e f o r e the c h a r a c 
t e r o f the t r a n s f o r m a t i o n m a t r i x o f the d i p o l e moment i s e q u a l 
to the c o n t r i h u t i o n o f the c o o r d i n a t e s o f one atom t o the 
c h a r a c t e r o f the symmetry O p e r a t i o n 

X M ( S J ) = XQCSJ) = 2cos ^ + (- 1 ) k (8) 

and can be found i n T a b l e 1. F o r completeness we w r i t e the 
numbers i n t o l i n e 13 o f T a b l e 3 f o r our example. 

Now one can c a l c u l a t e i n which symmetry s p e c i e s the 
V i b r a t i o n r e s u l t s i n a change o f one o r more d i p o l e moment 
components from the f o r m u l a 

( y ) . . . 
where n^ i s the number o f d i p o l e moment components i n s p e c i e s 
Y-

I n our example we o b t a i n f o r i n s t a n c e f o r the s p e c i e s A^ u 

n M A 2 u ) = h ( 1 * 1 # 3 + 0 + 3 - ( - 1 ) - ( - l ) + l - ( - l ) - ( - 3 ) + 0 + 3 - l - l ) = 
= p 2 (3+3+3+3) = | | = 1 , 
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so t h a t the 5 v i b r a t i o n s o f s p e c i e s A 2 U a r e found t o be i n f r a r e d 
a c t i v e . The o t h e r n$ are g i v e n i n column 9 o f T a b l e 3 and we 
see t h a t the o t h e r two d i p o l e moment components o c c u r i n s p e c i e s 
E u , whereas the v i b r a t i o n s o f the gerade s p e c i e s a r e i n f r a r e d 
i n a c t i v e as r e q u i r e d by the p r i n c i p l e o f mutual e x c l u s i o n . The 
sum of a l l ti^Y) must always be 3, because t h e r e a r e 3 components 
o f a d i p o l e moment. 

3.2. S e l e c t i o n Rules f o r the L i n e a r Raman E f f e c t 

Raman s c a t t e r i n g i s based on the temp o r a l change o f the 
p o l a r i z a b i l i t y t e n s o r w i t h t he components otp a. The components 
o f a second rank t e n s o r a r e t r a n s f o r m e d as the p r o d u c t s o f the 
c a r t e s i a n c o o r d i n a t e s pa. The c h a r a c t e r o f i t s r e p r e s e n t a t i o n 
i s 

X a ( S . ) = 2 c o s T 2 c o s ^ ~ + (±l) k | (10) 

and the r e s u l t i n g numbers a r e a l s o g i v e n i n T a b l e 1 and a r e 
t r a n s f e r r e d to l i n e 14 i n T a b l e 3. 

The s e l e c t i o n r u l e s f o r the components o f a Symmetrie 
p o l a r i z a b i l i t y t e n s o r can be o b t a i n e d from the f o r m u l a 

(y) . . . 
where n^' 7 i s the number o f p o l a r i z a b i l i t y components t h a t 
changes w i t h a V i b r a t i o n o f s p e c i e s y. 

For our example c y c l o h e x a n e the c a l c u l a t i o n i s performed 
f o r s p e c i e s Eg. 

^ E g ) = h I 1-2-6+0+0+1-2-6+0+0 
a 12 { 

= j | (12+12) = 2 - j | = 2 - 2 = 4 

and the r e s u l t i s t r a n s f e r r e d to column 10 o f T a b l e 3. F o r the 
t o t a l l y Symmetrie r e p r e s e n t a t i o n A j g the c a l c u l a t i o n y i e l d s 
n ( A j g ) - 29 a l l o t h e r n ^ ) a r e z e r o , the sum must always be 6, 
tße number o f independent components o f a Symmetrie second rank 
t e n s o r . 
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I f the p o l a r i z a b i l i t y t e n s o r can a l s o be p a r t l y a n t i 
s ymmetric, a s e p a r a t e c a l c u l a t i o n must be performed w i t h the 
c h a r a c t e r o f the r e p r e s e n t a t i o n o f an a n t i - s y m m e t r i c t e n s o r , 

X - ( S . ) = ± 2 c o s — + 1 (12) 

where et denotes the a n t i - s y m m e t r i c p a r t o f the p o l a r i z a b i l i t y 
t e n s o r . We see, t h a t 

X 5 ( S j ) = X 0 ( S j ) f o r p r o p e r and 

X-(S.) = ~ x n ( S . ) f o r improper symmetry 

O p e r a t i o n s . The r e s u l t o f the c a l c u l a t i o n i s n ^ 2 g ) = \ a n d 
n5p Eg)= 2 w i t h the o t h e r n - ^ ) = 0. T h i s means, t h a t the two 
s i l e n t A£g v i b r a t i o n s o f c y c l o h e x a n e may become Raman a c t i v e 
w i t h resonance e x c i t a t i o n . 

W i t h the number o f non-zero p o l a r i z a b i l i t y components i n a 
g i v e n symmetry s p e c i e s we do not y e t know, which components these 
a r e . But w i t h more d e t a i l e d c a l c u l a t i o n s a l s o t h e s e r e s u l t s can 
be o b t a i n e d and a r e i n c l u d e d i n the c h a r a c t e r t a b l e s ( 1 , 2, 4, 
15). As example the p o l a r i z a b i l i t y components f o r p o i n t group 
3m=p3d a r e g i v e n i n T a b l e 4. 

I n g e n e r a l the t o t a l l y Symmetrie i r r e d u c i b l e r e p r e s e n t a t i o n 
i s always Raman a c t i v e and y i e l d s p o l a r i z e d Raman l i n e s . F o r 
m o l e c u l e s w i t h a c e n t e r o f i n v e r s i o n the p r i n c i p l e o f mutual 
e x c l u s i o n r e s u l t s , gerade v i b r a t i o n s b e i n g Raman a c t i v e and 
ungerade v i b r a t i o n s i n f r a r e d a c t i v e . 

But our example c y c l o h e x a n e shows, t h a t t h e r e a r e a l s o 
s i l e n t modes (2 A2g and 3 A j u ) w h i c h can n o t be obser v e d 
d i r e c t l y w i t h e i t h e r o f the two e f f e c t s . For these s i l e n t modes 
the hyper Raman e f f e c t s become i m p o r t a n t . 

3.3. S e l e c t i o n R u l e s f o r Hyper Raman S c a t t e r i n g 

The i n t e n s i t y o f hyper Raman s c a t t e r i n g i s dependent on the 
temporal change o f the h y p e r p o l a r i z a b i l i t y w i t h the normal 
v i b r a t i o n s o f the m o l e c u l e . The h y p e r p o l a r i z a b i l i t y i s a t h i r d 
rank t e n s o r w i t h the components 3 p a T w h i c h t r a n s f o r m as the 
t r i p l e p r o d u c t s o f the c o o r d i n a t e s POT . The c h a r a c t e r o f the 
r e p r e s e n t a t i o n o f a Symmetrie t h i r d rank t e n s o r i s 
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T a b l e 4. Components of d i p o l e moment v e c t o r , p o l a r i z a b i l i t y 
and h y p e r p o l a r i z a b i l i t y t e n s o r d e r i v a t i v e s f o r p o i n t 
group 3mEp . 

S p e c i e s V e c t o r Symmetrie t e n s o r A n t i - s y m m e t r i c t e n s o r 

l g 
a +a ,a xx yy z z 

2g 
a 
xy 

E 
g 

(a -a ,a ) xx yy xy 
(a ,a ) yz zx (a ,a ) y z z x 

A l u 3 -33 xxx xyy 3 -3 xyz y z x 

A 2 u 3 ,3 +3 , z z z zxx y y z 

3 -33 
yyy xxy 

3 +3 xxz y y z 

E 
u 

( 3 z z x ) 3 y z z ) 

(3 ,3 -3 ) xyz z x x y y z 

(3 +3 ,3 +3 ) xxx xyy yyy xxy 

(3 ,3 ) xxy y y x 

(3 ,3 ) z z x z z y 

(3 -3 ,3 +3 ) x x z y y z xyz y z x 
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X ß ( S . ) - 2 c o s ^ 4 c o s ^ ± zcos 1 
p p 

(13) 

and the r e s u l t i n g numbers f o r t h e i m p o r t a n t symmetry O p e r a t i o n s 
are g i v e n i n T a b l e 1. F o r c y c l o h e x a n e the r e s u l t s a r e w r i t t e n 
i n t o l i n e 15 i n T a b l e 3. 

The f o r m u l a f o r the s e l e c t i o n r u l e s i s a g a i n v e r y s i m i l a r 
t o the p r e v i o u s ones, the number o f h y p e r p o l a r i z a b i l i t y components 
cha n g i n g i n symmetry s p e c i e s y i s 

( Y ) d ^ ( Y ) * 

For c y c l o h e x a n e the s i l e n t A j u modes become hyper Raman 
a c t i v e , 

n £ A l u ) = I (1-1-10+2-1-1+3-1-(-2) + 1• ( - ! ) • ( - 1 0 ) + ( - 1 0 ) + 2 - ( - 1 ) • ( - 1 ) + P 12 

+ 3 - ( - l ) - 2 ) = I (10+2-6+10+2-6) = j | = 1 , 

so t h a t one h y p e r p o l a r i z a b i l i t y component d e r i v a t i v e i s d i f f e r e n t 
from z e r o . The o t h e r components o c c u r i n the i n f r a r e d a c t i v e 
s p e c i e s Ä 2 U and E u . T h i s r e f l e c t s the g e n e r a l r e s u l t t h a t a l l 
i n f r a r e d a c t i v e v i b r a t i o n s a r e a l s o hyper Raman a c t i v e . 

The d i s t r i b u t i o n o f the 10 components o f the Symmetrie 
h y p e r p o l a r i z a b i l i t y t e n s o r d e r i v a t i v e and t h e i r l i n e a r combina-
t i o n s i n the t h r e e hyper Raman a c t i v e s p e c i e s i s g i v e n i n T a b l e 
4. I n a d d i t i o n the 8 components of the a n t i s y m m e t r i c p a r t o f 
the t e n s o r a r e g i v e n , however, they do not l e a d t o a d d i t i o n a l 
hyper Raman a c t i v i t y i n t h i s p o i n t group. 

The hyper Raman spe c t r u m of c y c l o h e x a n e has been i n v e s t i 
gated by H i r a y a , Udagawa, and I t o ( 1 7 ) . I n a d d i t i o n t o the 
e s t a b l i s h e d i n f r a r e d a c t i v e fundamentals (18) they found a 
s t r o n g hyper Raman band a t 1107 cm"' which they a s s i g n to 
e i t h e r the v g ( A j u ) o r v ^ ( A j u ) fundamental V i b r a t i o n . An i n -
v e s t i g a t i o n o f the hyper Raman spectrum w i t h b e t t e r r e s o l u t i o n 
might show, whether o n l y one o r perhaps b o t h fundamental 
v i b r a t i o n s o c c u r i n t h i s wavenumber r e g i o n . I t may be mentioned 
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a t t h i s p o i n t t h a t F a l g e and S c h u l l e r (19) found two weak 
i n f r a r e d bands a l s o i n the vapor phase a t 1095 cm"' and 1113cm -' 
w h i c h they a s s i g n e d to t r i p l e and q u a d r u p l e c o m b i n a t i o n s , 
because a s i l e n t mode s h o u l d not show up i n t h e spe c t r u m o f the 
f r e e m o l e c u l e . 

3.4. S e l e c t i o n R u l e s f o r Second Hyper Raman S c a t t e r i n g 

From T a b l e 3 we see t h a t t he two A2g v i b r a t i o n s a r e s i l e n t 
a l s o i n the f i r s t hyper Raman e f f e c t . I n o r d e r t o ob s e r v e them 
d i r e c t l y the second hyper Raman e f f e c t would have t o be used, 
the s c a t t e r e d i n t e n s i t y o f which i s caused by a te m p o r a l change 
o f the components Y p a T l ) o f the f o u r t h r a n k t e n s o r o f the second 
h y p e r p o l a r i z a b i l i t y . T h i s t e n s o r t r a n s f o r m s as the q u a d r u p l e 
p r o d u c t of the c o o r d i n a t e s poxu. The c h a r a c t e r o f the r e p r e s e n 
t a t i o n i s now 

X (S.) = 2 c o s — 
Y J P 

0 3 2irk , , o 2irk . 2irk _ .1 ,. ,, c\ 
8 c o s ö ± 4 c o s z 4cos + 1 + 1 , (15) 

P P P J 

these numbers are g i v e n i n T a b l e 1 i n the l a s t column, and f o r 
c y c l o h e x a n e i n the l a s t l i n e of T a b l e 3. 

The number of second h y p e r p o l a r i z a b i l i t y components 
c h a n g i n g w i t h v i b r a t i o n s i n symmetry s p e c i e s y i s c a l c u l a t e d 
w i t h the f o r m u l a 

For s p e c i e s A2g i n the p o i n t group 3m=V ^d t h i s becomes 

n y A 2 g ) = f2 O - l - 1 5 + 0 + 3 - ( - l ) - 3 + l - l - 1 5 + 0 + 3 - ( - l ) - 3 ) = 

= p 2 (15-9+15-9) = | | = 1 

and t h i s r e s u l t i s t r a n s f e r r e d t o the l a s t column of T a b l e 3. 
The o t h e r components show up i n s p e c i e s A j g and Eg, t h e i r t o t a l 
number i s 15 f o r a Symmetrie second h y p e r p o l a r i z a b i l i t y t e n s o r . 
The components i t s e l f were t a b u l a t e d by C h r i s t i e and Lockwood 
( 6 ) . A l l Raman a c t i v e v i b r a t i o n s a r e a l s o a c t i v e i n the second 
hyper Raman e f f e c t . 
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Ta b l e 5. Number o f v i b r a t i o n s , i n f r a r e d a c t i v i t y (M), 
Raman ( a ) , hyper-Raman (ß), and second hyper 
Raman (y) a c t i v i t y f o r l i n e a r m o l e c u l e s w i t h 
N atoms 

a) P o i n t group C^-oom 

( A j ) = E (N-l,M,a,ß,y) 

( A 2 ) - Z"(0,-,-,-,-) 

( E j ) - n(2.(N-2),M,a,ß,y) 

( E 2 ) = A(0,-,ct,ß,y) 

( E 3 ) = $(0,-,-,ß,y) 

b) P o i n t group V> ^"/m m 

N even o r |_N odd] , r e s p e c t i v e l y 

N - f (A. ) = 1+ (-N 

l g ' 
, -,O,-,Y) 

(V = z l ( 0 ' - ' - ' - ' _ ) 

<V - n g ( 2 . ( f - D 
N-3 ,-,a,-,y) 

(E 2 ) = A G (0,-,O,-,Y) 

( A l u ) = Z u (0,-,-,-,-) 

(A„..) = Z+ ä- 1 2u y J u v2 
N-l 

( E l u ) = n u ( 2 . ( f - . ) 

, M , - , ß , - ) 

" N - l 
2 J 

, M , - , ß , - ) 

(E 2 U) = A U ( 0 , - , - , ( * , - ) 
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No e x p e r i m e n t a l r e s u l t s on the second hyper Raman e f f e c t 
a r e known u n t i l now. 

The v a r i o u s t e c h n i q u e s of a c t i v e o r c o h e r e n t Raman 
s p e c t r o s c o p y , t h a t are based on t h e n o n l i n e a r t h i r d o r d e r 
s u s c e p t i b i l i t y x ^ » have the same s e l e c t i o n r u l e s as the 
l i n e a r Raman e f f e c t , because x ^ i s l i n e a r l y p r o p o r t i o n a l 
to the Raman s c a t t e r i n g c r o s s s e c t i o n s (see e.g. Ref. ( 2 0 ) ) . 

4. LINEAR MOLECULES 

L i n e a r m o l e c u l e s have 3N-5 v i b r a t i o n a l degrees of freedom 
and b e l o n g to the c o n t i n u o u s p o i n t groups °°m5CcoV

 o r " / M r P ^ . 
For completeness, i n T a b l e 5 the number o f v i b r a t i o n s i n the 
v a r i o u s symmetry s p e c i e s i s g i v e n f o r a l i n e a r m o l e c u l e w i t h 
N atoms, t o g e t h e r w i t h the s e l e c t i o n r u l e s f o r i n f r a r e d a b s o r p 
t i o n and the Raman e f f e c t s . 

5. C0NCLUSI0N 

The scope of t h i s a r t i c l e i s t o g i v e the r e a d e r a v e r y 
s i m p l e i n t r o d u c t i o n i n t o the use o f group t h e o r y i n m o l e c u l a r 
s p e c t r o s c o p y and i t s a p p l i c a t i o n to the d e r i v a t i o n o f the 
s e l e c t i o n r u l e s f o r the v a r i o u s Raman s c a t t e r i n g p r o c e s s e s . 
For a more r i g o r o u s t r e a t m e n t and a deeper u n d e r S t a n d i n g the 
s p e c i a l i z e d l i t e r a t u r e has t o be c o n s u l t e d . 

I n f r e e l y o r i e n t e d m o l e c u l e s i n the gaseous o r l i q u i d S t a t e 
o n l y the i n v a r i a n t s o f the h y p e r p o l a r i z a b i l i t y t e n s o r d e t e r m i n e 
the d e p o l a r i z a t i o n r a t i o s o f hyper Raman bands (7, 8) by wh i c h 
an e x p e r i m e n t a l d i s t i n c t i o n o f the symmetry s p e c i e s i s p o s s i b l e . 
I n c r y s t a l s the r e l a t i v e magnitudes o f the hyper Raman t e n s o r 
components i t s e l f can be de t e r m i n e d ( 1 1 ) , i n a n a l o g y t o the 
d e t e r m i n a t i o n of Raman t e n s o r components (21-25). 
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THEORY OF HYPER RAYLEIGH AND HYPER RAMAN SCATTERING 

D. A. Long 

S c h o o l o f C h e m i s t r y 
U n i v e r s i t y o f B r a d f o r d 
B r a d f o r d , West Y o r k s h i r e 
U n i t e d Kingdorn 

1. INTRODUCTION 

I t i s n o t p o s s i b l e t o c o n s i d e r i n d e t a i l a l l a s p e c t s o f 
t h e t h e o r y o f h y p e r R a y l e i g h and hype r Raman s c a t t e r i n g h e r e , 
The m a j o r i t y o f t h i s c h a p t e r w i l l be d e v o t e d t o c o n s i d e r a t i o n 
o f t h e t h e o r y o f v i b r a t i o n a l s c a t t e r i n g f r om an assembly o f 
f r e e l y r o t a t i n g n o n - i n t e r a c t i n g m o l e c u l e s . 

We s h a l l f i r s t c o n s i d e r b r i e f l y a c l a s s i c a l t r e a t m e n t o f 
h y p e r R a y l e i g h and hyper Raman s c a t t e r i n g t o e s t a b l i s h t h e 
f r e q u e n c y dependence o f t h e s c a t t e r i n g , We s h a l l t h e n 
i n t r o d u c e t h e t r a n s i t i o n h y p e r p o l a r i z a b i l i t y t e n s o r and p r o c e e d 
t o a d e t a i l e d c o n s i d e r a t i o n o f t h e s e l e c t i o n r u l e s and 
p o l a r i z a t i o n p r o p e r t i e s a s s o c i a t e d w i t h v i b r a t i o n a l h y p e r Raman 
s c a t t e r i n g , Some s p e c i f i c c a s e s w i l l t h e n be examined. 

2. CLASSICAL THEORY 

To a v o i d o v e r - g e n e r a l i s a t i o n ( w h i c h would encumber us w i t h 
sübscripts and i n any case does n o t r e l a t e t o r e a l e x p e r i m e n t a l 
s i t u a t i o n s ) we s h a l l c o n s i d e r t h e f o l l o w i n g s p e c i a l c a s e . 

The s c a t t e r i n g system i s l o c a t e d a t t h e o r i g i n o f a s e t o f 
C a r t e s i a n s p a c e - f i x e d axes X, Y 9 Z. The r a d i a t i o n o f c i r c u l a r 
f r e q u e n c y 0 )

o
 (and adequate i r r a d i a n c e l ) i s i n c i d e n t a l o n g t h e 

Z a x i s and i s p l a n e p o l a r i z e d such t h a t Ey^O and Ex = E% = 0. 
The s c a t t e r i n g s y s t e m i s c o n s i d e r e d t o be a s i n g l e non-rotating 
d i a t o m i c m o l e c u l e w i t h one m o l e c u l a r V i b r a t i o n o f c i r c u l a r 
f r e q u e n c y co^ and t h e s c a t t e r i n g i s o b s e r v e d a l o n g X. We t h u s 
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F i g . 1. I l l u m i n a t i o n - o b s e r v a t i o n geometry. 

Note: f o l l o w i n g Long ( l ) t h e s y m b o l ^ I ^ (%) i s t o be r e a d 
s e q u e n t i a l l y as i n c i d e n t r a d i a t i o n p o l a r i z e d 
perpendiaular (-L) t o t h e s c a t t e r p l a n e , radiant 
intensity ( i ) o f s c a t t e r e d r a d i a t i o n p o l a r i z e d 
perpendicular ( J - ) t o t h e s c a t t e r p l a n e and 
p r o p a g a t i n g a l o n g a d i r e c t i o n i n t h e s c a t t e r p l a n e 
making an angle t o t h e d i r e c t i o n o f t h e 
i n c i d e n t r a d i a t i o n . 
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need t o c a l c u l a t e t h e Y and Z components o f t h e second o r d e r 
i n d u c e d e l e c t r i c d i p o l e , p ( 2 ) and PJL 2) (see F i g . l ) 

I t f o l l o w s from eq.. (.3) i n t h e p r e v i o u s c h a p t e r t h a t 

P ( 2 ) = — 3 E 2 (1) Y 2 YYY Y K J 

and 

S i n c e i n what f o l l o w s we a r e i n t e r e s t e d o n l y i n t h e t i m e 
dependence o f p ( 2 ) we can f o r c o n v e n i e n c e i n t h e e n s u i n g 
mathematics t e m p o r a r i l y drop t h e s u b s c r i p t s and w r i t e as a 
g e n e r a l i s a t i o n o f eqs. ( l ) and (2) 

P U ) = | 8 E 2 (3) 

We now i n t r o d u c e t h e t i m e dependence o f t h e q u a n t i t i e s i n 
eq. ( 3 ) . We w r i t e f o r r a d i a t i o n o f c i r c u l a r f r e q u e n c y U ) Q 

E = E cos o) t : (1+) o o ' 
f o r t h e normal c o o r d i n a t e Q w i t h m o l e c u l a r f r e q u e n c y U ) ^ , i n t h e 
s i m p l e harmonic a p p r o x i m a t i o n 

Q = Q q cos w M t (5) 

where Q Q i s t h e a m p l i t u d e ; and f o r t h e dependence o f ß on Q t o 
a f i r s t a p p r o x i m a t i o n 

. * ( I i « 

where ß Q i s t h e e q u i l i b r i u m v a l u e o f t h e h y p e r p o l a r i z a b i l i t y . 
I n t r o d u c i n g eqs. ( M , (5)» and (6) i n t o eq. ( 3 ) , we o b t a i n , 
a f t e r a l i t t l e rearrangement and t h e use o f t r i g o n o m e t r i c 
i d e n t i t i e s 

2 cos A cos B = cos (A + B) + cos (A - B) (?) 

2 c o s 2 A = 1 + cos 2A (8) 

( 2 ) 
t h e f o l l o w i n g e x p r e s s i o n f o r P 

P ( 2 ) = P
( 2 ) ( a ) = o ) + P ( 2 ) ( 2 a ) ) + P ( 2 ) ( 2 c o ± Ü U + P ( 2 ) ( o U (9) 

O O M M 
where 
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p ( 2 l ( o ) = o) = f ß E 2 

4 O O 

f 2 ) 1 

P V '(2ü> ) = T- 0 E 2 c o s 2o> t o o 

(10) 

(11) 

P ^ ( 2 ü ) ±<0 = i ( l ! l Q E 2{cos(2o) +üjM)t+cos(2w - c O t } (12) o M o V o Q / o o o M o M * 'o 

' o 

A l l t h e s e s e c o n d - o r d e r i n d u c e d d i p o l e s depend, as e x p e c t e d , on 
t h e Square o f t h e a m p l i t u d e o f t h e e l e c t r i c f i e l d i n t e n s i t y . 

We see t h a t t h r o u g h t h e h y p e r p o l a r i z a b i l i t y , second o r d e r 
( o r n o n - l i n e a r ) i n d u c e d d i p o l e s w i t h f i v e d i f f e r e n t f r e q u e n c y 
dependences can r e s u l t . Two w i l l n ot c o n c e r n us f u r t h e r h e r e : 
p( )(CÜ= 0) w h i c h g i v e s r a d i a t i o n a t z e r o f r e q u e n c y , i . e . , a 
s t a t i c e l e c t r i c f i e l d , and p( )(^M) w h i c h produces r a d i a t i o n a t 
th e m o l e c u l a r f r e q u e n c y Of i n t e r e s t t o 1 us a r e p( 2)(2ü) 0) 
which produces r a d i a t i o n a t 2a) 0, i . e . , h y p e r R a y l e i g h s c a t t e r i n g , 
and p( ) ( 2O)0±O)M) w h i c h produce r a d i a t i o n a t 2a)o±0)M, i . e . , S t o k e s 
and a n t i - S t o k e s h y p e r Raman s c a t t e r i n g . 

We have t h u s a c c o u n t e d f o r t h e o b s e r v e d wavenumbers o r 
f r e q u e n c i e s o f n o n - l i n e a r o r i g i n which a r e termed h y p e r 
R a y l e i g h and Raman s c a t t e r i n g . I n a d d i t i o n , we see t h a t f o r 
hyper R a y l e i g h s c a t t e r i n g t o o c c u r a t l e a s t one o f t h e 
components o f t h e e q u i l i b r i u m h y p e r p o l a r i z a b i l i t y t e n s o r ß Q 

must be n o n - z e r o ; and f o r hyper Raman s c a t t e r i n g a t l e a s t one 
o f t h e components o f t h e d e r i v e d h y p e r p o l a r i z a b i l i t y t e n s o r 
must be no n - z e r o . F o r f u r t h e r i n s i g h t i n t o t h e s e l e c t i o n r u l e s 
and p o l a r i z a t i o n p r o p e r t i e s , we must t u r n t o t h e t r a n s i t i o n 
h y p e r p o l a r i z a b i l i t y . 

3. THE TRANSITION HYPERPOLARIZABILITY 

For t h e s p e c i a l i l l u m i n a t i o n and O b s e r v a t i o n case d e f i n e d 
i n S e c t i o n 2 above and F i g . 1, t h e t i m e - i n d e p e n d e n t quantum 
m e c h a n i c a l analogues o f eqs. ( l ) and (2) a r e 

O f 1 o 

and 
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o f i o 

where t h e s u b s c r i p t f o f denotes an a m p l i t u d e . Eqs. ( i k ) and 
(15) r e l a t e t o Stokes h y p e r Raman s c a t t e r i n g o f f r e q u e n c y 
dependence 2OJ 0-Ü) m, when t h e s u b s c r i p t s ' f i 1 r e f e r t o a 
fundamental v i b r a t i o n a l t r a n s i t i o n ( v f = l ) «- ( v i = 0) 
a s s o c i a t e d w i t h a g i v e n normal mode Q M o f c i r c u l a r f r e q u e n c y 
and t o h y p e r R a y l e i g h s c a t t e r i n g o f f r e q u e n c y dependence 2u) 0 

when f = i . 

I n t h e P l a c z e k a p p r o x i m a t i o n f o r a f u n d a m e n t a l v i b r a t i o n a l 
t r a n s i t i o n a s s o c i a t e d w i t h 

KYYI - ^ V ^ m l V S . ^ ( l 6 ) 

1 ,u 

w i t h ßyYY a F u n c t i o n °£ n u c l e a r c o o r d i n a t e s o n l y . I n t h e 
a p p r o x i m a t i o n o f e l e c t r i c a l and m e c h a n i c a l h a r m o n i c i t y eq. ( l 6 ) 
becomes 

where 

k. INTENSITIES AND DEPOLARIZATION RATIOS 

The i n t e n s i t y o f s c a t t e r i n g (power p e r s t e r a d i a n ) a t 90° 
t o a d i p o l e i s g i v e n by ( l ) 

I = - ( 1 9 ) 
32TT 2 G c 3 

o 

where co i s t h e c i r c u l a r f r e q u e n c y o f t h e r a d i a t i o n , P Q i s t h e 
a m p l i t u d e o f t h e i n d u c e d e l e c t r i c d i p o l e , e 0 i s t h e p e r m i t t i v i t y 
o f f r e e space and c t h e v e l o c i t y o f l i g h t . 

Thus t h e i n t e n s i t i e s o f s c a t t e r i n g a l o n g t h e X d i r e c t i o n 
w i t h e l e c t r i c v e c t o r s p e r p e n d i c u l a r and p a r a l l e l t o t h e s c a t t e r 
p l a n e XZ are g i v e n by 
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I 
32TT^£ c~ o 

and 

32TT 2 G C 3 

(21) 

where 0) i s t h e c i r c u l a r f r e q u e n c y o f t h e s c a t t e r e d r a d i a t i o n , 
t h a t i s 2o)0-u)j4 f o r Stokes hyper Raman and 2u) 0 f o r h y p e r 
R a y l e i g h s c a t t e r i n g , U s i n g eqs. ( l U ) and (15) and i n t r o d u c i n g 
t h e i r r a d i a n c e tf d e f i n e d ( l ) by 

1 ce g E 2 (22) 2 o & o 

where g i s t h e coherence f a c t o r 

327T 2e 3c 5 

o 
(23) 

l ' ^ 2 ; 3 2 T T 2 E 3 C 5 

o 

For f r e e l y r o t a t i n g m o l e c u l e s we t h e n have f o r i n c o h e r e n t 
s c a t t e r i n g 

- ^ 2 / 3 2 ^ 2 e 3 c s 

327T 2e 3c 5 

and 
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f 4 f ) • 

[ W i k 
[^YYY]& 

(27) 

(28) 

In terms o f t h e f i v e t y p e s o f 3 p r o d u c t s i n t r o d u c e d b y 
Andrews and Thirunamachandran and d i s c u s s e d i n t h e p r e v i o u s 
c h a p t e r [IpJ has t h e form 

I t f o l l o w s from eq ,^(27) t h a t t h e numerator o f eq. (29) g i v e s 
the^dependence o f -'-nĈ') a n < ^ ^ e denominator t h e dependence 
o f 1^ (Jpj on t h e f i v e t y p e s o f 3 p r o d u c t s . 

For t h e s p e c i a l case o f complete p e r m u t a t i o n symmetry o f 
t h e i n d i c e s t h e 3 products i n eq. (29) o f w e i g h t 2 a r e z e r o and 
t h e w e i g h t 1 p r o d u c t s become e q u a l w i t h a c o e f f i c i e n t o f 63. 

F o r complete p e r m u t a t i o n symmetry o f t h e i n d i c e s p i ( ^ ) 
can be r e a d i l y e x p r e s s e d i n terms o f q u a d r a t i c f u n e t i o n s 
o f h y p e r p o l a r i z a b i l i t y components r e f e r r e d t o m o l e c u l e - f i x e d 
axes u s i n g T a b l e 3 o f t h e p r e v i o u s c h a p t e r . 

5. GENERALISATIONS 

The C l a s s i f i c a t i o n o f 3 t e n s o r components a e c o r d i n g t o 
t h e i r w e i g h t s 1, 2 and 3 a f f o r d s a v e r y u s e f u l b a s i s f o r 
d i s c u s s i o n o f s e l e c t i o n r u l e s , and i n t e n s i t y and p o l a r i z a t i o n 
c h a r a c t e r i s t i c s i n v i b r a t i o n a l hyper Raman s c a t t e r i n g . ( 2 ) . 

Two i m p o r t a n t g e n e r a l i s a t i o n s can be made r e g a r d i n g 
s e l e c t i o n r u l e s . F i r s t , a l l i r a c t i v e modes a r e a l s o 
hyper-Raman a c t i v e s i n c e t h e weight 1 components o f t h e 3 t e n s o r 
t r a n s f o r m l i k e t h e e l e c t r i c d i p o l e moment. S e c o n d l y , f o r 
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centroSymmetrie m o l e c u l e s s i n c e o n l y ungerade modes a r e 
hyper-Raman a l l o w e d , such modes a r e Raman i n a c t i v e . However, 
f o r noncentrosymmetric Systems v i b r a t i o n a l modes w i t h t h e same 
symmetry as a we i g h t 2 component o f t h e ß t e n s o r can be Raman 
a c t i v e . A l t h o u g h t h i s i s a n e c e s s a r y r e q u i r e m e n t , i t i s n o t 
s u f f i c i e n t because t h e w e i g h t 2 components o f t h e Raman and 
hyper-Raman t e n s o r s , i n g e n e r a l , t r a n s f o r m d i f f e r e n t l y under 
r e f l e c t i o n . F o r example, f o r ( p r e v i o u s c h a p t e r ) 
o n l y E 2 i s both Raman and hyper-Raman a c t i v e . However, i n 
t h e pure r o t a t i o n ( c h i r a l ) groups C n, D n, T, 0 and I any 
Vibration b e l o n g i n g t o t h e same r e p r e s e n t a t i o n as a w e i g h t 2 
component o f t h e ß t e n s o r i s a l s o Raman a c t i v e . 

Hyper Raman a c t i v e modes can be c l a s s i f i e d i n t o s i x t y p e s . 

C l a s s A: F o r modes b e l o n g i n g t o t h i s c l a s s t h e ß 
t e n s o r has c o n t r i b u t i o n s o f w e i g h t s 1, 2, and 3. These 
modes a r e a l s o i r a c t i v e . I n v i e w o f t h e remarks made 
above, no g e n e r a l r u l e can be made about Raman a c t i v i t y ; 
each case has t o be a n a l y s e d s e p a r a t e l y . Examples o f 
C l a s s A a r e t h e V 3 ( E ) a n t i s y m m e t r i c s t r e t c h i n g and v 4 ( E ) 
b e n d i n g modes o f ammonia w h i c h a r e Raman a c t i v e and t h e 
V 7 ( B i u ) m o l e c u l a r b e n d i n g mode o f e t h y l e n e w h i c h i s Raman 
i n a c t i v e . 

C l a s s B: F o r t h e s e modes t h e ß t e n s o r has c o n t r i b u t i o n s 
o f w e i g h t s 2 and 3. They a r e c l e a r l y i r i n a c t i v e . 
Examples a r e t h e E f 1 modes (s u c h as t h e v 1 3 methylene 
r o c k i n g mode) o f c y c l o p r o p a n e and t h e Raman i n a c t i v e 
Vi+(A U) t o r s i o n a l mode o f e t h y l e n e . 

C l a s s C: These modes have b o t h w e i g h t s 1 and 3 
c o n t r i b u t i o n s . C o n s e q u e n t l y , t h e y a r e always i r a c t i v e 
and Raman i n a c t i v e . An example o f t h i s t y p e i s t h e 
V 3 ( A 2 U ) o u t - o f - p l a n e bending mode i n xenon t e t r a f l u o r i d e 
o f D i i ^ symmetry. 

C l a s s D: F o r t h e c l a s s D modes t h e c o n t r i b u t i o n s a r e 
o f w e i g h t 3 a l o n e . Hence, t h e s e modes a r e b o t h i r and 
Raman i n a c t i v e . An example o f t h i s t y p e i s t h e V e ( B i u ) 
hydrogen s t r e t c h i n benzene 

C l a s s E: The ß t e n s o r f o r t h e s e modes has w e i g h t 2 
c o n t r i b u t i o n s o n l y . Hence, t h e s e modes a r e i r i n a c t i v e , 
b u t can he Raman a c t i v e . F o r example, t h e Raman-active 
\>2(E) d e f o r m a t i o n modes o f methane b e l o n g t o t h i s c l a s s , 
as does t h e Raman-in a c t i v e V i + ( A j f ) methylene t w i s t i n g 
mode o f c y c l o p r o p a n e . 
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C l a s s F: The f i n a l c l a s s conta,ins t h o s e modes wh i c h 
haye o n l y w e i g h t 1 c o n t r i b u t i o n s . These modes a r e i r 
a c t i y e b u t Raman i n a c t i v e . M o l e c u l e s b e l o n g i n g t o t h e 
common m o l e c u l a r p o i n t groups cannot have modes o f t h i s 
t y p e ; such modes a r e found o n l y i n m o l e c u l e s o f 
i c o s a h e d r a l symmetry. 

C e r t a i n g e n e r a l i s a t i o n s r e g a r d i n g P x ( ^ v a l u e s can a l s o be 
made. I t i s c l e a r f rom eq. (29) t h a t f o r c l a s s D modes w h i c h 
have w e i g h t 3 t e n s o r p r o d u c t s o n l y , P±(jp) = £; and f o r c l a s s E 
modes w h i c h have w e i g h t 2 c o n t r i b u t i o n s o n l y t h e r a t i o i s 0 0. 
T h i s l a t t e r b e h a v i o u r i s unknown i n Raman s c a t t e r i n g except 
under resonance c o n d i t i o n s . The c l a s s D and c l a s s E r e s u l t s 
are o f s p e c i a l i n t e r e s t s i n c e t h e y c o r r e s p o n d t o modes w h i c h 
a r e a c t i v e i n hyper-Raman s c a t t e r i n g b u t not i n i r a b s o r p t i o n ; 
t h e o t h e r c l a s s o f i r i n a c t i v e modes, namely, c l a s s B, s h o u l d 
e x h i b i t d e p o l a r i z a t i o n r a t i o s i n t e r m e d i a t e between t h e c l a s s D 
and c l a s s E v a l u e s . Thus i n g e n e r a l a l l i r - i n a c t i v e , h y p e r -
Raman-active modes do not have t h e same d e p o l a r i z a t i o n r a t i o s . 

F o r t h e s p e c i a l case o f complete p e r m u t a t i o n symmetry o f 
th e i n d i c e s weight 2 c o n t r i b u t i o n s a r e z e r o . Thus 
would have an upper l i m i t o f ̂  and cannot go t o i n f i n i t y ; 
c l a s s E modes wo u l d he i n a c t i v e ; and c l a s s B and c l a s s D modes, 
t h a t i s i r i n a c t i v e , hyper-Raman-active modes, would have t h e 
same ("^ v a l u e s . 

6. EXAMPLES 

The a p p l i c a t i o n o f t h e f o r e g o i n g t h e o r y t o s e v e r a l 
m o l e c u l e s w i l l now be c o n s i d e r e d . 

A. Benzene, C 6 H 6 ( p o i n t group D 6^) 

T h i s m o l e c u l e has 30 fundamental modes o f V i b r a t i o n and 
20 d i s t i n e t f r e q u e n c i e s . We see fr o m T a b l e 1 t h a t k o f t h e s e 
a r e i n f r a - r e d a c t i v e ( l A 2 u + 3 E l u ) and a n o t h e r 7 a r e Raman 
a c t i v e (2 A j g + 1 E l g + h E 2 g ) . Thus 9 modes a r e 
s p e c t r o s c o p i c a l l y i n a c t i v e (as f u n d a m e n t a l s ) u s i n g normal 
s p e c t r o s c o p i c t e c h n i q u e s . I n t h e h y p e r Raman e f f e c t 10 modes 
are a c t i v e , t h e h i n f r a - r e d a c t i v e modes and 6 o t h e r w i s e 
i n a c t i v e modes (2 B i u , 2 Bzu and 2 E2u) • T n e B i u a n d B 2 u modes 
b e l o n g t o c l a s s D (weight 3 o n l y ) and so have p j . l l ) B * / * -

I t i s i n t e r e s t i n g t o note t h a t t h e a n t i s y m m e t r i c ( w e i g h t l ) 
a t e n s o r component b e l o n g s t o c l a s s A 2 g , so t h a t f o r c o n d i t i o n s 
under w h i c h t h e a t e n s o r becomes non-symmetric t h i s A 2 g mode 
which i s o t h e r w i s e i n a c c e s s i b l e would be a c t i v e . The modes o f 
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T a b l e 1. Symmetry c l a s s e s for u, ex, and ß f o r p o i n t group D 6 h 

and r e l a t i o n t o benzene f u n d a m e n t a l v i b r a t i o n s . 

Symmetry Number o f 
s p e c i e s y a w e i g h t s 3 w e i g h t s f r e q u e n c i e s 

a 0 , 2 2 
A 2 g a 1 1 

B ! g 0 

B>g 2 
E l g a 1. 2 1 

E * g a 2 1+ 
A i u 3 2 0 

A 2 U y 3 1, 3 1 

B 1 U 3 3 2 
B 2 U 3 3 2 
E 1 U y 3 1, 2 , 3 3 

E 2 U 3 2, 3 2 

c l a s s B 2 g wh i c h a r e i n f r a - r e d , Raman and h y p e r Raman i n a c t i v e 
a r e a c t i v e i n t h e second h y p e r Raman e f f e c t w h i c h i s c o n t r o l l e d 
by t h e f o u r t h r ank second h y p e r p o l a r i z a b i l i t y t e n s o r y. 

B. E t h y l e n e , C2Ek ( p o i n t group D 2 h ) 

E t h y l e n e has 12 v i b r a t i o n a l modes o f symmetry s p e c i e s 
A g ( 3 ) , B l g ( 2 ) , B 2 g ( l ) , A u ( l ) , B l U ( l ) , B 2 U ( 2 ) , and B 3 u ( 2 ) . 
0? t h e s e o n l y t h e s i x w i t h ungerade c h a r a c t e r a r e hyper-Raman 
a c t i v e ; t h e B u modes a r e a l s o i r a c t i v e . The r e p r e s e n t a t i o n s 
spanned hy t h e components o f t h e 3 t e n s o r a r e 

Weight 1: 2 B l u + 2 B 2 u + 2B 3 u, 
Weight 2: 2A U + B l u + B 2 u + B 3 u ; 
Weight 3: A^ + 2 B l u + 2 B 2 U + 2B 3 u. 

Thus, t h e B u v i b r a t i o n a l modes b e l o n g t o c l a s s A ( c o n t a i n i n g 
w e i g h t s 1, 2, and 3) and t h e A u modes b e l o n g t o c l a s s B ( w i t h 
w e i g h t s 2 and 3 o n l y ) . 
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The v w ( A u l t o r s i o n a l mode o f e t h y l e n e , w h i c h i s "both i r 
and Raman i n a c t i v e , p r o v i d e s a n o t h e r example of t h e u s e f u l n e s s 
o f hyper-Raman s p e c t r a i n t h e s t u d y of m o l e c u l a r v i b r a t i o n s . 

An example of c l a s s A modes i s t h e m o l e c u l a r b e n d i n g mode 
Vi of B i u symmetry, 

C. C y c l o p r o p a n e , C 3 H 6 ( p o i n t group ^3^) 

Cyclop r o p a n e has 21 fun d a m e n t a l modes o f V i b r a t i o n : 
3 AJ + 1 AJ + U E 1 + 1 AJ + 2 A" + 3E". The components o f 
t h e 3 t e n s o r a s s o c i a t e d w i t h t h e Vix(A") methylene t w i s t i n g mode 
ar e e n t i r e l y of weight 2 c h a r a c t e r ; t h i s mode, w h i c h i s i r and 
Raman i n a c t i v e , b e l o n g s t o c l a s s E. On t h e assu m p t i o n of füll 
i n d e x symmetry f o r t h e 3 t e n s o r t h i s mode wo u l d n o t be hyper 
Raman a c t i v e . As n o t e d e a r l i e r t h e d e p o l a r i z a t i o n r a t i o f o r 
t h i s t y p e o f mode i s i n f i n i t e . 

D. Xenon t e t r a f l u o r i d e , XeFi* ( p o i n t group Du^) 

The m o l e c u l e XeFi+ has a v 5 ( B 2 u ) o u t - o f - p l a n e b e n d i n g mode 
b e l o n g i n g t o c l a s s B. T h i s i s t h e o n l y v i b r a t i o n a l mode o f 
XeF,, i n t h i s c l a s s . The V 3 ( A 2 u ) o u t - o f - p l a n e Den d i n g Vibration 
i s an example of a c l a s s C mode ( w i t h w e i g h t s 1 and 3)* 

E. Methane, CEh ( p o i n t group T^) 

The v 2 ( E ) mode of methane b e l o n g s to c l a s s E ( w e i g h t 2 o n l y ) . 
With füll p e r m u t a t i o n symmetry t h i s mode w o u l d n ot be hype r 
Raman a c t i v e . 

7. EXPERIMENTAL TECHNIQUES 

Hyper R a y l e i g h and Raman s c a t t e r i n g a r e many Orders o f 
magnitude l e s s i n t e n s e t h a n t h e i r l i n e a r c o u n t e r p a r t s . For 
example, a t y p i c a l nanosecond p u l s e f rom a g i a n t - p u l s e l a s e r 
w ould d e l i v e r about 3 x 1 0 1 7 photons t o t h e sample a t f r e q u e n c y 
O3o9 b u t t h e number o f photons o f f r e q u e n c y 2u) Q - 0)j/[ w h i c h t h e 
d e t e c t o r would r e c e i v e , ränges from a few photons p e r l a s e r p u l s e 
down t o one photon e v e r y hundred l a s e r p u l s e s , depending on t h e 
sample. There a r e two methods o f t a c k l i n g t h e pr o b l e m o f 
o b s e r v i n g s c a t t e r e d r a d i a t i o n o f such l ow i n t e n s i t i e s : s i n g l e -
c h a n n e l d e t e c t i o n o r m u l t i c h a n n e l d e t e c t i o n . I n s i n g l e - c h a n n e l 
d e t e c t i o n , t h e number o f photons i n a s m a l l wavenumber ränge Av, 
averaged over a l a r g e number o f l a s e r p u l s e s , i s d e t e r m i n e d 
u s i n g photon c o u n t i n g equipment, and t h e p r o c e d u r e r e p e a t e d o v e r 
s u c c e s s i v e Av u n t i l t h e d e s i r e d wavenumber ränge i s c o v e r e d . 
I n m u l t i c h a n n e l d e t e c t i o n , an image i n t e n s i f i e r i s used t o 
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i n t e n s i f y t h e complete s p e c t r u m t o a l e v e l a t w h i c h i t can he 
scanned b y a t e l e v i s i o n camera. I n t h i s way, a l l t h e s p e c t r a l 
i n f o r m a t i o n can be r e c o r d e d f o r each l a s e r p u l s e and t h e 
O b s e r v a t i o n t i m e much r e d u c e d . F o r most samples, i t i s 
n e c e s s a r y t o keep t h e e l e c t r i c f i e l d i n t e n s i t y l o w enough t o 
a v o i d d i e l e e t r i c breakdown. The consequent l o w l e v e l o f 
s i g n a l u s u a l l y means i t i s n e c e s s a r y t o average o v e r some 
thousands o f l a s e r p u l s e s . The r e p e t i t i o n r a t e o f a r u b y l a s e r 
i s r e s t r i c t e d t o about one p u l s e p e r second, and t h u s 6000 l a s e r 
p u l s e s r e q u i r e 100 m i n u t e s . C l e a r l y , w i t h single-Channel 
d e t e c t i o n , t h e t o t a l t i m e i n v o l v e d would be p r o h i b i t i v e l y l o n g 
e x c e p t f o r s t r o n g s i g n a l s and l o w r e s o l u t i o n , a n d r u b y l a s e r s 
a r e u s u a l l y used w i t h m u l t i c h a n n e l d e t e c t i o n . Nd-YAG l a s e r s 
have much h i g h e r r e p e t i t i o n r a t e s and can be u s e d w i t h s i n g l e -
c h a n n e l d e t e c t i o n . A d e s c r i p t i o n o f a t y p i c a l m u l t i c h a n n e l 
system has been g i v e n b y F r e n c h and Long ( 3 ) ; and o f s i n g l e -
c h a n n e l Systems b y Vogt and Neumann (k) and by Schmid and 
Schrötter ( 5 ) . 

8. SOME EXPERIMENTAL RESULTS 

The f i r s t h y per R a y l e i g h and hyper Raman s p e c t r a were 
r e p o r t e d by Terhune, Maker and Savage ( 6 ) . The f o l l o w i n g 
aecount o f subsequent e x p e r i m e n t a l work i s i n t e n d e d t o be 
r e p r e s e n t a t i v e r a t h e r t h a n e x h a u s t i v e . 

A. Gases 

Only a few gases have been s t u d i e d . These i n c l u d e e t h a n e , 
ethene and methane ( T ) . Only v i b r a t i o n a l s p e c t r a a t modest 
r e s o l u t i o n have so f a r been o b t a i n e d . No r e s o l v e d r o t a t i o n a l 
s t r u c t u r e has y e t been r e p o r t e d . 

B. L i q u i d s 

Maker (8) has a n a l y s e d hyper R a y l e i g h s c a t t e r i n g from a 
number o f l i q u i d s . A number o f group IV t e t r a h a l i d e s have 
been s t u d i e d by Long and co-workers ( 9 ) . S e m i - q u a n t i t a t i v e 
i n t e n s i t i e s and d e p o l a r i z a t i o n r a t i o s were measured and 
d i s c u s s e d . Other l i q u i d s whose hyper Raman s p e c t r a have been 
r e p o r t e d i n c l u d e w a t e r ( 3 , 6) and t e t r a c h l o r o e t h e n e ( 5 ) . 

C. C r y s t a l s 

A number o f c r y s t a l Systems have been i n v e s t i g a t e d . 
These i n c l u d e NH^Cl ( 1 0 ) ; NH„Br ( 1 0 ) ; c a l c i t e ( l l , 1 2 ) ; 
NaN0 2 ( 1 3 , l U ) ; NaN0 3 ( 1 0 , 15 , 16) ; L i N b 0 3 ( I T ) ; 
S r T i 0 3 (18, 19, 20, 2 1 , 22, 2 3 ) ; caesium and r u b i d i u m h a l i d e s 
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{2k9 25 , 2 6 ) ; r u t i l e (27, 2 8 , 2 9 ) ; P b l 2 ( 3 0 ) ; CuBr ( 3 1 ) ; 
diamond ( 3 2 ) ; q u a r t z (33 , 3*0. 

D. S p e c i a l e f f e c t s 

S t i m u l a t e d h y p e r Raman s c a t t e r i n g has been o b s e r v e d from 
sodium vapour ( 3 5 ) ; resonance h y p e r Raman s c a t t e r i n g f r om 
CdS ( 3 6 ) ; and s u r f a c e enhanced h y p e r Raman s c a t t e r i n g from SO* 
i o n s a d s o r b e d on s i l v e r powder ( 3 7 ) . 
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STIMULATED RAMAN SCATTERING 

A. Laubereau 

P h y s i k a l i s c h e s I n s t i t u t 
Universität B a y r e u t h 
B a y r e u t h , W. Germany 

I . INTRODUCTION 

I n e l a s t i c l i g h t s c a t t e r i n g has p r oved to be h i g h l y v a l u a b l e 
f o r the s t u d y o f e l e m e n t a r y e x c i t a t i o n s o f g a s e s , l i q u i d s and 
s o l i d s . The parameters of the s c a t t e r e d r a d i a t i o n , e.g. f r e q u e n c y 
P o s i t i o n , s p e c t r a l band shape, degree of p o l a r i z a t i o n and s c a t t e r 
i n g e f f i c i e n c y p r o v i d e d e t a i l e d i n f o r m a t i o n on the m a t e r i a l under 
c o n s i d e r a t i o n . U s i n g c o n v e n t i o n a l l i g h t s o u r c e s , i . e . w o r k i n g a t 
low i n t e n s i t y the s c a t t e r i n g i n t e n s i t y i s v e r y weak and i s p r o p o r 
t i o n a l t o the i n t e n s i t y o f the i n c i d e n t l i g h t beam. A t e l e v a t e d 
i n t e n s i t y l e v e l the Situation may change s i g n i f i c a n t l y as a l r e a d y 
p r e d i c t e d i n the 1930* s , | l | N e v e r t h e l e s s the f i r s t d i s c o v e r y o f 
s t i m u l a t e d Raman s c a t t e r i n g was a c c i d e n t a l u s i n g a n i t r o b e n z e n e 
K e r r shutter as Q - switch o f a r u b y l a s e r . | 2 | W i t h i n t e n s e l a s e r 
s o u r c e s a v a r i e t y o f new s c a t t e r i n g phenomena has been o b s e r v e d 
d u r i n g the p a s t y e a r s t h a t a r e d i s c u s s e d i n d e t a i l i n the v a r i o u s 
c h a p t e r s o f t h i s book.|3| The p r e s e n t a r t i c l e i n t e n d s t o p r o v i d e 
a b a s i c u n d e r S t a n d i n g o f s t i m u l a t e d s c a t t e r i n g and t o r e v e a l the 
c l o s e r e l a t i o n s h i p w i t h spontaneous s c a t t e r i n g , c o h e r e n t s c a t t e r 
i n g and i n v e r s e Raman e f f e c t . 

I I . A SIMPLE QUANTUM MECHANICAL TREATMENT 

We f i r s t o u t l i n e a quantum m e c h a n i c a l p i c t u r e which d e s c r i b e s 
b o t h spontaneous and s t i m u l a t e d s c a t t e r i n g . | 4 , 5 | The i n e l a s t i c 
l i g h t - s c a t t e r i n g p r o c e s s i s shown i n F i g . l a . An i n c i d e n t photon 
hojL i s d e s t r o y e d , a s c a t t e r e d photon hcog g e n e r a t e d , w h i l e the 
d i f f e r e n c e i n energy fr((^-(Dg) =coQ i s a b s o r b e d by t h e s c a t t e r i n g 
medium. The e x c i t a t i o n hw 0 o f the m a t e r i a l system i s o f t e n a 
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v i b r a t i o n a l o r r o t a t i o n a l t r a n s i t i o n of a m o l e c u l e . The f r e q u e n c y 
WS i s c a l l e d S t o k e s f r e q u e n c y and i s s m a l l e r t h a n the i n c i d e n t 
l i g h t f r e q u e n c y . The s t i m u l a t e d p r o c e s s i s s c h e m a t i c a l l y r e p r e -
s e n t e d i n F i g . I b . I n t h i s case a l i g h t wave a t f r e q u e n c y wg i s 
i n c i d e n t on the m a t e r i a l system s i m u l t a n e o u s l y w i t h a l i g h t wave 
a t O)L. A photon nu)g i s added t o the wave at wg wh i c h c o n s e q u e n t l y 
becomes a m p l i f i e d w h i l e the i n c i d e n t l i g h t beam l o s e s a quantum nw^. 

Comparison o f F i g s . J a and b shows t h a t t he e l e m e n t a r y p r o 
c e s s i n b o t h c a s e s i s i d e n t i c a l , the d i f f e r e n c e b e i n g the p r o b a -
b i l i t y o f the s c a t t e r i n g e v e n t . 

TKA>L 

TiU)i 

® 
Tiü>s 

lo> 
tlGÜs 

lb> 

TlU)L 

ttU)L 

<6> 
tlU)S 

|Q> 
(n+1)tiu)s 

lb> 

nfiu>s 

F i g . 1: Spontaneous and s t i m u l a t e d Stokes s c a t t e r i n g 

F o r s i m p l i c i t y we d e s c r i b e the p h y s i c a l system ( e . g . m o l e c u l e s ) 
i n t e r a c t i n g w i t h the l i g h t f i e l d as an ensemble o f harmonic o s c i l -
l a t o r s j w i t h t r a n s i t i o n f r e q u e n c y w0. The e l o n g a t i o n O p e r a t o r s 
q j o f the o s c i l l a t o r s a r e e x p r e s s e d by the c o r r e s p o n d i n g c r e a t i o n 
and a n n i h i l a t i o n O p e r a t o r s , and the H a m i l t o n i a n o f t h e u n p e r t u r h e d 
o s c i l l a t o r s reads 

H v = I fi% ( b k
+ b k + I ) 

k v v v 
( 1 ) 
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Here the sum over the i n d i v i d u a l m o l e c u l e s j i n the i n t e r -
a c t i o n volume i s r e p l a c e d by the sum ov e r t h e wave v e c t o r s 1^ i n 
F o u r i e r Space. The l o c a l Operator q j o f m o l e c u l e j i s con n e c t e d 
w i t h the Operators b ^ v , b ^ v

+ a c c o r d i n g t o 

= ( ö - ^ f ) J / 2 2 e x p ( i k R.)(b, +b +, ) (2) n j 2CÜ mN . r v j k - k ' J o k J v v v 
N Q i s the number o f mo l e c u l e s ( o s c i l l a t o r s ) i n the i n t e r a c t i o n 
volume V. Rj and m r e s p e c t i v e l y denote the p o s i t i o n and reduced 
mass o f the i n d i v i d u a l o s c i l l a t o r . 

The l i n e a r l y p o l a r i z e d e l e c t r o m a g n e t i c f i e l d i s d e s c r i b e d by 

Hf - £ f K f

 ( ak £ % + ¥ o) 

The a^'s denote the a n n i h i l a t i o n O p e r a t o r s o f t h e e l e c t r o m a g n e t i c 
modes l a b e l e d by the wave v e c t o r k|. r e p r e s e n t s the mode f r e 
quency w h i c h i s determined by k f v i a t h e known photon d i s p e r s i o n . 
The O p e r a t o r E of the e l e c t r o m a g n e t i c f i e l d a m p l i t u d e i s con n e c t e d 
to the O p e r a t o r s a ^ , a^.* by 

2Trhwf 1 / ? 

E = i ( - y - i ) J / Z l[e^ eacp(-ik R . ) - ^ e x p ( i k f R ) ] (4) 
U V f f J f J 

u denotes the o p t i c a l r e f r a c t i v e i n d e x . Eq, 4 a p p l i e s f o r e l e c t r o -
s t a t i c u n i t s w h i c h w i l l be used i n the f o l l o w i n g . 

The t o t a l u n p e r t u r b e d system i s r e p r e s e n t e d by the sum o f 
the H a m i l t o n i a n s , H y + Hf. The i n t e r a c t i o n r e s p o n s i b l e f o r Raman 
s c a t t e r i n g i s t r e a t e d i n the e l e c t r i c d i p o l e a p p r o x i m a t i o n , where 
the energy o f the induced d i p o l e s i s g i v e n by -/aEdE. We a r e i n 
t e r e s t e d h e r e o n l y i n the c o u p l i n g w h i c h o r i g i n a t e s f rom the 
e l o n g a t i o n q o f the m o l e c u l e s . C o n s e q u e n t l y we expand the molecu
l a r p o l a r i z a b i l i t y a as a f u n c t i o n o f e l o n g a t i o n , a - a Q + 9a/3q, 
and r e t a i n o n l y the term 3a/8q.|6| The t e n s o r c h a r a c t e r o f a i s 
i g n o r e d h e r e ( l e a d i n g to i s o t r o p i c s c a t t e r i n g ) y i e l d i n g the i n t e r 
a c t i o n H a m i l t o n i a n 

H i n t = - l t J
I q J E ( R J ) E ( R J ) ( 5 ) 

Energy and momentum c o n s e r v a t i o n g r e a t l y reduce the number 
of e l e c t r o - m a g n e t i c modes, which i n t e r a c t i n the s c a t t e r i n g p r o 
c e s s . The e l e c t r i c f i e l d i n Eq. 5 c o n s i s t s o f the i n c i d e n t l a s e r 



186 A. LAUBEREAU 

f i e l d , and o f s c a t t e r e d Stokes and a n t i - S t o k e s components. Here, 
we are i n t e r e s t e d i n Stokes s c a t t e r i n g o n l y and r e s t r i c t o u r -
s e l v e s t o the l a s e r and t h e f i r s t o r d e r S tokes f i e l d , E = E L + Eg. 
For t h i s S i t u a t i o n o n l y terms p r o p o r t i o n a l t o E L ( R J ) X E g ( R j ) i n 
Eq. 5 f u l f i l energy c o n s e r v a t i o n . The t o t a l s e t o f e l e c t r o m a g n e t i c 
modes k f i s s p l i t up i n the group o f l a s e r modes k L , and Stokes 
modes kg (and a d d i t i o n a l modes w h i c h do not show up e x p l i c i t l y ) . 
U s i n g Eqs. 2, 4 and 5 i t can be shown t h a t t h e i n t e r a c t i o n H a m i l 
t o n i a n t a k e s the fo r m 

H i n t « l A + V V + B K VC ] 6 ( K L - V V ( 6 ) 

k k v S L v S L 
L i , b 

I t i s e a s i l y seen t h a t the f i r s t term i n Eq. 6 r e p r e s e n t s the c r e -
a t i o n of a Stokes photon, as i l l u s t r a t e d i n F i g . 1. The i n v e r s e 
p r o c e s s i s i n t r o d u c e d by the second term. 

Under s t e a d y - s t a t e c o n d i t i o n s and f o r weak i n t e n s i t i e s w i t h 
s m a l l s c a t t e r i n g r a t e s we may a p p l y s t a t i o n a r y p e r t u r b a t i o n t h e o r y . 
The r a t e o f s c a t t e r e d photons i s p r o p o r t i o n a l t o 

d nQ ? 
d T " l ^ i n t l H 2 ( 7 ) 

where the f i n a l s t a t e s |f> a r e connected to the i n i t i a l s t a t e s |i> 
by energy c o n s e r v a t i o n . S u b s t i t u t i o n of Eq. (6) shows t h a t m a t r i x 
elements o f the form < f | b ^ a^* a j q j i> and <f|b| C v a^g a ^ | i > have 
to be e v a l u a t e d . 

I t i s c o n v e n i e n t t o use the o c c u p a t i o n number r e p r e s e n t a t i o n 
and w r i t e the i n i t i a l s t a t e |i> i n terms o f the i n i t i a l o c c u p a t i o n 
numbers ng, Uy, and n^ o f the St o k e s modes, m o l e c u l a r system, and 
l a s e r modes: |i> = |ng, n v , n L>. Due to the well-known s e l e c t i o n 
r u l e s o f t h e c r e a t i o n and a n n i h i l a t i o n O p e r a t o r s of harmonic o s c i 
l l a t o r s , the m a t r i x elements a r e n o n - v a n i s h i n g f o r the two f i n a l 
s t a t e s |ng + 1, n v + 1, n^ - 1> and |ng - 1, n^ - 1, n L + 1>: 

and (8) 

< n
S " 1 ' V 1 ' V 1 1 H i n t I n S > V V * t n S n v ( V 1 } J 1 ' 2 

For t he s i m p l e case o f a s i n g l e l a s e r , S t o k e s and o s c i l l a t o r mode 
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we o b t a i n 

j N 04TT hu)
T
0)

o dns o ^ o u z L S r , , -» 
Z T = " 2 ( ^ } 2 2 L V ^ V ' Y V W V U L y s mu)o 

(9a) 

0) = 03 -W 
S L o 

k_ = k - k S L v 

(9b) 

(9c) 

The f i r s t term of the r . h . s . o f Eq. 9a r e p r e s e n t s spontaneous 
Raman s c a t t e r i n g . I t d e s c r i b e s the s c a t t e r i n g o f l a s e r l i g h t o f f 
the quantum f l u c t u a t i o n s , when the p o p u l a t i o n of Stokes modes i s 
n e g l i g i b l e , ng * 0. The second term (depending on ng) d e s c r i b e s 
the r a t e of Stokes l i g h t g e n e r a t i o n r e s u l t i n g from the amount o f 
S t o k e s photons p r e s e n t . F o r a l a r g e Stokes p o p u l a t i o n , ng >> 1, 
t h e s c a t t e r i n g r a t e i n c r e a s e s r a p i d l y . T h i s term i s r e s p o n s i b l e 
f o r the s t i m u l a t e d Raman e f f e c t . The t h i r d term p r o p o r t i o n a l t o 
n L x n v c o r r e s p o n d s t o p a r a m e t r i c c o u p l i n g between the S t o k e s l i g h t 
f i e l d and t h e m a t e r i a l e x c i t a t i o n . I n g e n e r a l , i s s m a l l and 
a p p r o x i m a t e l y e q u a l t o the t h e r m a l e q u i l i b r i u m v a l u e and may be 
n e g l e c t e d i n many c a s e s . Even i n the s t i m u l a t e d p r o c e s s , where a 
l a r g e number of Stokes photons and a c o r r e s p o n d i n g number o f ma
t e r i a l t r a n s i t i o n s (phonons) a r e g e n e r a t e d , n v i s n e g l i g i b l e due 
to t h e s t r o n g e r damping o f the m a t e r i a l e x c i t a t i o n as compared to 
p h o t o n s , i . e . n v << ng. The l a s t term on the r . h . s . o f Eq. 9a i s 
n e g l i g i b l e f o r the same r e a s o n . 

Spontaneous s c a t t e r i n g ( n ^ << 1) 

We g e n e r a l i z e the r e s u l t o f Eq. 9 t o the m u l t i p l e mode c a s e . 
Summation over the number of i n t e r a c t i n g S t o k e s modes i n the s o l i d 
a n g l e äQ and i n t r o d u c i n g the l a s e r i n t e n s i t y I I ~ ( n u ^ c / u j V ) I n ^ 
y i e l d s the s c a t t e r e d Stokes power 

dn . 
ps = S d T = V H f§ \ Ä f i ( J O a ) 

where we have i n t r o d u c e d the i n t e g r a t e d s c a t t e r i n g c r o s s s e c t i o n 

i • <H> 7 4 - ^ ( 1 0 b ) 

2c uTmo) L o 
The Raman p o l a r i z a b i l i t y 8a/9q may be e v a l u a t e d by a s e m i - c l a s s i c a l 
c a l c u l a t i o n u s i n g time-dependent p e r t u r b a t i o n t h e o r y . | 3 | 
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S t i m u l a t e d s c a t t e r i n g ( n ^ >> 1) 

We r e t a i n o n l y the second term on the r . h . s . o f Eq. 9a, Sub
s t i t u t e t h e photon numbers by the c o r r e s p o n d i n g i n t e n s i t y v a l u e s 
and t r a n s f o r m d l / d t -> c d l / d x u t o o b t a i n 

where the g a i n f a c t o r gg c o l l e c t s t he v a r i o u s m a t e r i a l p a r a m e t e r s . 
x denotes the p r o p a g a t i o n c o o r d i n a t e o f the St o k e s f i e l d . A S o l u 
t i o n o f ( I I a ) i s 

I s ( x ) = l s ( x = 0 ) e x p ( g s I L x ) ( I I b ) 

E q u a t i o n ( M b ) p r e d i c t s e x p o n e n t i a l growth o f t h e s c a t t e r e d Stokes 
l i g h t . The r e s u l t h o l d s i n the s t a t i o n a r y c ase and f o r s m a l l con-
v e r s i o n e f f i c i e n c y so t h a t t h e i n c i d e n t l a s e r l i g h t i s n o t n o t a b l y 
e f f e c t e d by the s c a t t e r i n g p r o c e s s . 

A p a r t from g e o m e t r i c a l f a c t o r s , the s c a t t e r i n g i s i s o t r o p i c 
i n the p l a n e p e r p e n d i c u l a r t o the e l e c t r i c f i e l d v e c t o r o f the 
i n c i d e n t l i g h t f i e l d . T h i s f a c t i s w e l l known f o r spontaneous s c a t 
t e r i n g and a l s o h o l d s f o r s t i m u l a t e d s c a t t e r i n g . On t h e o t h e r band, 
the l a r g e e f f e c t o f the s c a t t e r i n g geometry s h o u l d be n o t e d . Eq. 
IIb shows t h a t t h e i n t e r a c t i o n l e n g t h e n t e r s t h e s c a t t e r i n g p r o c e s s 
e x p o n e n t i a l l y . F o r h i g h g a i n Systems, gs^L^inax > > S t o k e s r a d i a 
t i o n i n f o r w a r d o r backward d i r e c t i o n w i t h r e s p e c t t o the i n c i d e n t 
l a s e r beam may f i n d a s i g n i f i c a n t l a r g e r i n t e r a c t i o n l e n g t h t han 
i n t r a n s v e r s e d i r e c t i o n ; as a r e s u l t the e x p o n e n t i a l a m p l i f i c a t i o n s 
p a r a l l e l t o the l a s e r beam may be d r a s t i c a l l y l a r g e r by s e v e r a l 
O r ders o f magnitude. 

The c l o s e r e l a t i o n s h i p between spontaneous and s t i m u l a t e d 
s c a t t e r i n g i s demonstrated by an e x p e r i m e n t , where the s t i m u l a t e d 
Raman e f f e c t was measured o v e r e l e v e n o r d e r s o f magnitude i n l i q u i d 

•|7| I n F i g . 2 the o b s e r v e d Stokes o u t p u t power i n f o r w a r d d i r e c 
t i o n i s p l o t t e d v e r s u s imput l a s e r power. S t a r t i n g a t weak Stokes 
e m i s s i o n , one sees the l i n e a r ränge of spontaneous Raman s c a t t e r i n g 
( a ) , ( n o t e the l o g a r i t h m i c o r d i n a t e s c a l e ) . A t h i g h e r i n p u t power 
e x p o n e n t i a l b u i l d - u p o f S t o k e s power o c c u r s ( c u r v e b ) . At l a r g e 
S tokes a m p l i f i c a t i o n S a t u r a t i o n o c c u r s due t o d e p l e t i o n of i n c i 
dent l a s e r l i g h t . The r a p i d r i s e of Stokes power (c) i s e x p l a i n e d 
by o p t i c a l feed-back w h i c h i n c r e a s e s the e f f e c t i v e a m p l i f i c a t i o n 
l e n g t h i n the sample c e l l . 
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F i g . 2: Spontaneous (a) and s t i m u l a t e d (b-d) Stokes g e n e r a t i o n 
i n l i q u i d n i t r o g e n ( a f t e r Ref. 7 ) . 

E q u i v a l e n t N o i s e Input 

I n many h i g h g a i n e x p e r i m e n t s t h e s t i m u l a t e d s c a t t e r i n g b u i l d s up 
fro m quantum n o i s e . W h i l e the e x p o n e n t i a l a m p l i f i c a t i o n p r o c e s s 
i s w e l l a c c o u n t e d f o r by s e m i c l a s s i c a l t h e o r y (see n e x t s e c t i o n ) 
the s t a r t i n g c o n d i t i o n s u p p l i e d by spontaneous s c a t t e r i n g has t o 
be e v a l u a t e d from a füll quantum t h e o r y . I n c l u d i n g the spontaneous 
s c a t t e r i n g t e r m (note Eq. 9a) i n Eq. I I a , we have to t a k e i n t o 
a c c o unt the number d e n s i t y o f S t o k e s modes i n the s o l i d a n g l e Afi 
and i n the Stokes f r e q u e n c y band AOJ(^ spontaneous l i n e w i d t h ) , 
cog 2 us

3AftAü)/8TT3c3. One f i n d s 

d I Q no) 3 u 3 

d x ^ = 8 S I l / I S + T T T ~ ^ AfiAü>) (.2) 
8TT C 
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I s ( x ) = I S N | e x p ( g s I L x ) - l | (13) 

where 
t. 3 3 

xsn = r n —
A f l A u 

OTT C 

The e q u i v a l e n t n o i s e i n p u t I g N r e p r e s e n t s the i n i t i a l c o n d i t i o n 
f o r s t i m u l a t e d a m p l i f i c a t i o n . A v a l u e o f 10"*^ W/cm2 i s e s t i m a t e d 
f o r Ü)S/2TTC * 10^ cm" 1, AO)/2TTC - 5 cm"*1 and Aft ~ l x ! 0 ~ 4 s r . 

I n v e r s e Raman s c a t t e r i n g ; l a s e r d e p l e t i o n 

I n s t e a d of r e l a t i n g the s c a t t e r i n g r a t e t o the c r e a t i o n of 
Stokes photons (Eq. 7) we may c o n s i d e r the a n n i h i l a t i o n r a t e of 
l a s e r photons, s i n c e f o r e v e r y c r e a t e d S tokes photon a l a s e r photon 
has to be a n n i h i l a t e d . T h i s means c o n s e r v a t i o n o f t h e t o t a l number 
of photons, dnL/dt + dng/dt = 0. F o r spontaneous s c a t t e r i n g t h i s 
e f f e c t i s not measurable because of t h e s m a l l da/dft. F o r the s t i m u 
l a t e d p r o c e s s the s c a t t e r i n g e f f i c i e n c y may be l a r g e r by many 
o r d e r s o f magnitude and d e s e r v e s some c o n s i d e r a t i o n . Eq. I I a i s 
supplemented by 

x L 

i n d i c a t i n g r a p i d l o s s of l a s e r i n t e n s i t y when the s c a t t e r e d Stokes 
l i g h t approaches t h i s i n t e n s i t y l e v e l . F o r an i n t e n s e beam a t t h e 
f r e q u e n c y ojg, Eq. 14 p r e d i c t s e x p o n e n t i a l l o s s of i n c i d e n t r a d i a t i o n 
a t the h i g h f r e q u e n c y ü)g+w0 (=U)L) • T h i s i s c a l l e d i n v e r s e Raman 
s c a t t e r i n g . | 8 | C o n v e n t i o n a l l y i n t h e s e e x p e r i m e n t s the lower f r e 
quency component i s c a l l e d " l a s e r " ( i n s t e a d o f " S t o k e s " ) and the 
h i g h e r f r e q u e n c y component " a n t i - S t o k e s " ( i n s t e a d o f " l a s e r " ) . 

I I I . SEMICLASSICAL THEORY 

The s i m p l e quantum t h e o r y d i s c u s s e d above i s v a l i d i n the 
s t e a d y State c a s e , o n l y . I t g i v e s no i n f o r m a t i o n on the coherence 
p r o p e r t i e s of the s c a t t e r e d r a d i a t i o n and o f the m a t e r i a l e x c i t a 
t i o n . The s e m i c l a s s i c a l t h e o r y we w i s h t o d e r i v e now w i l l g i v e a 
more d e t a i l e d p i c t u r e of t h e p h y s i c a l S i t u a t i o n . | 9 | I t has been 
shown above t h a t s t i m u l a t e d Raman s c a t t e r i n g o c c u r s f o r l a r g e 
o c c u p a t i o n numbers o f the S tokes modes, so t h a t the l i g h t f i e l d 
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may be t r e a t e d c l a s s i c a l l y . The development f r o m i n c o h e r e n t , spon-
t a n e o u s l y s c a t t e r e d r a d i a t i o n t o a c o h e r e n t , i n t e n s e S t o k e s f i e l d 
by h i g h g a i n s t i m u l a t e d a m p l i f i c a t i o n i s not c o n t a i n e d i n the 
p r e s e n t t r e a t m e n t . 

The p h y s i c a l system i s now d e s c r i b e d by a t w o - l e v e l model, 
w h i c h i s f e i t t o be more r e a l i s t i c than the harmonic o s c i l l a t o r 
p i c t u r e on account o f v i b r a t i o n a l a n h a r m o n i c i t i e s e t c . T r a n s i t i o n s 
t o o t h e r energy l e v e l s a r e assumed t o be f a r o f f - r e s o n a n c e and may 
be i n c l u d e d v i a a nonresonant n o n l i n e a r s u s c e p t i b i l i t y . 

t>0) o /2 

- t > ü ) A / 2 

t>u>. 

l a > 

I t » 

F i g . 3: T w o - l e v e l system 

The t w o - l e v e l system i s d e p i c t e d i n F i g . 3. The u n p e r t u r b e d 
m o l e c u l e p o s s e s s e s the upper S t a t e |a> and the l o w e r State |b>. 
The energy S e p a r a t i o n i s na) Q. The H a m i l t o n i a n i s w r i t t e n as the 
sum o f the f r e e system and the Raman i n t e r a c t i o n ; t he l a t t e r has 
been d i s c u s s e d i n Eq. ( 5 ) : 

H " V H i n t " H " -I J If E L ( J > E S « > ° 5 ) 

The wave f u n c t i o n o f an i n d i v i d u a l m o l e c u l e j i s g i v e n by the 
l i n e a r c o m b i n a t i o n |Yj> = a:(t)|a>+bj (t) | b > . The d e n s i t y Operator 
o f the m o l e c u l a r System i s d e f i n e d by 

1 N 

p = - Z|Y.xY.| 
j 

(16) 
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T h i s O p e r a t o r i s v a l u a b l e f o r the e v a l u a t i o n o f the ensemble-
averaged e x p e c t a t i o n v a l u e o f an a r b i t r a r y o b s e r v a b l e A: <A> = 
T r ( A p ) . The tim e e v o l u t i o n o f the system i s a p p r o x i m a t e l y governed 
by the R e d f i e l d e q u a t i o n 110 j 

4- Pi i = r[p»H], , + Z R. (p -p"~ ) (17) d t k l h U K ' J k l klmn Kmn Kmn m,n 

(where k, 1, m, n = a, b ) . The f i r s t term on the r . h . s . o f Eq. 17 
d e s c r i b e s t he m o l e c u l a r dynamics i n the absence o f damping. R e l a x 
a t i o n p r o c e s s e s o f the system v i a f l u c t u a t i n g f o r c e s a r e i n c l u d e d 
by the second term, w h i c h i s v a l i d f o r weak damping and f o r t i m e 
i n t e r v a l s l o n g compared t o the time s c a l e o f t h e damping p r o c e s s e s , 
e.g. time between c o l l i s i o n s i n a gas e t c . Eq. 17 has been d e r i v e d 
f i r s t f o r mag n e t i c d i p o l e t r a n s i t i o n s o f s p i n Systems. I t may be 
shown by t h e h e l p of symmetry arguments t h a t the t e n s o r R has o n l y 
t h e f o l l o w i n g n o n - v a n i s h i n g elements 

R = R, , = -1/T t aa,bb t>baa 1 

**ab,ab ^baba 
(18) 

The time c o n s t a n t s Tj and T2 a r e the r e l a x a t i o n times o f the en-
semble o f t w o - l e v e l Systems, p ^ i n Eq. J7 denotes the e q u i l i b r i u m 
v a l u e o f p m n . 

The f o u r m a t r i x elements p a a , p a ^ , p ^ a and p^b d e s c r i b e t he 
p h y s i c a l system. On acc o u n t of the n o r m a l i z a t i o n c o n d i t i o n p a a + 
Pbb = t h r e e independent v a r i a b l e s govern the time dependence. 
I n t h i s a r t i c l e we i n t r o d u c e the o c c u p a t i o n p r o b a b i l i t y n = p a a 

o f t h e upper S t a t e and the c o l l e c t i v e a m p l i t u d e 

<q> = T r ( p q ) * q a b ( P a b + P b a ) 0 9 ) 

The c l o s u r e r e l a t i o n |a><a|+|b><b|=1 and the a p p r o x i m a t i o n q a a -
q^b - 0 have been used f o r the d e r i v a t i o n o f Eq. ( 1 9 ) . q a ^ denotes 
the m a t r i x element <a|q|b>. I n s e r t i n g <q> and n i n Eq. 17 y i e l d s 
the d i f f e r e n t i a l e q u a t i o n s 

2 2 3 < q > ^ 2 3<q> ^ 2^ ^ U o q a b 3a „ „ „ . > 
— 2 " T, I T + % < q > = " 1 3q" E L E S ° - 2 n ) ( 2 0 a ) 

dt L 

3t + T, ( n _ n ) = 2 S T M L S I t ( 2 0 b ) 

J o n 
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On the l e f t hand s i d e o f e q u a t i o n ( 2 0 a ) , a term <q>T2/2 was o m i t t e d 
assuming s m a l l damping, 1/T2<<u)0. I n e q u a t i o n ( 2 0 h ) , a term p r o 
p o r t i o n a l t o <q>/T2 has been n e g l e c t e d i n comparison w i t h 3<q>/3t 
f o r the same r e a s o n . The d e p h a s i n g time T2 and the p o p u l a t i o n l i f e -
t i m e T] p r e d i c t e x p o n e n t i a l decay o f the c o l l e c t i v e a m p l i t u d e <q> 
and the e x c i t e d S t a t e p o p u l a t i o n n, r e s p e c t i v e l y . | 9 | 

I t i s i n t e r e s t i n g to see from e q u a t i o n s (20) t h a t the c o l l e c 
t i v e a m p l i t u d e o f t h e m o l e c u l a r ensemble obeys the e q u a t i o n of 
m o t i o n of a c l a s s i c a l damped o s c i l l a t o r . The d r i v i n g term on the 
r i g h t hand s i d e depends upon the p o p u l a t i o n n o f the upper s t a t e . 
A change o f s i g n o c c u r s f o r p o p u l a t i o n i n v e r s i o n , n>.l/2. The 
c o u p l i n g between the l i g h t f i e l d and the m o l e c u l a r t r a n s i t i o n i s 
d e t e r m i n e d by 3a/3q and the m a t r i x element q afc. H a ving i n mind an 
anharmonic V i b r a t i o n , we use t h e r e s u l t q afo ~ (h/2ma) 0) ̂ / 2. 

The p r o p a g a t i o n of the l i g h t f i e l d i s governed by the c l a s s i 
c a l e l e c t r o m a g n e t i c t h e o r y . The f o l l o w i n g wave e q u a t i o n i s o b t a i n e d 
from M a x w e l l 1 s e q u a t i o n s f o r t h e Stok e s f i e l d | l 2 | : 

2 

*S 2 . 2 *S 2 _ 2 r S c 3t c 3t 

The analogous e x p r e s s i o n h o l d s f o r t h e l a s e r f i e l d EL« The non
l i n e a r c o n t r i h u t i o n a c t s as a s o u r c e term on the r i g h t hand 
s i d e and i s r e s p o n s i b l e f o r the s t i m u l a t e d Raman p r o c e s s . I t has 
two c o n t r i b u t i o n s : A f i r s t term due t o the i n t e r a c t i o n o f the l i g h t 
f i e l d w i t h the t w o - l e v e l Systems, and a second p a r t , Pj[R> r e s u l t i n g 
from a l l the o t h e r o f f - r e s o n a n c e t r a n s i t i o n s o f the m o l e c u l e s . The 
l a t t e r p a r t i s i m p o r t a n t o n l y f o r d i l u t e d Systems and/or f o r weak 
Raman l i n e s (see b e l o w ) . 

^NR w i H be i g n o r e d i n the f o l l o w i n g s e c t i o n f o r s i m p l i c i t y . N i s 
the number d e n s i t y of m o l e c u l e s . S i n c e 3a/3q i s t r e a t e d as a s c a l a r 
q u a n t i t y , Eq. 21b r e f e r s to h i g h l y p o l a r i z e d Raman l i n e s . S c a t t e r e d 
l i g h t p o l a r i z e d p e r p e n d i c u l a r to the i n c i d e n t l a s e r l i g h t i s not 
i n c l u d e d i n the c a l c u l a t i o n . 

S t i m u l a t e d S c a t t e r i n g i n Forward D i r e c t i o n 

S o l u t i o n s f o r the s t i m u l a t e d s c a t t e r i n g i n the f o r w a r d d i r e c 
t i o n are o b t a i n e d u s i n g the a n s a t z o f p l a n e waves f o r the v i b r a t i o n a l 
a m p l i t u d e <q>, the e l e c t r o m a g n e t i c f i e l d and the n o n l i n e a r p o l a r 
i z a t i o n : 
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<q> = "2 Q e x p ( i ^ v
x " " i ^ v t ) + c . c . 

E. = 4" A. exp(ik.x-iü).t) + c . c . (22) 

y NL 1 „ NL ... » \ _i_ P. = TT P. e x p ( i k .X-IÜ) . t ) + c.c. J 2 ^ J J J 

where j = L,S. a) v and k v r e s p e c t i v e l y denote the f r e q u e n c y and k-
v e c t o r o f t h e m a t e r i a l e x c i t a t i o n w h i c h may not e x a c t l y c o i n c i d e 
w i t h the v a l u e s u) Q and k Q a t res o n a n c e . A^ and A<j are the a m p l i -
tudes o f the l a s e r and S t o k e s f i e l d p r o p a g a t i n g i n the x - d i r e c t i o n . 

I n s e r t i n g Eq. 22 i n t o Eqs. 20-21, e q u a t i n g terms w i t h e q u a l 
f r e q u e n c y , Ü) v = - ü)g, and e q u a l wave v e c t o r s , k y = k K - k g , 
g i v e s a new s e t o f d i f f e r e n t i a l e q u a t i o n s . F o r p u l s e d u r a t i o n s t p 
and f o r d e p h a s i n g times T 2 i n t h e p i c o s e c o n d ränge o r l o n g e r , 
v a r i o u s terms may be n e g l e c t e d , s i n c e 3/3t<<wj, 3 2 / 3 t 2 < < w j 2 , and 
1/T2<<ü) v ( j = L , S , v ) . W i t h these a p p r o x i m a t i o n s we f i n d : 

2 

9Q ^ i r 2 2 • l ° v \ i 3 cx . A - * e 0 N / O Q v 

_ j + (co -o). -1 m—) Q = -7 — A-A 0 ( l - 2 n ) (23a) 
3 t 2moj. o j T2 4mo>. 9q i i S 
3A S p g 3A S i ™ s a a 

+ N | J A^Q (23b) 3x c 3t c u s 3q 

3A^ u 3A^ imo 

3 T + r i r - ^ » l i V ( 2 3 c ) 

t + i M ) • S f f «L*?f<w ( 2 3 d ) 

1 o ^ E q u a t i o n s (23) r e p r e s e n t a complete s e t o f d i f f e r e n t i a l e q u a t i o n s 
which a r e a p p l i c a b l e t o a v a r i e t y o f e x p e r i m e n t a l s i t u a t i o n s . 
S c a t t e r i n g i n backward d i r e c t i o n i s governed by a s i m i l a r s e t of 
e q u a t i o n s |3|. 

IV. STIMULATED RAMAN SCATTERING UNDER QUASI-STATIONARY CONDITIONS 

Most s t i m u l a t e d Raman e x p e r i m e n t s a r e performed w i t h p u l s e d 
l a s e r s under q u a s i - s t a t i o n a r y c o n d i t i o n s . When the de p h a s i n g time 
T 2 i s s h o r t compared t o t h e p u l s e d u r a t i o n , the f i r s t term may be 
dropped i n Eq. 23a. We a l s o n e g l e c t the s m a l l p o p u l a t i o n changes 
gen e r a t e d by s t i m u l a t e d Raman s c a t t e r i n g , and use the thermal 
e q u i l i b r i u m v a l u e , n - n. Now Eq. 23d i s c o m p l e t e l y s e p a r a t e d and 
w i l l n o t be f u r t h e r l y c o n s i d e r e d . S u b s t i t u t i o n o f Q (Eq. 23a) i n 
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Eqs. 23b, c and t r a n s f o r m a t i o n t o a r e t a r d e d time frame t f = 
t - x / v , x f = x l e a d s t o 

ip- ~ ^ -^~( x r r : — l \ l A

s

 ( 2 4 ) 

S % -(u. L-u) s) + 2 i(<, L-co s)T 2 

and a s i m i l a r e x p r e s s i o n f o r Aj^. v denotes the group v e l o c i t y . I n -
t e g r a t i n g Eq. 24 f o r s m a l l Stokes c o n v e r s i o n and C o n v e r t i n g t o i n 
t e n s i t i e s (I l>5 - c y L , g | A L, s | 2 / 8 I T ) r e p r o d u c e s Eq. I I a : 

I g ( x f ) = I g ( 0 ) exp ( g I L x f ) (25a) 

Here, we have i n t r o d u c e d a f r e q u e n c y dependent g a i n f a c t o r 

167r 2u) cN ^ 2 (l-2n)o> /T 0 

, x S ,3ou v 2 /oc, \ 
g(u> s) « r ) 2 2,2 , 2 / r r 2 ( 2 5 b ) 

P s y L c m (CÜo -u) v ) +4a)v /T 2 

((jüv=a)L-cug). I t i s i n t e r e s t i n g t o see t h a t the g a i n f a c t o r has a 
L o r e n t z i a n f r e q u e n c y dependence w i t h l i n e w i d t h (FWHH) Ate = 2/T2» 
Maximum a m p l i f i c a t i o n o c c u r s a t resonance o)L-o)g = a) Q w i t h 

2 2 4TT aj ( l - 2 n ) 

g s - ^ <|f> K T 2 < 2 6 a> 
b L o 

or u s i n g Eq. 10b, 

8TT C ( l - 2 x i ) 3o 
. 3 3ß W 2 

y S P L h "s 
(26b) 

F o r a s t r o n g Raman l i n e we t y p i c a l l y have 3a/3ft - 5 * 10 
cm 2. F o r N - J O 2 2 cm 2 ( l i q u i d ) , a)g/2iTc « 10^, and T 2 - 1 0 " 1 2 s we 
e s t i m a t e gg - 10""^ cm/W. A v a l u e o f the produet pump i n t e n s i t y I I 
times i n t e r a c t i o n l e n g t h it, I L

 x l - 10^ W/cm i s n e c e s s a r y f o r 
a m p l i f i c a t i o n o f the Stokes wave by a f a c t o r o f e; t h i s c o r r e s p o n d s , 
f o r example, t o 100 MW/cm ov e r a c e l l l e n g t h o f 10 cm. F o r the 
Raman g e n e r a t o r where the S t o k e s e m i s s i o n b u i l d s up i n a t r a v e l l i n g 
wave p r o c e s s from quantum n o i s e (see Eq* 13) one e s t i m a t e s an am
p l i f i c a t i o n f a c t o r o f ̂ exp(25) t o r e a c h a c o n v e r s i o n e f f i c i e n c y of, 
I g ( j 0 / I ; L - JO""2. I n o t h e r words, even l a r g e r v a l u e s o f I I * l of 
s e v e r a l 1 0 ^ W/cm a r e r e q u i r e d i n t h i s h i g h g a i n S i t u a t i o n . As a 
consequence competing n o n l i n e a r e f f e c t s may o c c u r i n many e x p e r i -



TABLE 1. G a i n f a c t o r s f o r the s t i m u l a t e d Raman p r o c e s s i n v a r i o u s m a t e r i a l s ( a f t e r R ef. 3) er* 

Pump Frequency 
Pressure Temp. wavelength Shirt Linewidth Gain factor 

P T (online Av, 0s 
Substance atm K A cm"1 cm"1 cm/W 

Measurements with Raman generator: 
H2(gas) >10 77 6943 4155 10"9 H2(gas) 

300 6943 4155 1.5 x 10-* 
o 2 90 6943 1552 0.117 1.6 x 10"8 

N 2 77 6943 2326.5 0.067 1.6 x 10'8 

CS, 300 6943 655.6 0.50 1 x 10"8 

C.H« 300 5.100 992.2 2.15 5 x 10" 
H 2 0 300 6943 -3290 -200 1.4 x 1 0 ' ° 
Calcite 300 5300 1086 1.2 5.5 x 10-* 
Measurements with Raman amplifiers: 
H 2 (gas) >40 300 6943 4151 forward: 1.5 x 10"' H 2 (gas) 

backward: 1.5 x 10"9 

N 2 (gas) 1 300 2330.72 0.075 3.5 x 10" 1 1 

CH 3 OH 300 6943 2837 18 4 x 10"10 

c c u 300 5976 458 1.3 x 10"9 

c 2 c u 300 5976 447 1.7 x 10~9 

fused quartz 300 4954 420 1.7 x 10"11 

Values calculated from spontaneous Raman data: 
Nitrobenzene 300 1345 6.6 2.1 x 10"9 

Bromobenzene 300 1000 1.9 1.5 x 10"9 

Chiorobenzene 300 1002 16 1.9 x 10"9 

Toluene 300 1003 1.94 1.2 x 10-9 

Ethyl alcohol 300 5300 2928 17.4 5.11 x 10"9 

Isopropyl alcohol 300 5300 2882 26.7 9.2 x 10"10 

Acetone 300 5300 2925 17.4 1.17 x 10"9 

CCUCHj 300 5300 2939 5.2 5.11 x 10 9 

Li NbOj 80 6943 258 7 2.87 x 10"8 

Ba2NaNb,I1 9 80 6943 655 1.89 x 10"8 

Li Ta0 3 80 6943 215 12 1 x 10-8 

Si0 2 300 6943 467 8 x 10- 1 0 

Diamond 300 6943 1332 2.04 6.9 x IQ"9 
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F i g . 4: Schematic o f e x p e r i m e n t a l Setups: 
a) Raman a m p l i f i e r i n f o r w a r d d i r e c t i o n ; 
b) Raman g e n e r a t o r i n f o r w a r d d i r e c t i o n ; 
c) Raman o s c i l l a t o r w i t h l o n g i t u d i n a l pump geometry. 

ments, e.g. s t i m u l a t e d B r i l l o u i n s c a t t e r i n g and/or o p t i c a l s e l f -
f o c u s s i n g . F o r a q u a n t i t a t i v e s t u d y o f t h e s t i m u l a t e d Raman e f f e c t 
the e x p e r i m e n t a l c o n d i t i o n s have to be c a r e f u l l y a d j u s t e d t o a v o i d 
d i s t u r b i n g o t h e r n o n l i n e a r i t i e s . 

I n T a b l e I d a t a on a number o f v i b r a t i o n a l t r a n s i t i o n s w i t h 
e f f i c i e n t s t i m u l a t e d s c a t t e r i n g a re c o m p i l e d . I t i s i n t e r e s t i n g 
to n o t e t h a t t h e r e i s good agreement between t h e e x p e r i m e n t a l and 
c a l c u l a t e d g g - v a l u e s , s u b s t a n t i a t i n g the t h e o r y p r e s e n t e d h e r e . 

The s t i m u l a t e d a m p l i f i c a t i o n p r o c e s s i n f o r w a r d d i r e c t i o n has 
been a p p l i e d i n t h r e e k i n d s o f e x p e r i m e n t s : a) Raman a m p l i f i e r w i t h 
w e l l - d e f i n e d i n p u t Stokes beam; b) Raman g e n e r a t o r ; and c) Raman 
o s c i l l a t o r w i t h o p t i c a l feedback f o r the Stokes wave. The e x p e r i 
mental Setups are s c h e m a t i c a l l y shown i n F i g . 4. The Raman a m p l i 
f i e r i s o f t e n used a t s m a l l i n t e n s i t y l e v e l ( g g l L x < < ! ) s o t h a t 
the e x p o n e n t i a l i n Eq. 25a may be expanded t o f i r s t o r d e r , y i e l d i n g 
Igocl+gglLX 1. T h i s i s the S i t u a t i o n r e l e v a n t f o r CAR-, RIKE- and 
Stokes g a i n s p e c t r o s c o p y . | 3 | The Raman o s c i l l a t o r d i s p l a y s a t h r e -
s h o l d b e h a v i o u r . I f R denotes the r e l a t i v e feedback o f Stokes l i g h t 
p er c a v i t y t r a n s i t ( e . g . combined m i r r o r r e f l e c t i v i t y ) n e t a m p l i -
f i c a t i o n o c c u r s f o r 

R exp (2 g g I L jQ > 1 (27) 
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E f f i c i e n t S tokes p r o d u c t i o n may o c c u r i n the o s c i l l a t o r S e t 
up s l i g h t l y above t h r e s h o l d a t an i n t e n s i t y l e v e l s i g n i f i c a n t l y 
s m a l l e r than f o r the g e n e r a t o r System. 

Eq. 25 p r e d i c t s a f r e q u e n c y dependence o f the e x p o n e n t i a l 
g a i n f a c t o r w h i c h f o l l o w s the shape o f the spontaneous Raman band. 
T h i s f a c t has been v e r i f i e d e x p e r i m e n t a l l y . | 1 3 | An example i s 
g i v e n i n F i g . 5 where the i s o t o p i c s u b s t r u c t u r e o f the t o t ; a l l y 
Symmetrie V i b r a t i o n of C9CI4 i s s t u d i e d . | l 4 | The d i f f e r e n t combi
n a t i o n o f the 3^C1 a n c j 3/qi i S o t o p e s g i v e r i s e t o s m a l l v a r i a t i o n s 
o f t h e v i b r a t i o n a l f r e q u e n c i e s on aecount o f the d i f f e r e n t masses. 

The l i q u i d was c o n t a i n e d i n a h o l l o w g l a s s f i b r e to o b t a i n 
h i g h i n t e n s i t y o v e r a l o n g i n t e r a c t i o n l e n g t h . The g a i n p r o f i l e 
was measured i n a Raman a m p l i f i e r u s i n g a f i r s t dye l a s e r as pump 
l a s e r and a second, f r e q u e n c y - t u n a b l e dye l a s e r as i n p u t Stokes 
beam. The measured f r e q u e n c y dependence o f the g a i n f a c t o r i s de-
p i c t e d i n F i g . 5. The s p e c t r a l d i s t r i b u t i o n i s i n e x c e l l e n t a g r e e 
ment w i t h the shape o f the d i f f e r e n t i a l Raman c r o s s s e c t i o n w h ich 
i s measured by spontaneous Raman s c a t t e r i n g . 

Vibrational Frequency U)v/2Ttc [cm"1} 

F i g . 5: Stoke s g a i n v e r s u s f r e q u e n c y i n C 2 ^ 4 ( a ^ t e r R e ^ * * ^ ) . 

The s p e c t r a l i n t e n s i t y d i s t r i b u t i o n o f the Stokes e m i s s i o n 
o f the g e n e r a t o r and o s c i l l a t o r system i s governed by the f r e 
quency dependence o f g(ojg) . From Eq. 25b we conclude t h a t the 
Stok e s l i n e w i l l appear e x a c t l y a t the band c e n t e r of spontaneous 
Stokes s c a t t e r i n g ( i f c o m p e t i n g n o n l i n e a r p r o c e s s e s are absent, 
e.g. s e l f - f o c u s s i n g ) . S i n c e t h e a m p l i f i c a t i o n i s more e f f i c i e n t 
c l o s e to the resonance (o3g=o)L-ü)0), g a i n n a r r o w i n g o c c u r s ; i . e . 
bandwidth o f the s t i m u l a t e d e m i s s i o n i s n o t a b l y s m a l l e r than the 
spontaneous l i n e w i d t h under h i g h g a i n c o n d i t i o n s | l 5 | . 
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(3) 
Y F o r m a l i s m 

For the t h e o r e t i c a l d e s c r i p t i o n o f v a r i o u s n o n l i n e a r o p t i c a l 
phenomena, a power e x p a n s i o n o f the indu c e d m a c r o s c o p i c p o l a r i z a 
t i o n as a f u n c t i o n o f the a p p l i e d e l e c t r o m a g n e t i c f i e l d i s gener-
a l l y used.|11,16| T h i s approach i s c o n v e n i e n t f o r p a r a m e t r i c p r o 
c e s s e s and s c a t t e r i n g e f f e c t s . F o r s t i m u l a t e d s c a t t e r i n g t h e term 
o f i n t e r e s t i s p r o p o r t i o n a l t o E-*: 

£ N L ( t ) = £ ( 3 ) ( t ) EEE (28a) 

The p r o p o r t i o n a l i t y f a c t o r i n Eq. 28a i s the t h i r d - o r d e r n o n l i n e a r 
s u s e e p t i b i l i t y ^ i - n t n e time r e p r e s e n t a t i o n . 

NL 
Under s t a t i o n a r y and q u a s i - s t a t i o n a r y c o n d i t i o n s P ( t ) may 

be d e s c r i b e d by t h e e l e c t r i c f i e l d s a t time t , the x ^ b e i n g 
t i m e - i n d e p e n d e n t : 

£ N L ( t ) = i x 1
( 3 > E ( t ) E ( t ) E ( t ) (28b) l m,n,o Almno m n o 

The s u b s c r i p t s 1, m, n, o denote the v e c t o r components i n the x, 
y and z d i r e c t i o n s . Eqs. 28 emphasize the p o i n t o f v i e w o f a p a r a 
m e t r i c l i g h t - l i g h t i n t e r a c t i o n . C e r t a i n m i c r o s c o p i c a s p e c t s , e.g. 
th e e x c i t e d - s t a t e p o p u l a t i o n , a r e n o t e v i d e n t . I t i s c o n v e n i e n t 
t o d e s c r i b e the n o n l i n e a r p o l a r i z a t i o n and the e l e c t r i c f i e l d by 
t h e i r f r e q u e n c y components. F o r a s e t of d i s c r e t e f r e q u e n c i e s o>p 
we w r i t e : 

E J l ( t ) 4 p A Ä ( w )exp(-io> t ) + c . c . 

(29) 
2 p L l v«y«*Fv - y ' + " -£„ N L(t) = 4" ? Prt

NL(o)^)exp(-iü)^t) + c . c . 

U s i n g the r e l a t i o n co^—co^+cog+coY we f i n d f o r the f r e q u e n c y component 
P J t

N L ( o ) ( 5 ) from Eqs. 28 and 29 

V^^J = ™K « x J ^ L K ; w , u R , o ) ) E (u )E (w J E (u ) (28c) Je o m,n,o Imno Q a p y n i e x n p O Y 

The o r d e r i n g of t h e e l e c t r i c f i e l d components E(ü)a) t o E(a)^) i n 
Eq. 28c i s a r b i t r a r y ; t h e r e f o r e the f r e q u e n c i e s may be i n t e r c h a n g e d 
i n the argument o f x ^ ' The f r e q u e n c y v a l u e s o f the photons w h i c h 
a r e a n n i h i l a t e d i n the n o n l i n e a r p r o c e s s c o n v e n t i o n a l l y e n t e r t h e 
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(3) . 

argument o f x w i t h p o s i t i v e s i g n s ; the g e n e r a t e d f r e q u e n c i e s 
appear w i t h n e g a t i v e s i g n s . The Stok e s Raman s c a t t e r i n g i s des
c r i b e d i n the f o r m a l i s m by x^^ ("^S' ^L» ""WL» ^S^* 

(3) . 
The f r e q u e n c y dependence of x i s c o m p l i c a t e d i n g e n e r a l 

and has been d i s c u s s e d e x t e n s i v e l y i n the l i t e r a t u r e . | 1 6 , 1 7 | The 
magnitude o f x ^ f ° r S t o k e s s c a t t e r i n g i s r e s o n a n t l y enhanced i f 
the f r e q u e n c y d i f f e r e n c e WL-Wg c o i n c i d e s w i t h an e i g e n f r e q u e n c y 
o f t h e p h y s i c a l system. I n the resonance r e g i o n , x^ ^ m a v be s p l i t 
i n t o two components: a r e s o n a n t c o n t r i h u t i o n X r e s w n i ° n i - s s t r o n g l y 
f r e q u e n c y dependent and a non- r e s o n a n t c o n t r i h u t i o n XNR ^ u e t 0 a ^ 
o t h e r t r a n s i t i o n f r e q u e n c i e s w h i c h a r e f a r o f f - r e s o n a n c e . We t h e r e 
f o r e w r i t e 

,(3) 

and a c c o r d i n g l y 

* = ^ e s + *NR (30) 

£ ^ = £ + $ (31a) *S r e s NR U , a ; 

where 

$ = X EEE; Pxm = XxT« EEE (31b) r e s A r e s * NR NR 

(3) 
I n the f o l l o w i n g we n e g l e c t t h e t e n s o r c h a r a c t e r o f x • T h i s i s 
e q u i v a l e n t t o t r e a t i n g x ^ a s a s c a l a r . Comparison w i t h Eq. 21b 
y i e l d s 

= N | ^ <q> E = X y . o c EEE (3.1c) r e s Bq r e s 

S u b s t i t u t i o n o f Eqs. 22 and 23a f o r the s t a t i o n a r y case c o n s i d e r e d 
h ere (9Q/at - 0) l e a d s t o I 3|: 

(3) , . 
X ("w

s» \> ~\> w
s ) = 

(32) 
J L (d(X^2 N ( i - n ) 4 

4m ^3q ; 2 ( N 2 a 0 . , 77- XNR 

The f i r s t p a r t on the r i g h t hand s i d e of Eq. 32 denotes the r e s o 
nant p a r t . x ^ i s complex i n g e n e r a l , x^^ = X ? i x " » Tbe f r e 
quency dependence i s d e p i c t e d i n F i g . 6. The nonresonant s u s c e p t i 
b i l i t y XNR ^ s r e a l i n most p r a c t i c a l cases and o n l y s l i g h t l y f r e 
quency dependent. A t r e s o n a n c e , u) L, -wg - w 0, the i m a g i n a r y p a r t 
X 1 1 has i t s extremum w h i l e x' = 0 . 
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F i g . 6: Resonance s t r u c t u r e o f the n o n l i n e a r s u s c e p t i b i l i t y f o r 
s t i m u l a t e d Stokes g e n e r a t i o n . 

(3) . . . 
Only the i m a g i n a r y p a r t o f x l e a d s t o Stok e s a m p l i f i c a t i o n . 

The r e a l p a r t r e p r e s e n t s i n t e n s i t y - d e p e n d e n t changes o f r e f r a c t i v e 
i n d e x w h ich a re r e s p o n s i b l e f o r f r e q u e n c y m o d u l a t i o n and s e l f -
f o c u s s i n g e f f e c t s . | 3 | I n s e r t i n g Eqs. 31 i n Eq. 21a l e a d s t o an 
e x p r e s s i o n analogous t o Eq. 24. The r e s u l t i s a g a i n e x p o n e n t i a l 
Stokes a m p l i f i c a t i o n (note Eqs. 25) w i t h g a i n f a c t o r 

2 
32 TT Cüg 

g(w s) = 2 — X n ( - w s ; <*)L, -wL, w s) (33) 
V L C 

Eq. 33 demonstrates t h a t s t i m u l a t e d s c a t t e r i n g may be d i s c u s s e d i n 
terms of x ^ w i t h o u t i n t r o d u c i n g a m i c r o s c o p i c p i c t u r e o f the l i g h t 
m a t t e r i n t e r a c t i o n . 

V. TRANSIENT STIMULATED SCATTERING 

The t r a n s i e n t S i t u a t i o n d e s e r v e s s p e c i a l a t t e n t i o n s i n c e i t 
enables us to determine d i r e c t l y i m p o r t a n t m a t e r i a l parameters of 
the m o l e c u l a r t r a n s i t i o n under i n v e s t i g a t i o n . | 9 , 1 8 - 2 0 | I n p a r t i 
c u l a r , e x p e r i m e n t a l t e c h n i q u e s have been d e v i s e d t o s t u d y the 
dephasing time T2 and the energy r e l a x a t i o n t i m e Tj i n the l i q u i d 
S t a t e . | 2 1 , 2 2 | We w i l l r e s t r i c t t he d i s c u s s i o n t o f o r w a r d s c a t t e r i n g 
i n the r e s o n a n t case (cog = Ü>L ~ Ü) g) w i t h s m a l l c o n v e r s i o n . T r a n s -
f o r m i n g Eqs. 23 t o the r e t a r d e d t i m e frame, t f = t - x / v , x f = x and 
n e g l e c t i n g group d i s p e r s i o n we o b t a i n 
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1 ? A s ( x ' , f ) = i c ^ Q * (34) 

K 1 4m(ü3L-tos) 3 q ; K 2 c u g
 N 9q 

I n Eqs. 34 we have n e g l e c t e d the s m a l l p o p u l a t i o n changes s e t t i n g 
n - n. S i n c e pump d e p l e t i o n (and a l s o l i n e a r l o s s e s ) a r e n e g l e c t e d 
we have E^ = E j ^ t 1 ) . Eqs. 34 may be i n t e g r a t e d u s i n g Riemann's 
method. S o l u t i o n s have been p u b l i s h e d c o n t a i n i n g m o d i f i e d B e s s e l 
f u n e t i o n s I 0 and I j o f z e r o t h and f i r s t o r d e r . | 1 9 , 2 0 | Q u a l i t a t i v e l y 
s p e a k i n g , t r a n s i e n t s c a t t e r i n g has s i m i l a r p r o p e r t i e s as s t a t i o n a r y 
s c a t t e r i n g i n many r e s p e c t s . Important p o i n t s a r e : 

( i ) Time i s r e q u i r e d f o r the m a t e r i a l t o respond t o the l i g h t 
f i e l d s making the s c a t t e r i n g l e s s e f f i c i e n t ; t he l a t t e r f a c t 
may be compensated f o r by h i g h e r pump i n t e n s i t i e s . 

( i i ) M a t e r i a l e x c i t a t i o n s t i l l s u r v i v e s when the e x t e r n a l l i g h t 
f i e l d has been s w i t c h e d o f f . 

An example f o r t h e i n c r e a s i n g i n t e n s i t y r e q u i r e m e n t s o f t r a n 
s i e n t s c a t t e r i n g i s shown i n F i g . 7. A ( h i g h g a i n ) Raman g e n e r a t o r 
w i t h c o n s t a n t Stokes e f f i c i e n c y Hg i s c o n s i d e r e d f o r G a u s s i a n l a s e r 
p u l s e s o f d u r a t i o n t p . The r e q u i r e d g a i n p r o d u e t gglj^x f o r ns = 

0.1 % and 1 % i s p l o t t e d as a f u n c t i o n o f the r a t i o t p / T 2 . F o r 
d e c r e a s i n g v a l u e s of t p / T 2 the t r a n s i e n t c h a r a c t e r o f the s t i m u 
l a t e d Raman p r o c e s s becomes more dominant and l a r g e r v a l u e s of 
g S l L X a r e n e c e s s a r y t o a c h i e v e the same e f f i c i e n c y ns* 

The g e n e r a t e d Stokes p u l s e i s s h o r t e n e d and s l i g h t l y d e l a y e d 
w i t h r e s p e c t t o the i n c i d e n t l a s e r p u l s e . | 1 9 | An example f o r the 
t i m e e v o l u t i o n o f the m a t e r i a l e x c i t a t i o n i s shown i n F i g . 8. The 
c o h e r e n t e x c i t a t i o n i s p l o t t e d as a f u n c t i o n of ti m e f o r t h r e e 
p a r a m e t e r s t p / T 2 . The o r d i n a t e i s i n u n i t s o f h/mü) 0 and r e f e r s to 
a t y p i c a l e x p e r i m e n t a l S i t u a t i o n w i t h x = 1 cm, ns = 1 a n c * 
G a u s s i a n l a s e r p u l s e s . The c o h e r e n t e x c i t a t i o n grows v e r y f a s t on 
aecount o f the r a p i d o n s e t of s t i m u l a t e d s c a t t e r i n g . When the 
pumping f i e l d has t e r m i n a t e d , the v i b r a t i o n a l e x c i t a t i o n r e l a x e s 
f r e e l y . The e x p o n e n t i a l decay of the Q^-curves d i r e c t l y g i v e s the 
r e l a x a t i o n t ime T 2 / 2 . The t r a n s i e n t m a t e r i a l e x c i t a t i o n may be 
d i r e c t l y o b s e r v e d by c o h e r e n t Raman s c a t t e r i n g o f d e l a y e d p r o b i n g 
p u l s e s . | 2 1 , 2 2 | A s i m i l a r time dependence i s e v a l u a t e d (Eq. 23d) 
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Ratio of Time Constants t p /T 2 

F i g . 7: R e q u i r e d g a i n p r o d u c t g g l L x v e r s u s p u l s e d u r a t i o n t p f o r 
c o n s t a n t energy c o n v e r s i o n e f f i c i e n c y . 

Time t/t p 

F i g . 8: Coherent v i b r a t i o n a l e x c i t a t i o n v e r s u s t i m e f o r t h r e e 
v a l u e s o f the parameter t v / ^ 2 ' 
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f o r t he e x c e s s p o p u l a t i o n n-n wh i c h decays w i t h p o p u l a t i o n l i f e -
time T j . | 9 | 

The decay of t h e m a t e r i a l e x c i t a t i o n i n F i g . 8 r e p r e s e n t s the 
Raman analogue to f r e e i n d u c t i o n decay f o r an e l e c t r i c (or magnetic) 
d i p o l e t r a n s i t i o n . I n the t e r m i n o l o g y o f c o h e r e n t e f f e c t s the 
Stokes p u l s e p r o p a g a t i o n d i s c u s s e d here r e p r e s e n t s s m a l l a r e a 
p u l s e p r o p a g a t i o n . A d d i t i o n a l c o h e r e n t phenomena o c c u r i n the 
t r a n s i e n t case a t h i g h c o n v e r s i o n e f f i c i e n c i e s and f o r l a r g e popu
l a t i o n changes.|23,24| A major d i f f i c u l t y i s the weakness of the 
Raman c o u p l i n g . The O b s e r v a t i o n o f a Raman echo was r e c e n t l y r e 
p o r t e d f o r a s p i n - f l i p t r a n s i t i o n i n CdS a t 1.6 K.|25| 

V I . SIMULTANEOUS ANTI-STOKES AND HIGHER ORDER STOKES GENERATION 

The d i s c u s s i o n g i v e n above has been r e s t r i c t e d t o the pr e s e n c e 
of two f r e q u e n c y components o f the e l e c t r o m a g n e t i c f i e l d . At h i g h 
s c a t t e r i n g e f f i c i e n c i e s a d d i t i o n a l f r e q u e n c y components show up i n 
the spectrum. Only a few remarks s h a l l be g i v e n h e r e on these more 
c o m p l i c a t e d s i t u a t i o n s . The g e n e r a t i o n o f new S t o k e s components 
s h i f t e d by m u l t i p l e s o f the resonance f r e q u e n c y Ü>0 t o lower f r e 
q u e n c i e s i s e a s i l y u n d e r s t o o d as a m u l t i p l e s t e p p r o c e s s . | 3 , 2 6 | 
A f t e r the g e n e r a t i o n o f i n t e n s e f i r s t - S t o k e s l i g h t , t h i s component 
i n t u r n s e r v e s as a pump so u r c e g e n e r a t i n g 2nd S t o k e s e m i s s i o n and 
so on. These p r o c e s s e s a r e f a c i l i t a t e d by the p r e s e n c e of the c o 
he r e n t e x c i t a t i o n <q> wh i c h p r o v i d e s an e f f i c i e n t i n i t i a l c o n d i t i o n 
f o r s t i m u l a t e d a m p l i f i c a t i o n by c o h e r e n t S t o k e s Raman s c a t t e r i n g . 
I n o t h e r words, h i g h e r o r d e r Stokes p r o d u c t i o n need not de v e l o p 
from quantum n o i s e . 

Of s p e c i a l i n t e r e s t i s the a n t i - S t o k e s g e n e r a t i o n i n the f r e 
quency r e g i o n w a = WL + a) Q. I t has been mentioned above ( S e c t i o n 
I I ) t h a t l a s e r - a n t i - S t o k e s c o u p l i n g l e a d s to s t i m u l a t e d l o s s e s o f 
the u) a component ( p r o v i d e d t h a t the m o l e c u l a r t r a n s i t i o n i s not 
p o p u l a t i o n - i n v e r t e d ) . So, a n t i - S t o k e s g e n e r a t i o n i n the g e n e r a l 
case i s p o s s i b l e o n l y v i a S t o k e s - a n t i - S t o k e s c o u p l i n g . I n f a c t , 
p r o d u c i n g a c o h e r e n t e x c i t a t i o n <q> by the St o k e s p r o c e s s a l l o w s 
a n t i - S t o k e s g e n e r a t i o n v i a c o h e r e n t Raman s c a t t e r i n g o f f the ma
t e r i a l e x c i t a t i o n | l l | r e p r e s e n t e d by 

8A u 8A TT w 

Eq. 35 i s the a n t i - S t o k e s analogue t o Eq. 23b and i s d e r i v e d 
from the n o n l i n e a r wave e q u a t i o n i n the same way as f o r the Stokes 
p r o c e s s . S i n c e the a n t i - S t o k e s p r o c e s s i s t h e i n v e r s e p r o c e s s , the 
m o l e c u l a r t r a n s i t i o n i s not pumped but d e - e x c i t e d by the g e n e r a t i o n 
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o f oo a-photons. As a consequence, Eq. 23a f o r the a m p l i t u d e Q i s 
m o d i f i e d by an a d d i t i o n a l term on the r . h . s . i n t r o d u c i n g l o s s v i a 
a n t i - S t o k e s s c a t t e r i n g |3| 

9Q * 1 r 2 2 • n 
TTT + o ( W -1 ) Q = 
3t 2 W y o v T 2 ( 3 6 ) 

4mo) 3q v n 
If 0-2 n>kAS ^ e x p ( i A k a x ) ] 

The f a c t o r A k a i n Eqs. 35 and 36 denotes the k-mismatch b e t 
ween S t o k e s and a n t i - S t o k e s s c a t t e r i n g , A k a = kg+k a-2kL, f o r a 
c o l l i n e a r geometry. F o r k a = 0, the a n t i - S t o k e s p r o c e s s t o t a l l y 
i n h i b i t s the s t i m u l a t e d b u i l d - u p o f t h e c o h e r e n t a m p l i t u d e Q and 
no a m p l i f i c a t i o n of Stokes and a n t i - S t o k e s l i g h t o c c u r s ; i . e . the 
two w a v e - p i c t u r e c o n s i d e r e d above does not a p p l y , S t o k e s - a n t i -
Stokes c o u p l i n g must not be o m i t t e d . F o r r e a l Systems, we have 
A k a ^ 0 due t o d i s p e r s i o n of the o p t i c a l r e f r a c t i v e i n d e x . F o r 
o f f - a x i s g e o m e t r i e s , the v a l u e of A k a a l s o depends on e m i s s i o n 
a n g l e s ( p a r t i c u l a r l y i m p o r t a n t f o r g a s e s ) . The S i t u a t i o n i s i l l u s -
t r a t e d by F i g . 9 where the Raman a m p l i f i c a t i o n f o r Stokes and a n t i -
Stokes l i g h t i s p l o t t e d v e r s u s mismatch Ak a.|27| 

1 i | i r 

F i g . 9: S t i m u l a t e d Stokes and a n t i - S t o k e s a m p l i f i c a t i o n v e r s u s 
k-mismatch A k a ( a f t e r Ref. 2 7 ) . 
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The F i g . shows t h a t no a m p l i f i c a t i o n o c c u r s f o r A k a = 0 w h i l e 
f o r |Aka&|> 2g g I T j the d e v i a t i o n s from the t w o - w a v e - p i c t u r e o f 
S e c t i o n s H-V a r e n e g l i g i b l e . F or the Raman g e n e r a t o r (g^I^l- 25) 
the r e q u i r e d mismatch Ak a>50/£ i s r e a d i l y f u l f i l l e d i n l i q u i d s and 
s o l i d s . One has A k a > 1 0 2 cm 2 i n many p r a c t i c a l c a s e s and a c e l l 
l e n g t h o f s e v e r a l cm to tens o f cm, so t h a t the t h e o r y o f S e c t i o n s 
I I - V a p p l i e s . 

I n gases the S i t u a t i o n has t o be c a r e f u l l y chequed. A non-
c o l l i n e a r geometry may be used t o su p p r e s s a n t i - S t o k e s c o u p l i n g 
( i m p o r t a n t f o r Raman g a i n s p e c t r o s c o p y ) . F o r backward s c a t t e r i n g 
the mismatch A k a i s v e r y l a r g e i n a l l c a s e s and the e f f e c t o f a n t i -
S tokes c o u p l i n g n e g l i g i b l e . 

V I I . CONCLUDING REMARKS 

I n c o n c l u s i o n we b r i e f l y p o i n t t o s e v e r a l i m p o r t a n t a p p l i c a 
t i o n s o f s t i m u l a t e d s c a t t e r i n g . The s t a t i o n a r y s t i m u l a t e d p r o c e s s 
i s used i n v a r i o u s n o n l i n e a r Raman t e c h n i q u e s , e.g. CARS, RIKES, 
g a i n s p e c t r o s c o p y , i n v e r s e Raman s c a t t e r i n g , w h i c h a r e d i s c u s s e d 
i n d e t a i l by s e v e r a l c h a p t e r s o f t h i s volume. T r a n s i e n t s t i m u l a t e d 
s c a t t e r i n g i s h i g h l y v a l u a b l e as an e x c i t a t i o n p r o c e s s f o r t i m e -
r e s o l v e d i n v e s t i g a t i o n s o f e l e m e n t a r y e x c i t a t i o n s . | 2 8 | 

The h i g h c o n v e r s i o n e f f i c i e n c y o f s e v e r a l .10 p e r ce n t makes 
s t i m u l a t e d Raman s c a t t e r i n g a v e r s a t i l e t o o l f o r the g e n e r a t i o n 
of i n t e n s e r a d i a t i o n a t new l i g h t f r e q u e n c i e s . F o r example, a cw 
Raman o s c i l l a t o r was d e v i s e d w i t h a 100 m l o n g f u s e d s i l i c a f i b r e 
pumped by an argon l a s e r w h i c h g e n e r a t e d i n t e n s e l i g h t t u n a b l e 
over 300 cm _ 1.|29| A quasi-cw Raman o s c i l l a t o r w i t h h i g h p r e s s u r e 
H2~gas pumped by a t u n a b l e dye l a s e r i s a v e r s a t i l e l i g h t source 
f o r c o h e r e n t l i g h t i n v i s i b l e to the f a r i n f r a r e d ; t he long-wave-
l e n g t h (MOOvrm) ränge i s reached by e f f i c i e n t 4 t h o r d e r Stokes 
g e n e r a t i o n . | 3 0 , 3 1 | Tunable IR r a d i a t i o n may be a l s o produced by 
s p i n - f l i p Raman s c a t t e r i n g i n InSb pumped by a CO- o r C 0 2 " l a s e r . 
|32,33| 

The h i g h n o n l i n e a r i t y o f the p r o c e s s a l l o w s the g e n e r a t i o n of 
s h o r t e r p u l s e s . U s i n g backward s c a t t e r i n g i n a Raman g e n e r a t o r w i t h 
nanosecond pump p u l s e s , p i c o s e c o n d p u l s e s were generated.|34| Sub-
p i c o s e c o n d p u l s e s have been produced r e c e n t l y i n a s y n c h r o n o u s l y 
c o u p l e d Raman o s c i l l a t o r e x c i t e d by a t r a i n of p i c o s e c o n d p u l s e s . | 3 5 | 

T h i s s h o r t l i s t of a p p l i c a t i o n s d e m onstrates t h e i m p r e s s i v e 
p r o g r e s s made i n the f i e l d of s t i m u l a t e d Raman s c a t t e r i n g d u r i n g 
the p a s t two decades. 
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RAMAN INVESTIGATIONS OF POLYATOMIC MOLECULES IN THE LIQUID STATE 
USING PICOSECOND LIGHT PULSES 
I . DIRECT OBSERVATION OF THE POPULATION LIFETIME Tj AND THE 

DEPHASING TIME T 2 OF VIBRATIONAL MODES 

W. K a i s e r and W. Z i n t h 

P h y s i k Department der 
T e c h n i s c h e n Universität München 
München, West Germany 

1. INTRODUCTION 

With modern Laser-Raman s p e c t r o m e t e r s i t i s r e a d i l y p o s s i b l e 
to measure Raman t r a n s i t i o n s w i t h h i g h a c c u r a c y . I n s p i t e o f sub-
s t a n t i a l p r o g r e s s i n r e c e n t y e a r s b a s i c problems remain. F i r s t o f 
a l l , i t i s d i f f i c u l t to s e p a r a t e the Raman band o f i n t e r e s t from 
the background made up of o t h e r n e i g h b o r i n g o r weak u n d e r l y i n g 
Raman t r a n s i t i o n s . I n p o l y a t o m i c m o l e c u l e s t h e r e e x i s t numerous 
o v e r t o n e s and c o m b i n a t i o n modes wh i c h c o n t r i b u t e - p o s s i b l y en
hanced by Fermi resonance - to the o b s e r v e d s c a t t e r e d i n t e n s i t y . 
A d d i t i o n a l weaker t r a n s i t i o n s may be b u r r i e d under the main Raman 
bands g i v i n g r i s e to d i s t o r t i o n o f the band p r o f i l e . 

Assuming the l i n e shape b e i n g w e l l e s t a b l i s h e d s e r i o u s 
d i f f i c u l t i e s a r e encountered when one t r i e s t o i n t e r p r e t e the 
p h y s i c a l o r i g i n of the Raman band-width. I n g e n e r a l , t h e r e a r e 
s e v e r a l mechanisms of l i n e b r o a d e n i n g w h i c h may o r may n o t con
t r i b u t e t o the observed Raman band. We p o i n t t o the c o l l i s i o n i n 
duced d e p h a s i n g , to the energy r e l a x a t i o n o f the e x c i t e d v i b r a t i 
o n a l s t a t e , to the p o s s i b l e i s o t o p i c m u l t i p l i c i t y o f the t r a n s i t i o n , 
and f i n a l l y , to inhomogeneous b r o a d e n i n g due to v a r y i n g m o l e c u l a r 
s u r r o u n d i n g . 

I n r e c e n t y e a r s we succeeded i n m e a s u r i n g d i r e c t l y the 
p o p u l a t i o n l i f e - t i m e Tj and the d e p h a s i n g time T 2 of v a r i o u s 
v i b r a t i o n a l modes i n the time domain w i t h o u t r e s o r t to the t r a n s 
i t i o n band-width /1-5/. For p o l y a t o m i c m o l e c u l e s i n the l i q u i d 
S t a t e a t 300 K b o t h time c o n s t a n t s T j and T 2 a r e v e r y s h o r t , f r e -
q u e n t l y o f the o r d e r of p i c o s e c o n d s . As a consequence, we had t o 
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d e s i g n e x p e r i m e n t a l Systems w h i c h e n a b l e us t o measure v i b r a t i o n a l 
time c o n s t a n t s on the time s c a l e o f 10~*2 s # i n t h i s summary we 
i n t r o d u c e two e x p e r i m e n t a l t e c h n i q u e s and p r e s e n t some examples t o 
i l l u s t r a t e the S t a t e o f our knowledge. The i n t e r e s t e d r e a d e r i s 
r e f e r r e d t o the o r i g i n a l l i t e r a t u r e c i t e d a t the end o f t h i s a r t i c l e . 

2. THE POPULATION LIFE-TIME Tj 

The p o p u l a t i o n l i f e - t i m e Tj o f a s p e c i f i c v i b r a t i o n a l S t a t e 
i s measured as f o l l o w s . A f i r s t u l t r a s h o r t i n f r a r e d p u l s e tuned 
t o the resonance f r e q u e n c y o f the i n v e s t i g a t e d t r a n s i t i o n e x c i t e s 
m o l e c u l e s by d i r e c t IR a b s o r p t i o n and a second v i s i b l e p u l s e o f 
v a r i a b l e d e l a y time m o n i t o r s the i n s t a n t a n e o u s p o p u l a t i o n of t h e 
e x c i t e d m o l e c u l e s . The spontaneous a n t i - S t o k e s Raman s i g n a l i s 
used as a d i r e c t measure of the e x c e s s p o p u l a t i o n . T h i s measuring 
t e c h n i q u e has the g r e a t advantage o f p r o v i d i n g v e r y d i r e c t i n 
f o r m a t i o n of the p o p u l a t e d v i b r a t i o n a l mode. The O b s e r v a t i o n o f 
v a r i o u s a n t i - S t o k e s f r e q u e n c i e s t e i l s us a c c u r a t e l y w h i c h v i b r a t i 
o n a l mode i s p o p u l a t e d a t a c e r t a i n t i m e . I n t h i s way we a r e a b l e 
to o bserve the time dependence of t h e p r i m a r y e x c i t a t i o n and f o l l o w 
the v i b r a t i o n a l energy through d i f f e r e n t decay C h a n n e l s . On the 
o t h e r hand, the Tj t e c h n i q u e has one major s h o r t c o m i n g . The Raman 
s c a t t e r i n g c r o s s - s e c t i o n s n o t o r i o u s l y a r e e x t r e m e l y s m a l l and the 
p o p u l a t i o n d e n s i t i e s a c h i e v e d w i t h the s h o r t e x c i t a t i o n p u l s e are 
o n l y of the o r d e r of £ I L As a r e s u l t , the number o f s c a t t e r e d 
photons i s v e r y l i m i t e d , a p p r o x i m a t e l y 1 0 2 to 10^ per p u l s e , making 
the d a t a a c q u i s i t i o n a n o n - t r i v i a l t a s k /4/. 

A. E x p e r i m e n t a l System to Measure T j 

I n F i g . 1, we show s c h e m a t i c a l l y an e x p e r i m e n t a l system. Two 
p u l s e s v a r y i n g w i d e l y i n f r e q u e n c y a r e g e n e r a t e d . The t u n a b l e 
i n f r a r e d p u l s e a t v j i s made v i a an o p t i c a l t h r e e - p h o t o n p r o c e s s 
i n t h r e e LiNbOß c r y s t a l s /9/. T y p i c a l v a l u e s o f the IR p u l s e s a r e 
! 0 l 5 photons per p u l s e , s p e c t r a l band w i d t h AVJR ^ 20 cm"*, and 
beam d i v e r g e n c e o f ^ 10~3 mrad. The m o n i t o r i n g green p u l s e i s 
produced a t the second harmonic f r e q u e n c y v 2 = 18,990 cm""1 i n a 
n o n l i n e a r KDP c r y s t a l . The two p u l s e s a r e f o c u s s e d - w i t h a p r o p e r 
d e l a y time - onto a s m a l l sample w h i c h i s l o c a t e d a t the f o c u s o f 
an e l l i p s o i d a l m i r r o r . A p p r o x i m a t e l y 50% o f the a n t i - S t o k e s 
s c a t t e r e d photons a r e c o l l e c t e d by t h i s m i r r o r and imaged a t the 
e n t r a n c e s l i t o f a s p e c t r o m e t e r w h i c h i s c o n n e c t e d t o a photo-
m u l t i p l i e r . We p o i n t to a t h i n LiNbOß c r y s t a l ( m i d d l e , r . h . s . ) i n 
F i g . 1, where the two i n p u t p u l s e s o f f r e q u e n c i e s Vj and v 2 are 
o p t i c a l l y mixed t o form the sum f r e q u e n c y a t t h e d i f f e r e n t d e l a y 
s e t t i n g s . I n t h i s way we o b s e r v e the c r o s s - c o r r e l a t i o n f u n c t i o n 
i n each e x p e r i m e n t a l r u n . The peak o f the c r o s s - c o r r e l a t i o n f u n c t i o n 
marks the z e r o p o i n t o f our time s c a l e (where the maxima of b o t h 
p u l s e s o v e r l a p ) and the w i d t h o f the c r o s s - c o r r e l a t i o n c u r v e g i v e s 
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F i g . 1 E x p e r i m e n t a l System to measure t h e p o p u l a t i o n l i f e - t i m e Tj 
o f v i b r a t i o n a l modes. The e x c i t i n g i n f r a r e d p u l s e v j i s ge n e r a t e d 
by the o p t i c a l p a r a m e t r i c p r o c e s s i n t h r e e LiNbOß c r y s t a l s . The 
probe p u l s e a t the second harmonic f r e q u e n c y v 2 i s p r e p a r e d w i t h 
the h e l p o f a KDP c r y s t a l . An e l i p s o i d a l m i r r o r c o l l e c t s t h e 
s c a t t e r e d a n t i - S t o k e s photons. The s m a l l LiNbOß c r y s t a l a t the 
r . h . s . s e r v e s t o measure the c r o s s - c o r r e l a t i o n c u r v e o f the two 
p u l s e s a t the f r e q u e n c i e s Vj and v 2 . 

us v a l u a b l e i n f o r m a t i o n on the time r e s o l u t i o n o f the i n d i v i d u a l 
e x p e r i m e n t . 

B. R e s u l t s and D i s c u s s i o n o f Tj Data 

We have i n v e s t i g a t e d numerous m o l e c u l e s and found w i d e l y v a r y -
i n g v a l u e s o f the p o p u l a t i o n l i f e - t i m e s between 1 ps ( t h e time 
r e s o l u t i o n o f o u r system) and 200 ps i n p o l y a t o m i c m o l e c u l e s a t 
room te m p e r a t u r e / l , 2 , 4 / . S p e c i a l a t t e n t i o n was p a i d t o the CH-
s t r e t c h i n g modes i n the f r e q u e n c y ränge o f 3 0 0 0 U 0 0 cm" 1 where 
d i r e c t pumping by IR p u l s e s i s r e a d i l y p o s s i b l e . A t the b e g i n n i n g 
of our i n v e s t i g a t i o n s the l a r g e s p r e a d i n Tj v a l u e s was q u i t e 
p u z z l i n g . The Tj r e s u l t s appeared to be v e r y s e n s i t i v e t o the 
s p e c i f i c l e v e l s t r u c t u r e o f the i n d i v i d u a l m o l e c u l e . Düring the 
pa s t y e a r s we have made c o n s i d e r a b l e p r o g r e s s i n our u n d e r s t a n d i n g 
o f the p h y s i c a l phenomena which d e t e r m i n e t h e p o p u l a t i o n l i f e - t i m e 
i n p o l y a t o m i c m o l e c u l e s . Two p r o c e s s e s s h o u l d be d i s t i n g u i s h e d . 
( i ) V e r y r a p i d exchange of v i b r a t i o n a l energy o c c u r s between s i m i 
l a r fundamental v i b r a t i o n s o f near e n e r g i e s . F o r example, we have 
e x p e r i m e n t a l e v i d e n c e t h a t c o l l i s i o n - i n d u c e d i n t e r a c t i o n l e a d s t o 
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r a p i d energy exchange (<_ 1 ps) between the Symmetrie and the 
asymmetric s t r e t c h i n g modes o f the CH 2 group. As a r e s u l t , d u r i n g 
the e x c i t a t i o n p r o c e s s w i t h p u l s e s o f 5 ps d u r a t i o n we p o p u l a t e 
b o t h v i b r a t i o n a l l e v e l s . S i m i l a r l y , we see v e r y f a s t energy ex
change (<_ 1 ps) between i n f r a r e d and Raman a c t i v e modes w i t h i n the 
CH fundamentals. T h i s O b s e r v a t i o n has consequences f o r the decay 
p r o c e s s w h i c h S t a r t s - a f t e r the pump p u l s e has l e f t the medium -
from a r e s e r v o i r o f two o r more energy s t a t e s . ( i i ) V i b r a t i o n a l 
energy i s t r a n s f e r r e d from the C H - s t r e t c h i n g modes 3000 cm""1) 
v i a o v e r t o n e s and c o m b i n a t i o n modes to lower energy s t a t e s . I n t r a -
m o l e c u l a r anharmonic c o u p l i n g , the Ferm i r e s o n a n c e , between n e i g h -
b o r i n g energy s t a t e s i s o f major importance i n t h i s r e s p e c t . The 
degree o f Fermi resonance i n a c e r t a i n f r e q u e n c y ränge m a n i f e s t s 
i t s e l f i n the i n f r a r e d and Raman s p e c t r a . Overtones and h i g h e r 
o r d e r c o m b i n a t i o n modes borrow i n t e n s i t y from C H - s t r e t c h i n g modes. 
We d e f i n e as a measure of Ferm i resonance m i x i n g the i n t e n s i t y 
r a t i o , R, between the f i n a l and i n i t i a l s t a t e t a k e n from the i n f r a 
r e d o r Raman spectrum. I n a r e c e n t p u b l i c a t i o n a f o r m u l a was de-
r i v e d w h i ch a l l o w s to e s t i m a t e the l i f e time Tj o f v i b r a t i o n a l 
s t a t e s /!/: 

T, = NO+R^R" 1 exp(ü)/ft) 2 / 3 T 2 ( f ) (1) 

N c o r r e s p o n d s to the number of s t a t e s i n i t i a l l y e x c i t e d , R i s a 
measure o f the Fermi r e s o n a n c e , and T 2 ( f ) Stands f o r the d e p h a s i n g 
time o f the f i n a l S t a t e . T 2 ( f ) may be e s t i m a t e d from the Raman 
l i n e - w i d t h Av as T 2 ( f ) = (2TTCAV)~ 1 ( T 2 ( f ) i s e q u a l to T 2/2 measured 
i n c o h e r e n t Raman e x p e r i m e n t s ) /3/. The f r e q u e n c y w r e p r e s e n t s the 
energy d i f f e r e n c e between the i n i t i a l and the f i n a l s t a t e . Q has a 
v a l u e c l o s e t o 100 cm~1. I n some cases i t i s d i f f i c u l t t o d e t e r m i n e 
the T 2 ( f ) v a l u e on aecount of a complex band s t r u c t u r e . A n o t h e r 
d i f f i c u l t y a r i s e s f o r v e r y s t r o n g v i b r a t i o n a l c o u p l i n g . T h e i r F e r m i -
resonance i n t e r a c t i o n may become so s t r o n g t h a t energy t r a n s f e r 
o c c u r s v e r y f a s t , i . e . , w i t h i n the time o f the e x c i t a t i o n p u l s e . 

As an example we p r e s e n t d a t a o f the two m o l e c u l e s CH 2CC1 2 and 
t r a n s CHC1CHC1, the I R - a b s o r p t i o n s p e c t r a and Raman s p e c t r a o f w h i c h 
are shown i n F i g . 2 and 3 /4/. A t f i r s t we a r e concerned w i t h the 
f r e q u e n c y ränge from 2950 t o 3250 cm" 1. 

In F i g . 2 we see the Symmetrie ( v j ) and asymmetric (vy) CH 2-
s t r e t c h i n g v i b r a t i o n s o f CH 2=CC1 2 i n s t r o n g F e r m i resonance w i t h 
c o m b i n a t i o n modes. I n p a r t i c u l a r , t h e r e i s s t r o n g F e r m i resonance 
between Vj and v 2+Vß, b o t h o f A j symmetry, and between Vj and 
v 2 + v 6 + v j ] , b o t h o f Bj symmetry /4/. T h i s O b s e r v a t i o n s u g g e s t s t h a t 
we have t o c o n s i d e r two decay Channels f o r the C H 2 - s t r e t c h i n g modes. 
For the decay Vj •> v 2+Vß we e s t i m a t e the i n t e n s i t y r a t i o R = 0.2±0.05 
and c a l c u l a t e T 2 ( f ) = 0.3 ps fr o m the Raman l i n e - w i d t h o f Av = 17 cm" 
With N = 2 (two CH 2 modes) and o) = 40 cm"1 we o b t a i n f rom Eq. 1 a 
v a l u e o f Tj = 7.8±3 ps. 
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F i g . 2 I n f r a r e d a b s o r p t i o n (a) and Raman (b) s p e c t r a o f C H 2 C C I 2 
between 3950 and 3250 cm" 1. Two c o m b i n a t i o n tones a r e i n s t r o n g 
F e r m i resonance w i t h the two C H - s t r e t c h i n g modes a t v j and V7. 

F o r the second decay Channel V7 ^>2+v6+v\ \ w e t a l c e t n e 

numbers R = 0.6±0.1, T 2 ( f ) = 0 . 3 p s , N = 2, and w = 45 cm" 1 and 
c a l c u l a t e Tj = 4»5±1 ps. Adding the two decay r a t e s g i v e s an e s t i 
mate f o r the r e l a x a t i o n time f o r the two C ^ - s t r e t c h i n g modes o f 
T] = 2.9±0.6 ps. 

I n F i g . 4a we p r e s e n t e x p e r i m e n t a l d a t a o f the d i r e c t d e t e r 
m i n a t i o n o f the Tj v a l u e o f the C ^ - s t r e t c h i n g modes. The Vj mode 
a t 3036 cm" 1 i s r e s o n a n t l y e x c i t e d by an i n f r a r e d p u l s e and the 
a n t i - S t o k e s s c a t t e r i n g o f the same v j mode i s o b s e r v e d . The 
s c a t t e r e d Raman s i g n a l r i s e s to a s l i g h t l y d e l a y e d 1.8 ps) max i -
mum d u r i n g the e x c i t a t i o n p r o c e s s and decays w i t h a r e l a x a t i o n time 
o f Tj = 3±1 ps. T h i s e x p e r i m e n t a l f i n d i n g i s i n e x c e l l e n t agreement 
w i t h the c a l c u l a t e d v a l u e f o r Tj d i s c u s s e d i n the p r e c e d i n g p a r a -
graph. The brok e n c u r v e s i n F i g . 4 a r e c r o s s - c o r r e l a t i o n c u r v e s . 
As p o i n t e d out above, they determine t h e ze r o p o i n t on the time 
a x i s and g i v e a good i n d i c a t i o n of the time r e s o l u t i o n o f the ex
pe r i m e n t . 
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F i g . 3 I n f r a r e d a b s o p t i o n (a) and Raman (b) s p e c t r a o f t r a n s 
CHC1CHC1. There i s l e s s F e r m i resonance m i x i n g t h a n i n F i g . 2. 

In F i g . 3a we see the i n f r a r e d a c t i v e C H - s t r e t c h i n g mode V9 
and i n F i g . 3b the Raman a c t i v e Symmetrie v\ mode o f t r a n s CHC1=CHC1. 
Here we f i n d a c o n s i d e r a b l y s m a l l e r F e r m i r e s o n a n c e . The Raman 
spectrum of F i g . 3b s u g g e s t s some anharmonic c o u p l i n g between v j 
and 2v2, b o t h of Ag symmetry. W i t h the v a l u e s R = 0.15±0.02, 
T 2 = 0.3 p s , N = 2, and a> = 80 cm" 1 we c a l c u l a t e Tj = 13 ps. I t 
s h o u l d be n o t e d t h a t t h e r e might be a d d i t i o n a l weak Fe r m i resonance 
between the V9 mode and h i g h e r c o m b i n a t i o n modes ( e . g . , V2+V5+V10) 
b u r r i e d under the h i g h f r e q u e n c y t a i l o f the V9 f u n d a m e n t a l . These 
a d d i t i o n a l decay Channels may reduce somewhat the e s t i m a t e d T j 
v a l u e . 

The time dependence o f the C H - s t r e t c h i n g modes of t r a n s 
CHC1=CHC1 i s d e p i c t e d i n F i g . 4b. The m o l e c u l e i s e x c i t e d v i a the 
V9 mode a t 3084 cm - 1 and t h e p o p u l a t i o n o f the v j mode a t 3073 cm" 1 

i s m o n i t o r e d by a n t i - S t o k e s Raman s c a t t e r i n g . The r a p i d r i s e o f 
the Raman s i g n a l , i . e . , the f a s t p o p u l a t i o n o f the Vj mode, g i v e s 
c l e a r e v i d e n c e o f the q u i c k energy exchange between the two CH 
fundamentals v j and V9. The d e l a y e d maximum (3.7 ps) and the slow 
decay of the s i g n a l c u r v e süggest a l o n g l i f e t i m e o f the two CH-
s t r e t c h i n g modes o f Tj = 10±2 ps. T h i s number i s i n good agreement 
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F i g . 4 A n t i - S t o k e s s c a t t e r i n g s i g n a l v e r s u s d e l a y time o f the 
p r o b i n g p u l s e . (a) C H 2 C C 1 2 i n C C l ^ (c = 0.35 m . f . ) . The decay o f 
the C H 2 - s t r e t c h i n g mode at 3036 cnf*l i s shown. (b) t r a n s C H C 1 C H C 1 
i n C C I 4 (c = 0.35 m.f.). The C H - s t r e t c h i n g mode a t 3084 c n r l i s 
e x c i t e d and the mode at 3073 cm""1 i s m o n i t o r e d . The b r o k e n c u r v e s 
a r e the c r o s s - c o r r e l a t i o n f u n e t i o n s o f the IR e x c i t i n g and green 
p r o b i n g p u l s e s . 

w i t h t h e v a l u e e s t i m a t e d above. The s m a l l i n t r a m o l e c u l a r c o u p l i n g 
g i v e s r i s e t o the l o n g e r v i b r a t i o n a l l i f e t i m e . 

I n the p r e c e d i n g s e c t i o n s we have g i v e n s t r o n g arguments t h a t 
the i n i t i a l l y e x c i t e d C H - s t r e t c h i n g modes i n t e r a c t w i t h w e l l de
f i n e d o v e r t o n e s o r c o m b i n a t i o n modes. The q u e s t i o n now a r i s e s 
whether we are a b l e to see the p o p u l a t i o n and d e p o p u l a t i o n o f the 
subsequent energy s t a t e s . The answer i s p o s i t i v e . Under f a v o r a b l e 
c o n d i t i o n s , i . e . , f o r subsequent s t a t e s w i t h s u f f i c i e n t l y h i g h 
Raman s c a t t e r i n g c r o s s - s e c t i o n s and w i t h l o n g l i f e t i m e s , we i n d e e d 
see t h e d e l a y e d p o p u l a t i o n o f a lower v i b r a t i o n a l l e v e l . 
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As an example we d i s c u s s o u r o b s e r v a t i o n s o f the m o l e c u l e 
CH2=CCl2. We p o i n t e d out above t h a t the two C H 2 - s t r e t c h i n g modes 
decay v i a the c o m b i n a t i o n mode V2+v3 a n c * v 2 + v 6 + v l l * B oth combina
t i o n modes c o n t a i n t he i n f r a r e d and Raman a c t i v e CH-bending mode 
a t V2 = 1616 cm" 1. We have s e a r c h e d f o r the a n t i - S t o k e s Raman 
s i g n a l o f t h i s b e n d i n g mode and, i n d e e d , f o u n d e v i d e n c e o f i t s 
p o p u l a t i o n . The s c a t t e r e d V2 s i g n a l s h i f t e d a t 1616 cm - 1 has a 
maximum d e l a y e d by r o u g h l y 1 ps r e l a t i v e t o the maximum o f the V| 
c u r v e o f F i g . 4a and the decay time was a p p r o x i m a t e l y e q u a l to 
the v j d a t a . Our o b s e r v a t i o n s s u g gest a s h o r t l i f e t ime o f the v 2 

l e v e l o f Tj < 2 ps. T h i s e s t i m a t e i s q u i t e c o n s i s t e n t w i t h the 
i n f r a r e d and Raman s p e c t r a o f the V2 mode where s t r o n g c o u p l i n g 
w i t h a nearby (OJ ̂  50 cm""1) o v e r t o n e 2vg i s v e r y a p p a r e n t . As an 
a d d i t i o n a l decay r o u t e one has to c o n s i d e r t h e c o u p l i n g to the V3 
fundamental w h i c h i s o n l y 220 cm""1 a p a r t f rom t h e V2 mode. 

The r e s u l t s d i s c u s s e d i n the p r e c e d i n g p a r a g r a p h g i v e i n t e r -
e s t i n g i n f o r m a t i o n o f the decay o f the V2 mode. We do not know, 
however, whether we probe the c o m b i n a t i o n S t a t e o r the V2 funda
m e n t a l . I n the f i r s t c a s e , the t o t a l v i b r a t i o n a l energy o f the 
m o l e c u l e i s a p p r o x i m a t e l y 3000 cm" 1, i n the second c a s e , the t o t a l 
energy i s 1616 cm""1 and the energy d i f f e r e n c e i s r e s o n a n t l y t r a n s 
f e r r e d to n e i g h b o r i n g m o l e c u l e s . 

3. DEPHASING TIME T 2 

I n o u r ex p e r i m e n t s v i b r a t i o n a l modes a r e c o h e r e n t l y e x c i t e d 
v i a the s t i m u l a t e d Raman e f f e c t and the time dependence o f the 
coh e r e n t v i b r a t i o n a l e x c i t a t i o n Q i s m o n i t o r e d by a d e l a y e d and 
p r o p e r l y matched probe p u l s e . 

A. E x p e r i m e n t a l System t o Measure T 2 

There a re two ways t o g e n e r a t e a s h o r t c o h e r e n t e x c i t a t i o n . 
( i ) An u l t r a s h o r t i n t e n s i v e and bandwidth l i m i t e d l a s e r p u l s e 
t r a v e r s e s the sample and b u i l d s up a c o h e r e n t e x c i t a t i o n v i a 
t r a n s i e n t s t i m u l a t e d Raman s c a t t e r i n g /6,8/. I n t h i s case o n l y 
one V i b r a t i o n , t he t r a n s i t i o n w i t h the h i g h e s t Stokes g a i n , be-
comes e x c i t e d . I n F i g . 5a an e x p e r i m e n t a l s y s t e m i s d e p i c t e d 
s c h e m a t i c a l l y . The l a s e r p u l s e ( e . g . , a f r e q u e n c y d o ubled p u l s e 
a t v = 18,990 cm""1) passes through the p o l a r i z e r PI and the sample, 
but the ge n e r a t e d ( p a r a l l e l p o l a r i z e d ) Stokes l i g h t i s b l o c k e d by 
P2. The b e a m s p l i t t e r BS produces the time d e l a y e d probe p u l s e 
which i s r o t a t e d by 90°. The probe p u l s e t r a v e l s c o l l i n e a r l y w i t h 
the e x c i t i n g p u l s e through the sample. The c o h e r e n t l y s c a t t e r e d 
Stokes l i g h t o f the probe p u l s e p a s s e s the p o l a r i z e r P2 and i s 
measured w i t h the p h o t o m u l t i p l i e r PM. The sys t e m o f F i g . 5a has 
the advantage o f s i m p l i c i t y b u t l a c k s the f l e x i b i l i t y to study 
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F i g . 5 a and b Sc h e m a t i c s o f two e x p e r i m e n t a l Systems used to 
study c o h e r e n t probe s c a t t e r i n g i n the time and f r e q u e n c y domain. 
Beam s p l i t t e r BS, v a r i a b l e and f i x e d d e l a y VD and FD, wave p l a t e 
A/2, l e n s e s L, p o l a r i z e r s PI and P2 ( c r o s s e d ) , samples S, s p e c t r o 
meters SP, p h o t o m u l t i p l i e r s PM, and o p t i c a l m u l t i c h a n n e l a n a l y s e r OA. 

d i f f e r e n t v i b r a t i o n a l modes of the same m o l e c u l e . I n a d d i t i o n , 
h i g h l i g h t i n t e n s i t i e s o f the l a s e r p u l s e a r e r e q u i r e d over a sub-
s t a n t i a l i n t e r a c t i o n l e n g t h i n o r d e r to g e n e r a t e a s u f f i c i e n t c o 
h e r e n t v i b r a t i o n a l e x c i t a t i o n . I t has been shown t h a t the i n t e n s e 
e x c i t a t i o n p u l s e i s a b l e to cause a s u b s t a n t i a l phase m o d u l a t i o n 
and s p e c t r a l b r o a d e n i n g o f the probe p u l s e v i a the nonresonant 
s u s c e p t i b i l i t y X j q ^ 
( i i ) Of advantage i s the c o h e r e n t e x c i t a t i o n o f the sample by two 
p u l s e s o f d i f f e r e n t f r e q u e n c i e s , and Vg. C o n s i d e r a b l y lower 
l i g h t i n t e n s i t i e s a r e needed and d i f f e r e n t modes may be i n v e s t i 
g a t e d . I n a d d i t i o n , the f r e q u e n c y dependence o f the c o h e r e n t ex
c i t a t i o n may be s t u d i e d and new s p e c t r a l f e a t u r e s a r e ob s e r v e d . Two 
e x p e r i m e n t a l Systems have been used s u c c e s s f u l l y f o r the coherent 
s t u d y o f m o l e c u l a r v i b r a t i o n s . A f i r s t e x p e r i m e n t a l set-up i s de-
p i c t e d i n F i g . 5b. The two u l t r a s h o r t p u l s e s a t V l and vg are p r o 
duced i n an e x t r a g e n e r a t o r c e l l v i a s t i m u l a t e d Raman s c a t t e r i n g 
and the m a t e r i a l e x c i t a t i o n i s s t u d i e d i n the sample c e l l S. F o r 
i n t e r r o g a t i o n a t the Stokes f r e q u e n c y the probe p u l s e i s i n t r o d u c e d 
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v i a the p o l a r i z e r P I ; i t t r a v e l s through the sample c o l l i n e a r l y 
w i t h the two e x c i t i n g p u l s e s . When co h e r e n t a n t i - S t o k e s s c a t t e r i n g 
i s o b s e r v e d the probe p u l s e c r o s s e s the c o h e r e n t l y e x c i t e d volume 
under a w e l l d e f i n e d phase-matching a n g l e . The co h e r e n t s c a t t e r i n g 
s i g n a l i s measured as a f u n c t i o n o f d e l a y time w i t h the h e l p o f a 
p h o t o m u l t i p l i e r a t the e x i t s l i t of a s p e c t r o m e t e r . I f one i s 
i n t e r e s t e d i n the spe c t r u m of the s c a t t e r e d s i g n a l , a h i g h r e s o 
l u t i o n s p e c t r o m e t e r (2 m g r a t i n g , 0.5 cm" 1 r e s o l u t i o n ) i n con-
j u n c t i o n w i t h an o p t i c a l m u l t i c h a n n e l a n a l y s e r proved to be most 
i n f o r m a t i v e . More r e c e n t l y /10/, a second e x p e r i m e n t a l system was 
used t o measure d e p h a s i n g times T 2 o f v a r i o u s v i b r a t i o n a l modes 
and m o l e c u l e s . . T h e two u l t r a s h o r t l i g h t p u l s e s were generated by 
two s y n c h r o n o u s l y pumped t u n a b l e dye l a s e r s w i t h a s m a l l j i t t e r 
between the two p u l s e s o f l e s s than 2 ps. W h i l e the i n t e n s i t i e s 
o f t he i n d i v i d u a l p u l s e s a r e v e r y s m a l l , the h i g h r e p e t i t i o n r a t e 
o f CW mode-locked l a s e r Systems a l l o w s the a p p l i c a t i o n o f s e n s i t i v e 
photon c o u n t i n g d e v i c e s . 

B. R e s u l t s and D i s c u s s i o n o f T 2 Data 

I n t h i s s e c t i o n we r e p o r t on t h r e e p h y s i c a l s i t u a t i o n s . F i r s t , 
we c o n s i d e r the s i m p l e s t case where co h e r e n t Raman s c a t t e r i n g i s 
observ e d on a s i n g l e homogeneously broadened v i b r a t i o n a l t r a n s i t i o n . 
Next, we d i s c u s s d a t a o b t a i n e d on m u l t i p l e homogeneously broadened 
t r a n s i t i o n s and f i n a l l y , we make some comments on inhomogeneously 
broadened Raman l i n e s . 

1. S i n g l e Homogeneously Broadened T r a n s i t i o n s . W i t h e x p e r i 
mental Systems d e s c r i b e d i n F i g . 5a o r b i t i s r e a d i l y p o s s i b l e to 
c o h e r e n t l y e x c i t e i n d i v i d u a l v i b r a t i o n a l t r a n s i t i o n s o f p o l y a t o m i c 
m o l e c u l e s i n the l i q u i d s t a t e . On a s e m i l o g p l o t o f the s c a t t e r e d 
probe s i g n a l v e r s u s d e l a y time o f the probe p u l s e one o b t a i n s an 
e x p o n e n t i a l s l o p e w h i c h a l l o w s to deduce d i r e c t l y the dephasing 
time T2» A t y p i c a l example i s p r e s e n t e d i n F i g . 6 where the Symme
t r i e CHß-stretching mode a t 2939 cm""1 i s i n v e s t i g a t e d . The open 
c i r c l e s i n the F i g u r e c o r r e s p o n d to coh e r e n t s c a t t e r i n g s i g n a l s . 
The pump p u l s e b u i l d s up a coherent e x c i t a t i o n around t n = 0 w i t h 
a s l i g h t l y d e l a y e d maximum. The f r e e r e l a x a t i o n o f the coherent 
a m p l i t u d e Q may be f o l l o w e d e x p e r i m e n t a l l y o v e r s e v e r a l o r d e r s o f 
magnitude ( f o u r Orders i n F i g . 6 ) . For the s p e c i f i c V i b r a t i o n of 
l i q u i d CH3CCI3 we f i n d T 2 = 2.5±0.3 ps. T h i s i m p o r t a n t m a t e r i a l 
Parameter s h o u l d be compared w i t h the time c o n s t a n t deduced from 
the spontaneous Raman l i n e - w i d t h Av^ = 4.3 cm" 1. From T 2 = 1/TTCAVR 
we c a l c u l a t e a time v a l u e o f 2.5 ps which f u l l y agrees w i t h our 
e x p e r i m e n t a l time measurements. T h i s f i n d i n g t e i l s us t h a t the 
spontaneous Raman l i n e - w i d t h i s f u l l y aecounted f o r by the dephasing 
p r o c e s s o f the v i b r a t i o n a l t r a n s i t i o n . O b v i o u s l y , o t h e r l i n e -
b r o a d e n i n g f a c t o r s , i . e . , inhomogeneous b r o a d e n i n g , appear to be 
s m a l l f o r t h i s v i b r a t i o n a l mode and f o r t h i s m o l e c u l a r s u r r o u n d i n g . 
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F i g . 6 The Symmetrie C H ^ - s t r e t c h i n g mode a t v = 2939 cm" 1 o f 
C H 3 C C I 3 i s i n v e s t i g a t e d . Open c i r c l e s : The c o h e r e n t l y s c a t t e r e d 
s i g n a l o f the probe p u l s e v e r s u s d e l a y time g i v e s a s h o r t d e p h a s i n g 
time T 2. Füll c i r c l e s : The i n c o h e r e n t l y s c a t t e r e d a n t i - S t o k e s s i g 
n a l o f the i n t e r r o g a t i n g p u l s e p r o v i d e s t h e l o n g e r p o p u l a t i o n l i f e -
time Tj . 

In t h i s c o n n e c t i o n i t i s i n t e r e s t i n g to b r i e f l y r e t u r n to the 
p o p u l a t i o n l i f e - t i m e Tj d i s c u s s e d above. I n F i g . 6 we show e x p e r i 
mental p o i n t s (füll c i r c l e s ) which c o r r e s p o n d t o a Tj measurement. 
The d a t a o f the same Symmetrie C H 3 mode o f C H 3 C C I 3 suggest a l i f e 
time o f Tj = 8 p s , much l o n g e r than the d e p h a s i n g time o f T 2 = 2.5 p s . 
These f i n d i n g s t e i l us t h a t the phase memory i s l o s t much f a s t e r 
than the v i b r a t i o n a l energy i n t h i s v i b r a t i o n a l mode and m o l e c u l e . 

2. M u l t i p l e Homogeneously Broadened T r a n s i t i o n s . W i t h v e r y 
s h o r t l a s e r p u l s e s s e v e r a l n e i g h b o r i n g v i b r a t i o n a l t r a n s i t i o n s may 
be e x c i t e d s i m u l t a n e o u s l y v i a t r a n s i e n t s t i m u l a t e d Raman s c a t t e r 
i n g /5/. I n the presence of the pump and Stokes p u l s e a l l m o l e c u l e s 
v i b r a t e a t the fre q u e n c y of the d r i v i n g f o r c e O)Q = uvL-üig and the 
co h e r e n t e x c i t a t i o n has the wave v e c t o r kg = k^-kg. Düring the 
f o l l o w i n g f r e e r e l a x a t i o n , however, the S i t u a t i o n changes sub-
s t a n t i a l l y . The m o l e c u l e s r e t u r n to t h e i r r esonance f r e q u e n c i e s o>j 
and the d i f f e r e n t v i b r a t i o n a l components v i b r a t e w i t h i n d i v i d u a l 
wave v e c t o r s k-. S i n c e the molec u l e s were c o h e r e n t l y e x c i t e d , 
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they s t a r t t h e i r f r e e r e l a x a t i o n w i t h f i x e d phases. I n t e r f e r e n c e 
o c c u r s between the d i f f e r e n t components which i n f l u e n c e s the Ob
s e r v a t i o n of the decay of the t o t a l c o h e r e n t a m p l i t u d e . 

In the s p e c i a l case o f e q u i d i s t a n t t r a n s i t i o n f r e q u e n c i e s one 
f i n d s d e s t r u c t i v e and c o n s t r u c t i v e i n t e r f e r e n c e w i t h an o c c u r r a n c e 
time o f the maxima t ^ = 2TT/AÜJ, where Ao) i s the f r e q u e n c y d i f f e r e n c e 
between two n e i g h b o r i n g components /5/. From the envelope of the 
decay c u r v e we may deduce the m o l e c u l a r d e p h a s i n g time T 2. L i q u i d 
C C l ^ r e p r e s e n t s an i d e a l medium f o r the e x p e r i m e n t a l i n v e s t i g a t i o n 
o f c o h e r e n t Raman probe s c a t t e r i n g from m u l t i p l e t r a n s i t i o n s . The 
spontaneous Raman spectrum o f C C I 4 around 460 cm*"1 ( i n s e r t o f F i g . 7 
c o n s i s t s o f f o u r peaks w i t h a d i s t a n c e o f 3 cm" 1. The d i f f e r e n t 
t r a n s i t i o n f r e q u e n c i e s a r e caused by the c h l o r i n e i s o t o p e s 37qI a n d 
3 5 c i i n C C l ^ . The e x p e r i m e n t s were performed w i t h the g e n e r a t o r 
s e t - u p o f F i g . l a . We c a r e f u l l y c o n t r o l l e d the d u r a t i o n o f the 
l a s e r p u l s e s measuring the a u t o c o r r e l a t i o n f u n c t i o n b e f o r e and a f t e 
each measurement. The l a s e r i n t e n s i t y was a d j u s t e d making the con
v e r s i o n o f l a s e r energy i n t o Stokes energy s m a l l , a p p r o x i m a t e l y 5%. 
Two r e p r e s e n t a t i v e r e s u l t s a r e shown i n F i g . 7. The c o h e r e n t 
s c a t t e r i n g s i g n a l i s p l o t t e d as a f u n c t i o n o f the d e l a y time t p . 
Time z e r o was d e t e r m i n e d by the peak o f the a u t o c o r r e l a t i o n c u r v e 
w i t h an a c c u r a c y o f b e t t e r than 1 ps. The e x p e r i m e n t a l p o i n t s a r e 
averaged over more than 15 i n d i v i d u a l measurements. The l i q u i d c e l l 
has a l e n g t h of 10 cm. F i g . 7a shows d a t a t a k e n w i t h p u l s e s o f a 
mean d u r a t i o n o f 8 ps. The s i g n a l c u r v e r i s e s to i t s maximum a t 
tp = 0 and decays s u b s e q u e n t l y a p p r o x i m a t e l y e x p o n e n t i a l l y w i t h a 
time c o n s t a n t o f c l o s e to 3 ps. The s m a l l m o d u l a t i o n superimposed 
on the e x p o n e n t i a l decay i s o n l y seen i n v e r y c a r e f u l measurements. 
U s i n g the same geometry b u t s h o r t e r l i g h t p u l s e s w i t h a mean 
d u r a t i o n o f t p = 3 p s , a c o m p l e t e l y d i f f e r e n t p a t t e r n o f the s i g n a l 
c u r v e i s found. A pronounced m o d u l a t i o n w i t h d i s t i n e t minima a t 
tp = 5 ps and tp = 17 ps i s found i n F i g . 7b. The s o l i d c u r v e s i n 
F i g . 7a and b a r e c a l c u l a t e d w i t h parameters r e l e v a n t f o r C C l ^ . We 
see from F i g . 7 t h a t b o t h c a l c u l a t e d c u r v e s f i t the e x p e r i m e n t a l 
p o i n t s v e r y w e l l f o r tp > 10, i . e . , f o r the time ränge o f f r e e 
r e l a x a t i o n o f the m o l e c u l a r ensemble. The e x p e r i m e n t a l d a t a p r o v i d e 
the d e p h a s i n g time T 2 - 6.0±0.4 ps and the b e a t i n g i n t e r v a l g i v e s 
the f r e q u e n c y d i f f e r e n c e o f two n e i g h b o r i n g components, 
AÜ)/2TTC = 3.1±0.2 cm - 1 , i n agreement w i t h spontaneous Raman measure
ments . 

F i g . 7 shows f o r d e l a y t i m e s t ß ^ 0 a c o n s i d e r a b l y l a r g e r 
s c a t t e r i n g s i g n a l than p r e d i c t e d from the t h e o r y o f s t i m u l a t e d 
Raman s c a t t e r i n g . O b v i o u s l y , the a d d i t i o n a l s c a t t e r i n g component 
i s o f d i f f e r e n t p h y s i c a l o r i g i n . A c l u e f o r the I n t e r p r e t a t i o n 
comes from the f o l l o w i n g two e x p e r i m e n t a l o b s e r v a t i o n s . F i r s t , the 
e x t r a s i g n a l i s d i r e c t l y r e l a t e d to the l a s e r p u l s e w h i c h peaks a t 
t-p = 0. AddjLng t o the s o l i d c u r v e a term p r o p o r t i o n a l to the l a s e r 
p u l s e one o b t a i n s the b r o k e n l i n e s w h i c h f i t the e x p e r i m e n t a l d a t a 



PICOSECOND STUDIES I 223 

-10 0 10 20 30 -10 0 10 20 30 
Time Delay t Q Cp$3 

F i g . 7 a and b E x p e r i m e n t a l r e s u l t s o f time r e s o l v e d c o h e r e n t 
Raman probe s c a t t e r i n g on the Symmetrie t e t r a h e d r a l mode o f C C l ^ 
around 460 cm - 1; i n s e r t : Raman spectrum. Two d i f f e r e n t d u r a t i o n s 
o f t he e x c i t i n g and p r o b i n g l a s e r p u l s e s a r e used: t p = 8 ps (a) 
and tp = 3 ps ( b ) . Both c u r v e s a l l o w the d e t e r m i n a t i o n o f the 
de p h a s i n g time T 2. The a d d i t i o n a l s i g n a l n e a r t p = 0 (broken c u r v e ) 
i s a t t r i b u t e d to nonresonant l i g h t s c a t t e r i n g . 

p e r f e c t l y . Second, the spectrum of the s c a t t e r e d s i g n a l was 
measured a t tp = 0 and found q u i t e b r o a d , a p p r o x i m a t e l y 30 cm - 1. 
T h i s spectrum d i f f e r e s s t r o n g l y from the narrow s p e c t r a o b t a i n e d 
from the d e l a y e d s c a t t e r e d p u l s e s w i t h t p > 5 ps. We s t r o n g l y f e e l 
t h a t the a d d i t i o n a l s c a t t e r i n g s i g n a l i s g e n e r a t e d by p a r a m e t r i c 
f o u r - p h o t o n i n t e r a c t i o n . T h i s p r o c e s s i s f a s t , f o l l o w s the l a s e r 
p u l s e a t S a t u r a t i o n , and i t s spectrum i s n o t s h a r p l y peaked a t the 
Raman f r e q u e n c y . 

3. Inhomogeneously Broadened Raman L i n e s . I n l i q u i d s inhomo-
g e n e o u s l y broadened v i b r a t i o n a l t r a n s i t i o n s a r e f r e q u e n t l y en-
c o u n t e r e d . The i n t e r a c t i o n o f a m o l e c u l e w i t h v a r i o u s s u r r o u n d i n g s 
l e a d s t o s l i g h t changes of the resonance f r e q u e n c i e s . The spontane-
us Raman band has no l o n g e r a L o r e n t z i a n shape and t h e dep h a s i n g 
time T 2 may not be deduced from the h a l f w i d t h o f t h e spontaneous 
Raman band. 

V i b r a t i o n a l t r a n s i t i o n s w i t h inhomogeneously broadened Raman 
bands a r e r e a d i l y e x c i t e d w i t h s h o r t l a s e r p u l s e s . The s t i m u l a t e d 
S tokes p u l s e grows r a p i d l y w i t h the i n p u t p u l s e and the Stokes 
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f r e q u e n c y Wg c o r r e s p o n d i n g t o the maximum of the inhomogeneous 
d i s t r i b u t i o n . The c o h e r e n t v i b r a t i o n s a r e d r i v e n d u r i n g the ex
c i t a t i o n p r o c e s s a t t h e c e n t e r f r e q u e n c y Ü) 0 = ooL-oag. N e i g h b o r i n g 
f r e q u e n c i e s a r e e x c i t e d w i t h i n a bandwidth dQ d e t e r m i n e d by the 
band w i d t h o f the d r i v i n g f o r c e ( p r o p o r t i o n a l t o E^Eg). I n g e n e r a l , 
dü i s d e t e r m i n e d by t h e s h o r t d u r a t i o n t pg o f the Stokes p u l s e ; 
i . e . , dQ = l / t p g . When the e x c i t i n g f o r c e v a n i s h e s the v i b r a t i n g 
m o l e c u l e s r e t u r n t o t h e i r r e s onance f r e q u e n c i e s and the coherent 
a m p l i t u d e s a t each f r e q u e n c y W0+AÜ) decay w i t h a dep h a s i n g time T 2. 
C a l c u l a t i n g the t o t a l c o h e r e n t a m p l i t u d e we f i n d a d e s t r u c t i v e 
i n t e r f e r e n c e between the c o h e r e n t a m p l i t u d e s a t d i f f e r e n t f r e q u e n c y 
p o s i t i o n s . The t o t a l c o h e r e n t a m p l i t u d e drops w i t h a time of 
a p p r o x i m a t e l y \/dQ; i . e . , the c o h e r e n t a m p l i t u d e e x i s t s f o r a v e r y 
s h o r t time ( a p p r o x i m a t e l y f o r t h e d u r a t i o n o f the s h o r t s t i m u l a t e d 
Stokes p u l s e ) . The time dependence o f the c o h e r e n t probe s i g n a l 
r e p r o d u c e s the shape o f the p r o b i n g l a s e r p u l s e and g i v e s no i n 
f o r m a t i o n on t h e m a t e r i a l e x c i t a t i o n . 

We note t h a t s e l e c t i v e phase m a t c h i n g o f a m o l e c u l a r subgroup 
(s u g g e s t e d p r e v i o u s l y ) cannot be r e a l i z e d i n c o h e r e n t p r o b i n g ex
pe r i m e n t s /3,5/. 

4. CONCLUSIONS 

We have shown i n t h i s paper t h a t d i f f e r e n t p i c o s e c o n d t e c h 
n i q u e s a l l o w the d i r e c t d e t e r m i n a t i o n o f i m p o r t a n t m o l e c u l a r p a r a 
meters. The i n v e s t i g a t i o n o f the p o p u l a t i o n l i f e t i m e s Tj g i v e 
v a l u a b l e i n f o r m a t i o n on the d i s s i p a t i o n o f v i b r a t i o n a l energy i n 
the e l e c t r o n i c ground s t a t e o f p o l y a t o m i c m o l e c u l e s . The importance 
o f anharmonic c o u p l i n g between v i b r a t i o n a l modes i s w e l l documented. 
The c o h e r e n t e x c i t a t i o n o f v i b r a t i o n a l modes pr o v e s t o be i n t e r -
e s t i n g i n v a r i o u s ways. We can d i r e c t l y measure t h e dephasing 
time T 2, we f i n d v i b r a t i o n a l b e a t i n g between n e i g h b o r i n g s t a t e s , 
and we a r e a b l e to o b t a i n new s p e c t r o s c o p i c i n f o r m a t i o n by p r o l o n g e d 
p r o b i n g o f the c o h e r e n t l y m o l e c u l a r ensemble /5,7/. The l a t t e r 
t e c h n i q u e w i l l be d i s c u s s e d i n the f o l l o w i n g a r t i c l e . 
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RAMAN INVESTIGATIONS OF POLYATOMIC MOLECULES IN THE LIQUID STATE 
USING PICOSECOND LIGHT PULSES 
I I . A NEW RAMAN SPECTROSCOPY WITH SHORT EXCITATION AND PROLONGED 

INTERROGATION 

W. Z i n t h and W. K a i s e r 

P h y s i k Department d e r 
Te c h n i s c h e n Universität München 
München, West Germany 

1. INTRODUCTION 

Modern Raman s p e c t r o ' s c o p i c equipment a l l o w s a s p e c t r a l r e s o 
l u t i o n o f a p p r o x i m a t e l y 0.1 cm - 1. A number wh i c h i s q u i t e s u f f i 
c i e n t f o r the i n v e s t i g a t i o n o f l i q u i d s , where the Raman t r a n s i t i o n s 
have l i n e w i d t h s o f s e v e r a l wave numbers. D i f f i c u l t i e s a r i s e i n 
co n g e s t e d s p e c t r a l r e g i o n s where broad s p e c t r a l f e a t u r e s suggest 
the e x i s t e n c e of s e v e r a l t r a n s i t i o n s . The b e s t i n s t r u m e n t a l r e s o 
l u t i o n does not p e r m i t the C l a s s i f i c a t i o n o f band i n t e n s i t i e s and 
fr e q u e n c y p o s i t i o n s . 

We r e p o r t here on a Raman t e c h n i q u e w h i c h p r o v i d e s , i n a n o v e l 
way, s p e c t r a l i n f o r m a t i o n on homogeneously broadened t r a n s i t i o n s . 
New Raman l i n e s a r e d e t e c t e d i n co n g e s t e d s p e c t r a l r e g i o n s and 
peak p o s i t i o n s o f Raman l i n e s i n l i q u i d s a r e measured w i t h an un-
pr e c e d e n t e d a c c u r a c y . 

2. SPECTRAL NARROWING OF HOMOGENEOUSLY BROADENED TRANSITIONS 

Homogeneously broadened t r a n s i t i o n s have a L o r e n t z i a n band 
shape produced by the e x p o n e n t i a l decay of a time dependent q u a n t i -
t y . When the p o p u l a t i o n o f e x c i t e d m o l e c u l e s decays w i t h the l i f e 
time Tj one o b t a i n s a l i n e w i d t h A V p o p = 1/2TTTJ. C o l l i s i o n s be
tween m o l e c u l e s cause an e x p o n e n t i a l decay o f the coherency among 
v i b r a t i n g m o l e c u l e s . The pure d e p h a s i n g time T p n d e t e r m i n e s the 
w i d t h &\>con = l/TTTp^. We r e c a l l t h a t t he time c o n s t a n t Tj i s r e 
l a t e d t o an i n t e n s i t y decay w h i l e Tp^ i s d e f i n e d as the decay time 
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o f the c o h e r e n t a m p l i t u d e . I n l i q u i d s b o t h b r o a d e n i n g mechanisms 
a r e f r e q u e n t l y o f the same o r d e r o f magnitude and must be added. 
E x p e r i m e n t a l l y we o b s e r v e : Av = A v p o p + A v

C o l l = 1 / 7 r T 2 ' A s t e a d y -
s t a t e experiment p r o v i d e s f o r homogeneously broadened l i n e s the 
spontaneous w i d t h Av which i s d e t e r m i n e d by the c o r r e l a t i o n f u n c t i o n 
o f the v i b r a t i o n a l a m p l i t u d e s / l / . I n a c o h e r e n t t r a n s i e n t e x p e r i 
ment the O b s e r v a t i o n o f a l o n g e r p a r t o f the e x p o n e n t i a l decay i s 
p o s s i b l e . The i n c r e a s e d measuring time improves the s p e c t r a l r e s o 
l u t i o n . Our t e c h n i q u e i s based on s h o r t e x c i t a t i o n and p r o l o n g e d 
i n t e r r o g a t i o n (SEPI) o f m o l e c u l a r s t a t e s /2,3,4/. 

Düring the s h o r t t r a n s i e n t e x c i t a t i o n p r o c e s s the m o l e c u l e s 
are d r i v e n by two l i g h t p u l s e s a t the d i f f e r e n c e f r e q u e n c y vp. 
Raman t r a n s i t i o n s a t and c l o s e t o vp become e x c i t e d w i t h c o h e r e n t 
a m p l i t u d e s Q j . The c o h e r e n t e x c i t a t i o n p e r s i s t s even when the two 
pumping p u l s e s have l e f t the sample. The m o l e c u l e s r e g a i n t h e i r 
resonance f r e q u e n c i e s VJ and the a m p l i t u d e s Qj decay w i t h the de
p h a s i n g times T 2 j . Düring the f r e e r e l a x a t i o n p r o c e s s a t h i r d de
l a y e d probe p u l s e o f l o n g d u r a t i o n i n t e r a c t s w i t h the c o h e r e n t l y 
v i b r a t i n g m o l e c u l e s . I t g e n e r a t e s c o h e r e n t l y s c a t t e r e d , Raman 
s h i f t e d , l i g h t c o n t a i n i n g v a l u a b l e i n f o r m a t i o n on the m o l e c u l e s . 
For a s u i t a b l e shape o f the p r o b i n g p u l s e (e.g. G a u s s i a n ) o n l y the 
m o l e c u l e s o s c i l l a t i n g i n phase c o n t r i b u t e t o the c o h e r e n t s i g n a l ; 
m o l e c u l e s w h i c h have s u f f e r e d d e p h a s i n g c o l l i s i o n s a r e out o f s t e p 
and a r e n o t o b s e r v e d . The time o f O b s e r v a t i o n - i . e . , the s p e c t r a l 
r e s o l u t i o n - i s d e t e r m i n e d by the t h i r d , the p r o b i n g p u l s e . 

3. THEORY 

Düring the e x c i t a t i o n p r o c e s s the two i n c o m i n g l i g h t p u l s e s 
w i t h a m p l i t u d e s E L , E g , f r e q u e n c i e s (0^,0)5 and wave v e c t o r s k j ^ , kg 
g e n e r a t e the c o h e r e n t a m p l i t u d e Q w i t h f r e q u e n c y COQ and wave v e c t o r 
k Q /1,2/. 

Düring the e x c i t a t i o n O)Q and kg a r e d e t e r m i n e d by the d r i v i n g 
f i e l d s : Ü)Q = tA)L~wg; kg = k L - k g . A f t e r the e x c i t a t i o n the coherent 
a m p l i t u d e decays e x p o n e n t i a l l y w i t h the time c o n s t a n t T 2 and os-
c i l l a t e s a t i t s resonance f r e q u e n c y 0) O w i t h the wave v e c t o r k 0=co 0n/c 
In the p r o b i n g p r o c e s s a t h i r d p u l s e E L 2 w i t h ( Ü )L 2»kx j 2) i n t e r a c t s 
w i t h Q and g e n e r a t e s c o h e r e n t l y s c a t t e r e d Stokes l i g h t : 

9 E S 2 * 
Ä E L 2 Q e x p [ - i ( u L 2 - a ) o - w s 2 ) t + i ( k L 2 - k 0 - k S 2 ) x ] (2) 

- > - - > - - > - , 
E g 2 i s e m i t t e d under phase-matching c o n d i t i o n s k g 2 = k L 2 ~ k Q w i t h 
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0)52 = ( A )L2~ ü )o' W e r e c a l l t h a t a n t i - S t o k e s s c a t t e r i n g i s t r e a t e d by 
a s i m i l a r e q u a t i o n . When s e v e r a l Raman l i n e s a r e e x c i t e d s i m u l t a n e 
o u s l y , Eq. (2) may be extended t o g i v e : 

9 E S 2 „ . -
3x cc E L 2 x ? Q. expL-i(ü) L 2- W j-tö S 2 j)t + i ( ^ 2 - ^ - ^ 2 j ) x ] 

J ( 3 ) 

The c o n t r i h u t i o n o f nonresonant s u s c e p t i b i l i t y Xj^fp m a Y h e ommitted 
when the p r o b i n g p u l s e E^2 i s s u f f i c i e n t l y d e l a y e d . 

F i g . 1 C a l c u l a t e d c o h e r e n t e x c i t a t i o n and p r o b i n g v e r s u s t i m e . 
The c o h e r e n t l y s c a t t e r e d f i e l d Eg2 has t h e same d u r a t i o n and shape 
as the G a u s s i a n p r o b i n g p u l s e E L2« 

In F i g . 1 the p r o b i n g p r o c e s s i s shown as a f u n c t i o n o f t i m e . S h o r t 
p u l s e s p r e p a r e a coherent e x c i t a t i o n Q at time z e r o and the 
a m p l i t u d e Q i s probed by the p u l s e EL2« I n our example we use 
G a u s s i a n shaped p r o b i n g p u l s e s . A c c o r d i n g t o F i g . 1 the c o h e r e n t l y 
s c a t t e r e d p u l s e has the same shape and d u r a t i o n as the p r o b i n g 
p u l s e (when i n f l u e n c e o f the n o n - e x p o n e n t i a l dependence o f Q ne a r 
time z e r o i s n e g l e c t e d ) . Only the peak p o s i t i o n o f the s c a t t e r e d 
p u l s e i s s h i f t e d to e a r l i e r t i m e s . I t s f r e q u e n c y w i d t h A v c o h i s 
the same as the w i d t h of the p r o b i n g p u l s e o f d u r a t i o n t p , 
A v c o n = 2ln2/7rtp = 0.44/tp. U s i n g s u f f i c i e n t l y l o n g G a u s s i a n shaped 
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p r o b i n g p u l s e s , t p > 1.4 T 2, t h e w i d t h o f the coherent spectrum 
becomes s m a l l e r than the spontaneous Raman l i n e , i . e . , 
A v c o h < A v s p o n t = 1 / l r T 2 -

I n the case o f s e v e r a l m o l e c u l a r t r a n s i t i o n s the spectrum o f 
the SEPI s i g n a l i s c a l c u l a t e d from E q . ( 3 ) . U s i n g a G a u s s i a n shape 
of the p r o b i n g p u l s e and d i s r e g a r d i n g a p o s s i b l e o v e r l a p o f the 
s p e c t r a we o b t a i n : 2 

r ( ü ) _ ' a ) s 2 i ) i 
I(Ü>) - l I . exp - 2 t / T J-=- (4) 

j ° J ^ J ( 7 T A v L 2 / l n y ) Z J 

where I Q j a c c o u n t s f o r the degree of e x c i t a t i o n of the j t h component 
at time z e r o and tp i s the t ime d e l a y between e x c i t a t i o n and p r o b i n g . 
A c c o r d i n g to Eq. (4) the SEPI spectrum c o n s i s t s of a sum of bands 
w i t h G a u s s i a n s p e c t r a l shape and w i t h a h a l f w i d t h determined by 
the i n t e r r o g a t i n g p u l s e . The peak p o s i t i o n s o f the d i f f e r e n t bands 
p r o v i d e the f r e q u e n c i e s o f the v i b r a t i o n a l modes: Ü)J = ^ L 2 _ a ) S 2 i * 
Modes w i t h s h o r t e r d e p h a s i n g times o r w i t h s m a l l e r e x c i t a t i o n have 
s m a l l e r peak i n t e n s i t i e s i n the SEPI spectrum. 

A. Optimum R e s o l u t i o n o f SEPI S p e c t r a 

We have seen above t h a t improved s p e c t r a l r e s o l u t i o n r e q u i r e s 
l o n g p r o b i n g p u l s e s . These l o n g p r o b i n g p u l s e s s h o u l d i n t e r a c t w i t h 

Sptctrol Narrowing **tpoMfk*>EP\ 

F i g . 2 Peak i n t e n s i t y of d e l a y e d p r o b i n g , the SEPI spectrum as a 
f u n c t i o n o f s p e c t r a l n a r r o w i n g . I n o r d e r to e n j u r e o n l y p r o b i n g o f 
f r e e l y r e l a x i n g m o l e c u l e s l o n g e r d e l a y times tp have to be used f o r 
l o n g e r p r o b i n g p u l s e s . A s p e c t r a l n a r r o w i n g by a f a c t o r o f f o u r 
g i v e s r i s e to a s i g n a l r e d u c t i o n by a f a c t o r of 10^. 
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the f r e e l y r e l a x i n g m o l e c u l e s and s h o u l d not be s u b s t a n t i a l l y 
a f f e c t e d by the e x c i t a t i o n p r o c e s s . I n o r d e r to a v o i d the i n f l u e n c e 
of the e x c i t a t i o n the d e l a y time t p must be s u f f i c i e n t l y l o n g . Un-
f o r t u n a t e l y , the s c a t t e r e d s i g n a l d e c r e a s e s w i t h t p a c c o r d i n g to 
E q . ( 4 ) . I n F i g . 2 the n o r m a l i z e d peak o f a SEPI band, S p e a k , i s 
p l o t t e d v e r s u s the s p e c t r a l n a r r o w i n g A v S p 0 n t / A v s E P l • F o r c a l c u l a t i n g 
the c u r v e s o f F i g . 2 the d e l a y times tp a r e chosen i n such a way 
t h a t 90% o f the s c a t t e r e d energy i s g e n e r a t e d from the f r e e l y r e 
l a x i n g m o l e c u l e s . I n p r a c t i c a l c o h e r e n t e x p e r i m e n t s we S t a r t ( a t 
tp = 0) w i t h s i g n a l to background r a t i o s o f 10^. A c c o r d i n g to F i g . 2 
a n a r r o w i n g by a f a c t o r o f f o u r s h o u l d be p o s s i b l e . 

4. EXPERIMENTAL SYSTEM 

The s h o r t dephasing times i n m o l e c u l a r l i q u i d s r e q u i r e p i c o 
second p u l s e s i n o r d e r t o measure SEPI s p e c t r a . I t i s c o n v e n i e n t 

F i g . 3 Schematic of the e x p e r i m e n t a l system used f o r the st u d y 
of SEPI s p e c t r a of l i q u i d s . Beam S p l i t t e r s BS, v a r i a b l e and f i x e d 
d e l a y VD and FD, p o l a r i z e r s PI and P2, b l o c k i n g f i l t e r F, s p e c t r o -
graphs SP1 and SP2, used i n c o n j u n c t i o n w i t h o p t i c a l spectrum ana
l y s e r s OA. 
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to use e x c i t i n g p u l s e s w i t h a band w i d t h o f - 10 cm - 1 tuned i n 
Steps o v e r a l a r g e r f r e q u e n c y ränge. F o r each e x c i t a t i o n band t h e 
c o h e r e n t spectrum s h o u l d be r e c o r d e d by a s p e c t r o m e t e r o r s p e c t r o -
graph w i t h s u f f i c i e n t r e s o l u t i o n . F i g . 3 shows the s c h e m a t i c o f 
our e x p e r i m e n t a l system. A t the t o p , l . h . s . , a s i n g l e , f r e q u e n c y 
doubled p u l s e from a mode-locked N d - g l a s s l a s e r system e n t e r s the 
F i g u r e /5/. T h i s p u l s e o f f r e q u e n c y Vj = 18,990 cm""1 and 8.ps 
d u r a t i o n i s s p l i t i n t h r e e p a r t s by two c o n s e c u t i v e beam S p l i t t e r s . 
The p u l s e i n beam 1 passes through the p o l a r i z e r PI and the sample 
bu t i s b l o c k e d by the p o l a r i z e r P2 i n i t s s t r a i g h t p a t h . I n t h e 
c e n t e r beam 2 o f F i g . 3 a new f r e q u e n c y v 2 i s produced i n t h e 
g e n e r a t o r by a s t i m u l a t e d Raman p r o c e s s . Changing the medium o f 
the g e n e r a t o r one r e a d i l y o b t a i n s p u l s e s o f d i f f e r e n t f r e q u e n c i e s 
v 2 - These p u l s e s a r e b l o c k e d by the p o l a r i z e r P2 and a r e s p e c t r a l l y 
m o n i t o r e d by s p e c t r o g r a p h SP2. On account o f the t r a n s i e n t g e n e r a 
t i o n p r o c e s s the p u l s e s o f f r e q u e n c y v 2 a r e s h o r t e r i n d u r a t i o n 
than the i n c i d e n t p u l s e s vj by a f a c t o r o f a p p r o x i m a t e l y t h r e e /6/. 
The two p u l s e s o f the beams 1 and 2 e n t e r s i m u l t a n e o u s l y the sample 
c o h e r e n t l y e x c i t i n g m o l e c u l a r v i b r a t i o n s v i a t r a n s i e n t s t i m u l a t e d 
Raman s c a t t e r i n g a t a f r e q u e n c y vp = V ] - v 2 . I n the o p t i c a l p a t h 3 
a d e l a y e d p u l s e w i t h P o l a r i s a t i o n p e r p e n d i c u l a r t o the p u l s e s o f 
1 and 2 i s produced. T h i s t h i r d p u l s e i n t e r a c t s w i t h the c o h e r e n t 
l y e x c i t e d m o l e c u l e s o f the sample p r o d u c i n g a Raman s h i f t e d s i g n a l 
p u l s e . U s i n g Stokes s c a t t e r i n g the t h r e e p u l s e s t r a v e l c o l l i n e a r l y 
through the sample. When a n t i - S t o k e s s c a t t e r i n g i s used, the 
p r o b i n g p u l s e c r o s s e s the beam d i r e c t i o n o f the e x c i t i n g p u l s e s a t 
the phase m a t c h i n g a n g l e . The spectrum o f the c o h e r e n t l y s c a t t e r e d 
l i g h t i s s t u d i e d by a 2 m s p e c t r o g r a p h SP1 and a c o o l e d o p t i c a l 
s pectrum a n a l y s e r OA. The e x p e r i m e n t a l system has a r e s o l u t i o n of 
0.2 cm - 1 p e r Channel and an a b s o l u t e a c c u r a c y o f t h e f r e q u e n c y 
s c a l e o f 0.4 cm" 1. 

5. EXPERIMENTAL RESULTS 

We have performed SEPI measurements on a number o f o r g a n i c and 
a n o r g a n i c l i q u i d s . F i r s t we p r e s e n t r e s u l t s on l i q u i d CHßCCl^ where 
a s i n g l e L o r e n t z i a n shaped Raman l i n e e x i s t s a t 2939 cm""1. T h i s 
t r a n s i t i o n a l l o w s to see the i n f l u e n c e of d i f f e r e n t d e l a y t i m e s t p . 
As a second example we show the r e s u l t s on l i q u i d C£Hi 2 where br o a d 
and o v e r l a p p i n g l i n e s o c c u r between 2850 and 2940 cm""', i n the 
common spontaneous Raman spectrum. 

A. L i q u i d 1 , 1 , 1 - T r i c h l o r o e t h a n e 

SEPI s p e c t r a o f the s y m m e t r i c a l C H ^ - s t r e t c h i n g modes of l i q u i d 
C H 3 C C I 3 a r e shown i n F i g . 4. A d u r a t i o n o f the p r o b i n g p u l s e o f 
6.5 ps was used. The peak o f the c o h e r e n t e x c i t a t i o n o c c u r s n e a r 
t D = 5 ps. The two upper SEPI s p e c t r a i n F i g . 4a and b t a k e n a t 
tp = 1.5 and 8.5 ps a r e s t r o n g l y a f f e c t e d by the e x c i t a t i o n p r o c e s s 
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F i g . 4 Coherent p r o b i n g 
(SEPI) s p e c t r a o f l i q u i d C H 3 C C I 3 
t a k e n as a f u n c t i o n o f the de
l a y t i m e . Düring the e x c i t a t i o n 
( F i g . 4a and b) the s p e c t r a a r e 
b r o a d e r t h a n t he spe c t r u m ob
t a i n e d a t t D = 18.5 ps ( F i g . 4 c ) . 
The d u r a t i o n o f the e x c i t i n g 
S t o k e s and p r o b i n g l a s e r p u l s e s 
i s 3 ps and 6.5 ps, r e s p e c t i v e 
l y . 

21900 21920 219*0 
Frequency tfA/c r_crrih 

1 I l _ 
2935 2940 2945 

Frequency Shift v/c CcrrVj 

F i g . 5 Spontaneous Raman 
spe c t r u m ( s o l i d c u r v e ) and 
co h e r e n t p r o b i n g (SEPI) spec
trum t a k e n a t tp = 18.5 ps. The 
C H 3 - s t r e t c h i n g mode o f C H 3 C C I 3 
i s i n v e s t i g a t e d . Note the 
narrow SEPI spectrum. 
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and by X j ^ • The s p e c t r a a r e b r o a d , 5 cm"^, and the p o s i t i o n s o f 
the maxima a r e s h i f t e d . F o r l o n g e r d e l a y times t p , e.g. f o r 
t D = 18.5 p s , the spectrum becomes n a r r o w e r and i n d i c a t e s a Raman 
s h i f t o f 2938.2 cm"! i n füll agreement w i t h the spontaneous s h i f t 
o f 2939 cm"'. I n F i g . 5 we compare the spontaneous Raman sp e c t r u m 
w i t h the SEPI spectrum. The peak p o s i t i o n o f t h e two s p e c t r a c o i n -
c i d e . But the SEPI spectrum i s narrowe r by a f a c t o r o f two. I t has 
the same w i d t h as the ( s i m u l t a n e o u s l y measured) s p e c t r u m o f the 
p r o b i n g p u l s e . 

B. L i q u i d C yclohexane 

As a n o t h e r example f o r the s h o r t e x c i t a t i o n and p r o l o n g e d 
i n t e r r o g a t i o n (SEPI) t e c h n i q u e we p r e s e n t Raman d a t a o f c y c l o h e x a n e 
i n the s m a l l f r e q u e n c y ränge between 2850 cm - 1 and 2940 c m - 1 . I n 
F i g . 6b the p o l a r i z e d spontaneous Raman s p e c t r u m i s d e p i c t e d . T h i s 
spectrum was ta k e n w i t h an A r + l a s e r and a Raman s p e c t r o m e t e r w i t h 
a r e s o l u t i o n b e t t e r than 1 cm"'. The t h r e e s t r o n g Raman bands 
c o r r e s p o n d to C H - s t r e t c h i n g modes and t h e d i f f u s e s p e c t r u m between 
2860 cm"' and 2920 cm""' i s c o n s i d e r e d t o be due t o o v e r l a p p i n g o v e r 
tones and c o m b i n a t i o n modes which a r e enhanced by Ferm i resonance 
w i t h the fundamentals /7,8/. 

In F i g . 6c we show t h r e e SEPI s p e c t r a on an expanded s c a l e 
( f a c t o r 3.7). Each spectrum was o b t a i n e d by a s i n g l e l a s e r s h o t . On 
the r . h . s . we p r e s e n t the sharp SEPI band c o r r e s p o n d i n g t o the CH-
s t r e t c h i n g mode a t 2923 cm" 1. The s m a l l l i n e w i d t h o f 2.3 cm"' 
a l l o w s to determ i n e the peak p o s i t i o n a c c u r a t e l y to 2922.0+0.7 cm"'. 
We note t h a t the SEPI band i s c o n s i d e r a b l y s m a l l e r than the 
c o r r e s p o n d i n g band i n the spontaneous Raman s p e c t r u m o f F i g . 6b, 
the l a t t e r b e i n g asymmetric on account o f o t h e r s m a l l e r Raman t r a n s 
i t i o n s . The Raman t r a n s i t i o n a t 2923 cm"' was e x c i t e d u s i n g e t h y l e n e 
g l y c o l , (CH 2OH)2, i n the g e n e r a t o r c e l l of F i g . 3. 

The SEPI spectrum of F i g . 6c, m i d d l e , shows f o u r Raman 
t r a n s i t i o n s . L i n e s as c l o s e as 2.5 cm"' are c l e a r l y r e s o l v e d The 
f o u r t r a n s i t i o n s a r e h i d d e n under the wing o f t h e s t r o n g Raman band 
a t 2923 cm"'; they cannot be d e t e c t e d i n the c o n v e n t i o n a l Raman 
spectrum of F i g . 6b. The SEPI spectrum i s o b t a i n e d by u s i n g an ex
c i t i n g p u l s e x>2 w i t h a f r e q u e n c y band e x t e n d i n g from 2900 cm"' to 
2920 cm"' ( d i r a e t h y l s u l f i d e , C 2 H 5 S , i n the g e n e r a t o r ) . 

In F i g . 6c, l . h . s . , we d e p i c t a SEPI s p e c t r u m o b t a i n e d a f t e r 
e x c i t a t i o n by a v 2 p u l s e w i t h a s p e c t r a l band w i d t h e x t e n d i n g from 
2875 cm"' to 2890 cm"' ( p r o p y l e n e o x i d e , CßH^O). We f i n d two d i s 
t i n e t Raman bands at 2877.5 cm"' and 2887 cm '. The band a t 
2877.5 cm"' has never been r e p o r t e d p r e v i o u s l y . I t i s b u r i e d i n 
the d i f f u s e p a r t o f the c o n v e n t i o n a l Raman s p e c t r u m (see F i g . 6b). 
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Raman Shift Ccnf'j 
2850 2900 2950 

2880 2900 
Raman Shift Ccrrf'j 

2920 

F i g . 6 a , b, c E x p e r i m e n t a l r e s u l t s o f s h o r t e x c i t a t i o n and p r o -
l o n g e d i n t e r r o g a t i o n (SEPI) s p e c t r o s c o p y o f C5H12*. (a) Frequency 
ränge o f the v a r i o u s g e n e r a t o r l i q u i d s used i n the expe r i m e n t . 
(b) P o l a r i z e d spontaneous Raman spectrum o f C5H12 r e c o r d e d w i t h a 
r e s o l u t i o n of 1 c m - 1 . The f r e q u e n c y p o s i t i o n s o f the resonances 
found i n SEPI s p e c t r a a r e marked by v e r t i c a l l i n e s . ( c) Three 
SEPI s p e c t r a t a k e n w i t h d i f f e r e n t g e n e r a t o r l i q u i d s . New Raman 
l i n e s a r e d e t e c t e d and the s p e c t r a l r e s o l u t i o n i s improved. (Note, 
the f r e q u e n c y s c a l e o f c i s 3.7 times l a r g e r than the one of b ) . 

A f i n a l assignment o f the new Raman l i n e s between 2870 cm""1 

and 2920 cm - 1 has not y e t been made. I n s p e c t i o n of the lower funda
m e n t a l modes sug g e s t o v e r t o n e s and c o m b i n a t i o n modes i n t h i s f r e 
quency ränge. Of s p e c i a l i n t e r e s t i s the new Raman l i n e a t 2912 cm" 
wh i c h c o i n c i d e s p r e c i s e l y w i t h an i n f r a r e d a c t i v e mode o f the 
m o l e c u l e . I t appears t h a t we observe here a Raman f o r b i d d e n mode. 
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6. ADDITIONAL OBSERVATIONS AND COMMENTS 

The f o l l o w i n g p o i n t s a r e r e l e v a n t f o r the a p p l i c a t i o n o f the 
SEPI t e c h n i q u e : ( i ) The f r e q u e n c y p o s i t i o n s o f the o b s e r v e d Raman 
l i n e s a r e independent o f t h e e x c i t a t i o n c o n d i t i o n s s i n c e we observe 
f r e e l y r e l a x i n g m o l e c u l e s . We have t e s t e d t h i s n o t i o n by e x c i t i n g 
our sample w i t h narrow o r w i t h broad p u l s e s o f s i m i l a r c e n t r a l 
f r e q u e n c y v 2 . T h i s e x p e r i m e n t i s r e a d i l y p e rformed u s i n g d i f f e r e n t 
media i n the g e n e r a t o r c e l l . The advantage o f a br o a d f r e q u e n c y 
spectrum o f the i n c i d e n t p u l s e i s to p r o v i d e i n i t i a l c o n d i t i o n s 
f o r s e v e r a l Raman t r a n s i t i o n s i n c o n g e s t e d f r e q u e n c y r e g i o n s . One 
can o b s e r v e s e v e r a l Raman l i n e s w i t h one shot (see F i g . 6c, m i d d l e ) . 
( i i ) I n SEPI e x p e r i m e n t s the e x c i t i n g and i n t e r r o g a t i n g p u l s e s 
s h o u l d not o v e r l a p t e m p o r a r i l y i n o r d e r to a v o i d the g e n e r a t i o n o f 
a c o h e r e n t s i g n a l v i a the nonresonant f o u r - p h o t o n p a r a m e t r i c p r o c e s s . 
For t h i s r e a s o n , the d e l a y time o f the t h i r d p r o b i n g p u l s e has to 
be s u f f i c i e n t l y l a r g e . One r o u g h l y e s t i m a t e s d e l a y times o f 
tp = 20 to 25 ps f o r d e p h a s i n g times T 2 j - 1 ps and G a u s s i a n p u l s e s 
of 8 ps d u r a t i o n . The SEPI s p e c t r a a r e o b s e r v e d w i t h good a c c u r a c y , 
a p p r o x i m a t e l y f i v e Orders o f magnitude below the peak v a l u e a t 
tp = 0. ( i i i ) The maxima o f the SEPI s p e c t r a a r e n o t p r o p o r t i o n a l 
to the Raman s c a t t e r i n g c r o s s - s e c t i o n , s i n c e the i n i t i a l c o n d i t i o n s 
of the e x c i t i n g p u l s e s and the T 2 j times a r e i m p o r t a n t parameters 
f o r the o b s e r v e d magnitude o f the ge n e r a t e d s i g n a l ( E q . ( 4 ) ) . SEPI 
s p e c t r a t a k e n f o r d i f f e r e n t d e l a y times a l l o w an e s t i m a t e of the 
dephasing times T 2 j . ( i v ) The f r e q u e n c y p r e c i s i o n o f the generated 
Stokes spectrum depends upon the f r e q u e n c y s t a b i l i t y o f the i n t e r 
r o g a t i n g p u l s e . F o r h i g h e s t a c c u r a c y the f r e q u e n c y v j has to be 
measured s i m u l t a n e o u s l y w i t h the SEPI spectrum. I n t e r r o g a t i n g 
p u l s e s w i t h a c h i r p e d f r e q u e n c y spectrum g i v e unwanted s h i f t s of 
the SEPI s p e c t r a and thus s h o u l d be a v o i d e d . (v) The s c a t t e r i n g 
p r o c e s s may a l s o be performed on the a n t i - S t o k e s s i d e o f the 
spectrum. The d i s t u r b i n g i n t e r f e r e n c e found i n s t a t i o n a r y CARS 
s p e c t r o s c o p y does not o c c u r f o r the d e l a y e d p r o b i n g used w i t h the 
SEPI s p e c t r o s c o p y /2,9/. ( v i ) A s i m u l t a n e o u s measurement of the 
co h e r e n t Stokes and a n t i - S t o k e s SEPI s p e c t r a a l l o w s t o e l i m i n a t e 
the e f f e c t o f a c h i r p e d p r o b i n g p u l s e . I n t h i s way the a b s o l u t e 
f r e q u e n c y p o s i t i o n i s o b t a i n e d w i t h h i g h a c c u r a c y /2/. 

7. CONCLUDING REMARKS 

The d a t a p r e s e n t e d i n t h i s a r t i c l e c o n v i n c i n g l y show the use-
f u l n e s s o f the s h o r t e x c i t a t i o n and p r o l o n g e d p r o b i n g t e c h n i q u e . 
I t i s p o s s i b l e to o b t a i n m o l e c u l a r i n f o r m a t i o n w h i c h a r e not found 
by o t h e r e x i s t i n g s p e c t r o s c o p i c t e c h n i q u e s . 
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APPLICATION OF CLASSICAL THEORY OF CARS TO DIATOMIC MOLECULES 
IN THE GAS PHASE 

W. K i e f e r 

P h y s i k a l i s c h e s I n s t i t u t d e r Universität B a y r e u t h , 
D-8580 B a y r e u t h , F.R. Germany 

1 INTRODUCTION 

L i n e a r Raman s c a t t e r i n g can be d e s c r i b e d c l a s s i c a l l y when 
e x c i t a t i o n f r e q u e n c i e s a r e used w h i c h a r e f a r from resonance 
w i t h e l e c t r o n i c a b s o r p t i o n f r e q u e n c i e s . I f t h i s i s not the c a s e , 
the s c a t t e r i n g a m p l i t u d e must be d e r i v e d by quantum-mechanical 
c a l c u l a t i o n of the l i n e a r p o l a r i z a b i l i t y [ 1 ] , S i m i l a r l y , CARS 
i n t e n s i t i e s can be o b t a i n e d c l a s s i c a l l y by combining the c l a s s i 
c a l t h e o r y of the l i n e a r Raman e f f e c t w i t h a s i m p l e damped, f i e l d -
d r i v e n , harmonic o s c i l l a t o r model [2,3] , whereas f o r the case 
of e l e c t r o n i c resonances one has t o use a g a i n quantum-mechanics 
f o r the d e t e r m i n a t i o n of the CARS a m p l i t u d e . The l a t t e r i s g i v e n 
through the t h i r d - o r d e r n o n - l i n e a r CARS s u s c e p t i b i l i t y [ 4 ] . 

In the p r e s e n t a r t i c l e we w i l l show how the s i m p l e c l a s s i c a l 
CARS t h e o r y i s a b l e t o w e l l e x p l a i n e x p e r i m e n t a l l y o v s e r v e d CARS 
s p e c t r a of d i a t o m i c n o n a b s o r b i n g m o l e c u l e s i n the gas phase. 
A f t e r a b r i e f r e v i e w of the c l a s s i c a l t h e o r y of l i n e a r Raman 
s c a t t e r i n g i n d i a t o m i c s we w i l l o u t l i n e t he c o r r e s p o n d i n g t h e o r y 
f o r CARS. S p e c i a l emphasis w i l l be g i v e n t o i n t e r f e r e n c e e f f e c t s 
between neighbouring s p e c t r a l l i n e s such as the r o t a t i o n a l l i n e s 
w i t h i n a Q-branch of a d i a t o m i c m o l e c u l e . A p p l y i n g t h i s t h e o r y , 
s i m u l a t e d CARS s p e c t r a f o r v a r i o u s d i f f e r e n t bandwidths w i l l be 
g i v e n , which s i g n i f i c a n t l y i n f l u e n c e t h e magnitude of the i n t e r -
a c t i o n s . S p e c i f i c a l l y we w i l l examine the i n t e r f e r e n c e between 
two i n d i v i d u a l l i n e s as a f u n c t i o n of t h e bandwidth t o f r e q u e n c y 
S e p a r a t i o n (T/6) r a t i o . We w i l l t h e n p r o c e e d t o c a l c u l a t e the 
Q-branch s p e c t r a of the d i a t o m i c m o l e c u l e s 0 2 , N 2 and NO a t 
v a r i o u s s p e c t r a l b andwidths. These t h r e e m o l e c u l e s were chosen 
because they r e p r e s e n t s i t u a t i o n s where t h e f r e q u e n c y s p a c i n g s 
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between n e i g h b o u r i n g Raman-active l i n e s a r e r e l a t i v e l y l a r g e 
( f o r 0 2 ) , moderate ( f o r N 2) and r e l a t i v e l y s m a l l ( f o r NO). 
F i a n a l l y we w i l l compare c a l c u l a t e d CARS s p e c t r a w i t h e x p e r i 
mental l y o b t a i n e d one's. 

2. BRIEF REVIEW OF THEORY ON LINEAR RAMAN SCATTERING FROM 
DIATOMIC MOLECULES IN THE GAS PHASE 

P l a c z e k has shown i n h i s famous p o l a r i z a b i l i t y t h e o r y [5] 
t h a t under s p e c i a l c o n d i t i o n s the Raman i n t e n s i t y can be d e t e r 
mined c l a s s i c a l l y . F or Raman s c a t t e r i n g i n t o the füll s o l i d a n g l e 
4TT one uses the t o t a l s c a t t e r i n g c r o s s s e c t i o n o. The d i f f e r e n 
t i a l s c a t t e r i n g c r o s s s e c t i o n dö/dü i s used f o r O b s e r v a t i o n w i t h 
a l i m i t e d a c c e p t a n c e a n g l e i n t o a c e r t a i n d i r e c t i o n . B o t h , O and 
da/dQ, c o n t a i n the i n v a r i a n t s of t h e p o l a r i z a b i l i t y t e n s o r d e r i v e d 
w i t h r e s p e c t t o the m o l e c u l a r normal Vibration q, namely the 
l i n e a r average a and the a n i s o t r o p y y 2 [ 6 ] . F o r the most impor
t a n t c a s e of l i n e a r l y p o l a r i z e d i n c i d e n t l i g h t and O b s e r v a t i o n 
a t 90° t o b o t h the p o l a r i z a t i o n v e c t o r and the d i r e c t i o n of i n -
c i d e n c e , one o b t a i n s [6] f o r the d i f f e r e n t i a l Raman s c a t t e r i n g 
c r o s s s e c t i o n of a m o l e c u l e w h i c h v i b r a t e s w i t h f r e q u e n c y V: 
da m 2 V ( y 0 - v ) V 7 
dü • 1 - e x p ( - h c V / k T ) g U 4 5 T ; ' u ; 

where V i s the e x c i t i n g f r e q u e n c y , b 2 = h/8TT2cv i s the square 
of the z e r o p o i n t a m p l i t u d e of t h e normal V i b r a t i o n q, h i s the 
P l a n c k c o n s t a n t , c i s t h e v e l o c i t y of l i g h t i n vacuum, k i s the 
Boltzmann c o n s t a n t , T i s the te m p e r a t u r e and g i s the degeneraey 
of the normal V i b r a t i o n . 

The t o t a l i n t e n s i t y f o r V, s c a t t e r e d by a m a c r o s c o p i c number 
of m o l e c u l e s i n t o the s o l i d a n g l e Qm i s g i v e n by [ 7 ] : 

I = I X + I f l = I Q n L / (^§)dQ (2) 

where the I n t e g r a t i o n i s o v e r fim, n i s t h e d e n s i t y of s c a t t e r i n g 
m o l e c u l e s , L i s t h e l e n g t h f r o m w h i c h s c a t t e r e d photons a r e 
c o l l e c t e d and wh i c h c o r r e s p o n d s t o the r a t i o of the s c a t t e r i n g 
volume and the e f f e c t i v e c r o s s - s e c t i o n a l a r e a of the l a s e r beam, 
and I Q i s the i n t e n s i t y of the i n c i d e n t l i g h t . I f an a n a l y z e r 
i s used f o r the s c a t t e r e d l i g h t , one can s e p a r a t e I f |and 1^. For 
t h i s c a s e , one o b t a i n s : 

I x ~ ( | j Y 2 ) (3) 
and . 
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Fo r room t e m p e r a t u r e and v i b r a t i o n a l f r e q u e n c i e s V > 1 0 0 0 cm~^, 
the e x p o n e n t i a l f u n c t i o n i n t h e denominator of E q u a t i o n 1 i s 
n e g l i g i b l e (< 1%). 

Now we a l l o w the m o l e c u l e t o s i m u l t a n e o u s l y r o t a t e and r e -
s t r i c t o u r s e l v e s t o v i b r a t i o n a l - r o t a t i o n a l t r a n s i t i o n s w i t h 
Av = 1 and A J = 0 (Q-branch) i n a d i a t o m i c m o l e c u l e . Then, the 
space average square of t h e t r a n s i t i o n p o l a r i z a b i l i t y t e n s o r 
component i s g i v e n by [ 8 ] : 

<°ii^.,j.«v«,J« = a 2 + b J , j ' 4 5 ^ ( 5 ) 

where 
_ J ( J + 1 ) , . 

D J , J " ( 2 J - 1 ) ( 2 J + 3 ) K 0 ) 

* 
i s t h e appropriate r o t a t i o n a l i n t e n s i t y f a c t o r . N o t e, t h a t the 
suscripts i i i n E q u a t i o n 5 denote I„ Observation. F o r I x Obser
vation we would obtain: 

3 
[ aij^,J'«v»,J» = b J , j ' 4 5 y 2 ( 7 ) 

U s i n g E q u a t i o n s 1,5 and 6 ( o r 7 i n s t e a d of 5) one i s t h e r e f o r e 
able t o c a l c u l a t e the d i f f e r e n t i a l Raman s c a t t e r i n g c r o s s s e c t i o n 
f o r t h e r o t a t i o n a l l i n e s within a Q-branch of a d i a t o m i c m o l e c u l e . 
Of course, the (2J+1) degeneraey and t h e S t a t i s t i c a l w e i g h t f a c 
t o r g j due t o the n u c l e a r spin have t o be taken into aecount 
a d d i t i o n a l l y f o r t h i s purpose. 

2. CLASSICAL THEORY OF CARS 

A. O u t l i n e of t h e o r y 

I t i s w e l l known, t h a t the i n t e n s i t y of a CARS s i g n a l i s 
p r o p o r t i o n a l t o the square of the a b s o l u t e magnitude of the 
t h i r d - o r d e r n o n - l i n e a r s u s c e p t i b i l i t y : 

I ~ I Y ( B ) I 2 (8) CARS ! XCARS' v J 

As has been shown else w h e r e [ 2 , 3 ] , t h e t h i r d - o r d e r non
l i n e a r s u s c e p t i b i l i t y a t a p a r t i c u l a r CARS f r e q u e n c y d i f f e r e n c e 
oâ -(jüg (o)^,(Og a r e the a n g u l a r f r e q u e n c i e s of t h e two l a s e r s which 
g e n e r a t e the n o n - l i n e a r p o l a r i z a t i o n a t f r e q u e n c y co^g = 2o)̂ -ü)g) 
can be e x p r e s s e d f o r a s i n g l e i s o l a t e d s p e c t r a l l i n e of f r e q u e n c y 
U)R ( e . g . a r o t a t i o n a l - v i b r a t i o n a l Raman l i n e ) by 

(3) = 2 N c J l da ^R ( 

*CARS fioDg1* W ^-(0dL'-(ßs)2-i(b)L--ii)s)T XNR K J 

where N = nAj i s the p o p u l a t i o n d i f f e r e n c e between t h e low e r and 
Upper s t a t e s f o r a p a r t i c u l a r t r a n s i t i o n j , w h i c h aecounts f o r 
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S t a t i s t i c a l d i s t r i b u t i o n [4,9] , t h a t i s , Aj = 1 f o r low tempera
t u r e , Aj = 0 f o r i n f i n i t e t e m p e r a t u r e . The f a c t o r Aj i s an i n t e 
g r a l p a r t of t h e quantum m e c h a n i c a l approach by d e n s i t y m a t r i x 
methods [ 2 , 4 ] . do/dQ i s the d i f f e r e n t i a l Raman s c a t t e r i n g c r o s s 
s e c t i o n as d i s c u s s e d above, T i s t h e s p e c t r a l b and-width f o r t h e 
c o r r e s p o n d i n g Raman t r a n s i t i o n (FWHM), and x^R *-s t n e n o n - r e s o n a n t 
s u s c e p t i b i l i t y w h i c h a r i s e s f rom background e l e c t r o n i c s u s c e p t i 
b i l i t y c o n t r i b u t i o n s and remote Raman resonances.As canbe seen from 
E q u a t i o n 9, the t o t a l s u s c e p t i b i l i t y i s a sum of a f r e q u e n c y - d e -
pendent r e s o n a n t p a r t and a n e a r l y f r e q u e n c y - i n d e p e n d e n t non-
re s o n a n t p a r t . S i n c e x ^ R i s i n many ca s e s v e r y s m a l l ( s e e how
ever Ref. 1 ) and a d d i t i o n a l l y o n l y a s l o w l y v a r y i n g f u n c t i o n o v e r 
the s p e c t r a l r e g i o n of i n t e r e s t , i t may be n e g l e c t e d f o r t h e gas 
phase s t u d i e s d i s c u s s e d h e r e . 

• . . . . 
Note, t h a t the r e s o n a n t t h i r d - o r d e r s u s c e p t i b i l i t y i s a 

cbmplex q u a n t i t y w h i c h can be s e p a r a t e d i n t o a r e a l and an 
i m a g i n a r y p a r t ( f r o m now on we s e t XNR = 0 ) : 

X ( 0 = X . + I X " ( 1 0 ) 

I n o r d e r t o e x p l i c i t e l y d e r i v e the r e a l (x*) and the i m a g i n a r y 
(X f f) p a r t s of X^ 3^ w e r e w r i t e E q u a t i o n 9 a c c o r d i n g t o [10-12]: 

( 3) U)
R
/(0) R-A) 

X = M a)^/(a) R-A)-(a) R-A)-ir 

where 0 ^ , 

and where 
A = Ü3 R-(O) L-(JÜ S) (13) 

I f we assume t h a t A/ooR << 1 , which i s u s u a l l y a v e r y v a l i d 
a p p r o x i m a t i o n i n the v i c i n i t y of a r e s o n a n c e , and i f we r e c o g n i z e 
t h a t then 

1 - 1 + 

(u) R -A) ( y wR3 

** 77- + TTT , (14) 

E q u a t i o n 11 may be r e w r i t t e n as 
(,) _ AN 

x " 2A-ir (15) 

T h i s e x p r e s s i o n i s easy t o s e p a r a t e i n t o r e a l ( x f ) and i m a g i n a r y 
(X f !) p a r t s : 

4A 2+T 2 

ANr 
4A2+r2 (16b) 
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The CARS i n t e n s i t y i s then p r o p o r t i o n a l t o t h e square of t h e ab
s o l u t e t h i r d - o r d e r n o n - l i n e a r CARS s u s c e p t i b i l i t y : 

1 ~ IXc A R s I 2 ' (X*> 2 + ( X " ) 2 

_ 4 A 2 N 2 A 2 A 2 N 2 T 2
 ( v 

~ ( 4 A 2 + r 2 ) 2 + ( 4 A 2 + r 2 ) 2 u / ; 

B. S i n g l e i s o l a t e d Raman resonance 

We f i r s t a p p l y t he e x p r e s s i o n s d e r i v e d above f o r a s i n g l e 
i s o l a t e d Raman resonance a t f r e q u e n c y ü) R. 

INTENSITY | / \ i 

IMAGINARY PART A | 

K.644rW 

REAL PART [ j 

F i g . 1 CARS i n t e n s i t y (upper f i e l d ) , c o n t r i h u t i o n from i m a g i n a r y 
p a r t ( ( x " ) 2 > m i d d l e f i e l d ) and c o n t r i h u t i o n f rom r e a l p a r t 
( ( X 1 ) 2 , l ower f i e l d ) t o the CARS s i g n a l f o r a s i n g l e i s o l a t e d 
Raman resonance a t f r e q u e n c y 0) . 

F i g u r e 1 shows i n the low e r and m i d d l e f i e l d t he d i s p e r s i o n of 
r e a l ( x ' ) 2 and i m a g i n a r y ( x " ) 2 c o n t r i b u t i o n s t o I X Q ^ R S I 2 > A S 

w e l l as i n the upper f i e l d t h e i r sum (\Xn\La 12) o r e q u i v a l e n t l y t h e 
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i n t e n s i t y o f the CARS s i g n a l , f o r a s i n g l e i s o l a t e d Raman resonance 
a t f r e q u e n c y 0 )

R
. W h i l e the c o n t r i h u t i o n from the r e a l p a r t o f the 

s u s c e p t i b i l i t y does not add i n t e n s i t y t o the maximum of t h e band 
(A = 0 ) , i t does broaden the bandwidth of the r e s u l t a n t l i n e over 
t h a t of the i m a g i n a r y p a r t by a f a c t o r of 1.55. The p l o t of 
I x ^ j ^ g l 2 i n the upper f i e l d of F i g u r e 1 has a L o r e n t z i a n l i n e 
shape s i m i l a r t o a Raman l i n e i n the l i n e a r Raman e f f e c t . 

I t may be s t a t e d t h a t t he r e a l p a r t of the s u s c e p t i b i l i t y i s 
a s s o c i a t e d t o the n o n l i n e a r r e f r a c t i v e i n d e x , and the i m a g i n a r y 
p a r t i s r e l a t e d t o the normal Raman t r a n s i t i o n [ 3 ] . T h i s p i c t u r e 
i s v e r y s i m i l a r t o the I n t e r p r e t a t i o n of the l i n e a r (complex) 
r e f r a c t i v e i n d e x , where the r e a l and im a g i n a r y p a r t s c o r r e s p o n d 
to the d i s p e r s i o n and the a b s o r p t i o n , r e s p e c t i v e l y . The s i m p l e 
L o r e n t z model of the o s c i l l a t i n g e l e c t r o n i n atoms d r i v e n by the 
i n c i d e n t e l e c t r o m a g n e t i c wave, which l e a d s t o the complex q u a n t i t y 
of the l i n e a r r e f r a c t i v e i n d e x has i t s analogue i n CARS: t h e d r i 
v i n g f o r c e i s due t o the e l e c t r i c f i e l d w i t h d i f f e r e n c e f r e q u e n c y 
((jü̂ -cag) and the o s c i l l a t i n g f r e q u e n c y i s U ) R , which i s the m o l e c u l a r 
( r o t a t i o n a l - ) v i b r a t i o n a l f r e q u e n c y . 

The CARS s i g n a l of a s i n g l e Raman resonance as shown i n 
F i g u r e 1 does not r e v e a l any u n u s u a l s p e c t r a l f e a t u r e . However, 
as soon as t h e r e a r e o t h e r resonances situated»nearby, t h e band 
shapes may be d i s t o r t e d c o n s i d e r a b l y as w i l l be shown n e x t . 

C. C l o s e l y spaced Raman resonances 

We now c o n s i d e r a s e r i e s of c l o s e l y spaced s p e c t r a l l i n e s 
w i t h f r e q u e n c i e s 0)^. Each Raman resonance which i s spaced by 

A k = OJk-(oüL-a)s) (18) 
from the f r e q u e n c y of the d r i v i n g f i e l d ( ^ - 0 ) 5 ) c o n t r i b u t e s t o 
bo t h the r e a l and i m a g i n a r y p a r t , l e a d i n g to a t o t a l r e a l and a 
t o t a l i m a g i n a r y p a r t g i v e n by 

, v
 2 A k \ \ 

k ^ A k + 1 k 
A - N , r, 

*" = ^ 4 & T r r - d9b) 
k q ü k A k 

Because the e x p r e s s i o n s i n E q u a t i o n 19 a r e summations and because 
each A^ may be p o s i t i v e o r n e g a t i v e depending on the a c t u a l v a l u e 
of oô -OJg (which i s tuned d u r i n g a CARS experiment) , c o n s i d e r a b l e 
i n t e r f e r e n c e i n the r e a l p a r t of the s u s c e p t i b i l i t y between c l o s e l y 
l y i n g Raman resonances may be exp e c t e d . These i n t e r f e r e n c e e f f e c t s 
a r e d i s c u s s e d i n the f o l l o w i n g where we c o n s i d e r two a d j a c e n t 
Raman reson a n c e s . 
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D. I n t e r f e r e n c e between two a d j a c e n t Raman resonan c e s 

L e t us now examine the s i m p l e c a s e of two Raman resonances 
w i t h same d i f f e r e n t i a l s c a t t e r i n g c r o s s s e c t i o n (A^=A2=A), e q u a l 
b a ndwidth (T^T.^-T) and we a l s o assume e q u a l p o p u l a t i o n d i f f e r e n c e 
(N 1=N2=N). The two l i n e s a r e s e p a r a t e d by 6 = (JO-J-Ü^* F i g u r e 2 
shows the c a l c u l a t e d CARS s p e c t r a of such a S i t u a t i o n as w e l l as 
the r e a l ( x 1 2 ) a n d i m a g i n a r y ( x " 2 ) c o n t r i b u t i o n s t o t h e CARS i n 
t e n s i t y ( X , 2 + X " 2 ) - I t : c a n b e s e e n ( F i g u r e 2a) t h a t a t T/6 = 0.02 
v e r y l i t t l e i n t e r f e r e n c e between the l i n e s i s p r e s e n t and o n l y a 
s m a l l amount of asymmetry i s p r e s e n t i n t h e r e a l c o n t r i b u t i o n t o 
each s p e c t r a l band. 

(o) InUmity 

Imogmory part Imoginary part ^ ^ ^ ^ 

Raal pari | 

Ä . i l 

Real port . i 

W 
Imaginary port , 

J u \ 
Imogino^^ 

R«al part RMI port 1 j 

F i g . 2 C a l c u l a t e d CARS s p e c t r a (upper f i e l d s ) of two Raman bands 
of e q u a l i n t e n s i t y as a f u n c t i o n of T/6 (= Raman band w i d t h / 
f r e q u e n c y Separation between t h e two Raman l i n e s ) a) r/6 = 0.02; 
b) T/6 = 0 . 2 ; c ) T/6 = 0 . 6 ; d) T/6 = 1.0. D i s p l a y e d 
a r e a l s o t he i m a g i n a r y ( ( x " 2 ) ,middle f i e l d s ) and r e a l ((x* 2)» 
lowe r f i e l d s ) c o n t r i b u t i o n s t o the CARS i n t e n s i t y ( x , 2 + X t 2 ) [ 1 2 ] . 
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F o r l a r g e r Y (and 176) v a l u e s , however, t h e asymmetry becomes 
s i g n i f i c a n t as the i n t e r f e r e n c e between the two l i n e s c auses 
c o n s i d e r a b l e c a n c e l l a t i o n of x* i n t n e r e g i o n between them. T h i s 
i n t e r f e r e n c e i s e a s i l y u n d e r s t o o d by c o n s i d e r i n g E q u a t i o n s 18 
and 19 f o r k = 1,2. S i n c e and A 2 w i l l have d i f f e r e n t s i g n s 
when (a)L-ü)s) i s between 0 ) 1 and o u , the c o n t r i b u t i o n s f rom t h e 
two l i n e s t o t h e r e a l s u s c e p t i b i l i t y w i l l t e n d t o c a n c e l . When 
(0^-0)5) i s o u t s i d e t h i s r e g i o n ( i . e . l e s s than b o t h OJ-J and 032 
o r g r e a t e r than b o t h of t h e s e ) , and A2 w i l l have the same 
s i g n and t h e i r c o n t r i b u t i o n s t o X* w i l l be a d d i t i v e . 

u 
Imoginory pari / 

Rtol port 1 1 1 1 1 

Real port 

(c) Intensity X 

Imoginory port / 

Real port 

• 

F i g . 3 C a l c u l a t e d CARS s p e c t r a ( u p p e r f i e l d s ) of two Raman bands 
of u n e q u a l i n t e n s i t y (I2/I« = 0.4) as a f u n c t i o n of T/6: 
a) T/6 = 0.2; b) T/6 = 0.6; c) T/6 = 1.0; [ 1 2 ] . 

Thus a t t h e l a r g e r v a l u e s of T/6, a t which i n t e r f e r e n c e i n c r e a s e s , 
i n c r e a s e d c a n c e l l a t i o n r e s u l t s i n a d e c r e a s e d x f i n the r e g i o n 
between the two l i n e s . However, x' i n c r e a s e s i n the r e g i o n s o u t 
s i d e the s p e c t r a l l i n e s due t o t h e a d d i t i v e e f f e c t s . T h i s r e s u l t s 
i n t h e s h i f t of the maxima of the c o m p o s i t e CARS spectrum away 
from the a c t u a l p o s i t i o n s of the two r e s o n a n c e s , t h e r e b y i n -
c r e a s i n g t h e a p p a r e n t S e p a r a t i o n between the l i n e s . F u r t h e r m o r e , 
the maximum l i n e i n t e n s i t y i s somewhat enhanced. F o r T/6 = 0.6 
the band maxima i n F i g u r e 2c) a r e s e p a r a t e d by 1.84*r even though 
the resonance f r e q u e n c i e s a r e o n l y 1.67*r a p a r t . These s y n t h e t i -



CLASSICAL THEORY OF CARS 249 

c a l l y drawn c u r v e s i l l u s t r a t e the s l i g h t l y b e t t e r " r e s o l v i n g " 
power i n h e r e n t i n CARS. 

In F i g u r e 3 we show f o r t h r e e d i f f e r e n t v a l u e s of T/6 s i m i l a r 
c u r v e s f o r the case where the second l i n e has an i n t e n s i t y of 
o.40 of the f i r s t ( i . e . A 2 N 2 = 0.4 A^N2.) . Here, of c o u r s e , the 
i n t e r f e r e n c e s inbetween the two Raman resonan c e s l e a d t o asymme-
t r i e s f o r the r e a l p a r t c o n t r i h u t i o n . 

The examples g i v e n i n F i g u r e s 2 and 3 r e p r e s e n t o n l y the 
i n t e r a c t i o n s between two s p e c t r a l l i n e s . I n a c t u a l s p e c t r a , such 
as the Q-branch CARS s p e c t r a of d i a t o m i c m o l e c u l e s , the i n t e r 
f e r e n c e between numerous r o t a t i o n a l - v i b r a t i o n a l l i n e s w i l l be 
p r e s e n t . Examples of such Systems w i l l be c o n s i d e r e d n e x t . 

3. APPLICATION TO Q-BRANCHES OF DIATOMIC MOLECULES 

A. Q-branch of a d i a t o m i c m o l e c u l e 

For the s p e c i f i c e x a m i n a t i o n of the Q-branch s p e c t r a of d i 
a t o m i c m o l e c u l e s , the summation i n E q u a t i o n 19 must be c a r r i e d 
out over the v a r i o u s r o t a t i o n a l l e v e l s d e s i g n a t e d by J = 0,1,2,... 
With n e g l i g i b l e e r r o r we may assume t h a t the d i f f e r e n t i a l Raman 
s c a t t e r i n g c r o s s s e c t i o n dö/dQ f o r each of the t r a n s i t i o n s 
s t a r t i n g a t the v a r i o u s J - l e v e l s i s i d e n t i c a l . T h i s i s j u s t i f i e d 
by t h e f a c t t h a t the r o t a t i o n a l i n t e n s i t y f a c t o r g i v e n i n Equa
t i o n 6 v e r y r a p i d l y approaches t h e c o n s t a n t v a l u e 1/4 f o r i n c r e a -
s i n g J . For example, the b^,^ v a l u e d i f f e r s from the b^,^ v a l u e 
o n l y b y 2.5%. However, f o r e x a c t c a l c u l a t i o n s . t h e b j j f a c t o r c a n , 
of c o u r s e , b e e a s i l y r e t a i n e d . ' 

S e t t i n g bj j = c o n s t a n t l e a d s t o = A = c o n s t a n t f o r 
c l o s e l y spaced JQ~branch t r a n s i t i o n s (ooq c o n s t a n t , see E q u a t i o n 
12). S i m i l a r l y , we may t a k e the bandwidths t o be independent of 
r o t a t i o n a l l e v e l , n a m e l y T^ = V = c o n s t a n t . The l a t t e r a p p r o x i 
m a t i o n can c e r t a i n l y be made i n t h e p r e s s u r e - b r o a d e n i n g regime. 

Wi t h t h e s e a p p r o x i m a t i o n s E q u a t i o n 19 then becomes: 
N T A T 

X 1 - 2A l (20a) 

N T r 
X" - A l (20b) 

where A i s g i v e n i n E q u a t i o n 12 and where 
N j = ( a j + O g j N e x p C - E j / k T ) (21) 
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and 
A J = W J " ( ü ) L - ( ü S ) ( 2 2 ) 

w i t h 
Ü) T = 0) -aJ(J+1)+ßJ 2(J+1) 2 (23) J o 

U s u a l l y 3 i s v e r y s m a l l and the t h i r d term i n E q u a t i o n 23 can 
t h e r e f o r e be n e g l e c t e d . 

The (2J+1) term i n E q u a t i o n 21 r e f l e c t s t h e magnetic degene
ra e y of each J l e v e l and ĝ . r e p r e s e n t s the n u c l e a r S t a t i s t i c a l 
w e i g h t ; N i s the m o l e c u l a r p o p u l a t i o n i n t h e J = 0 State and 
Ej i s the energy o f t h e r o t a t i o n a l l e v e l , i . e . h c B J ( J + 1 ) . The 
m o l e c u l a r p o p u l a t i o n s of the e x c i t e d v i b r a t i o n a l s t a t e s a r e neg
l i g i b l e f o r the normal ränge of tem p e r a t u r e s T and f o r l i g h t m o l e 
c u l e s . 0) o,a,3 and B a r e the u s u a l m o l e c u l a r c o n s t a n t s . 

F o r t he c a l c u l a t i o n s of the CARS s p e c t r a E q u a t i o n s 8 and 
20 - 23 were programmed i n t o a mini-computer and the s p e c t r a 
were p l o t t e d w i t h an X - Y - p l o t t e r . 

B. Q-branch CARS s p e c t r a of 0^ 

The f i r s t example we choose i s 0 2 s i n c e t he l i n e s p a c i n g i s 
r e l a t i v e l y l a r g e i n com p a r i s o n t o o t h e r m o l e c u l e s . T h i s i s because 
the n u c l e a r S t a t i s t i c a l w e i g h t ĝ . i s z e r o f o r J = even and t h e r e 
f o r e h a l f t h e Q-branches a r e m i s s i n g . The l i n e f r e q u e n c i e s were 
c a l c u l a t e d from t h e e x p r e s s i o n [13] 

u>T = 1556.384 - 0.01587 J (J+1) cm" 1 (24) 
J _ i 

and a v a l u e of B = 1 .4376478 cm was used t o determme the B o l t z -
mann d i s t r i b u t i o n . 

F i g u r e 4 shows the c a l c u l a t e d CARS s p e c t r a (| X ^ 12 =X' 2+X" 2) 
t o g e t h e r w i t h t he r e a l ( x ? 2 ) a n d i m a g i n a r y ( x " 2 ) c o n t r i h u t i o n 
f o r s i x d i f f e r e n t V v a l u e s . F o r T = 0.01 cm -^ the i n t e r f e r e n c e 
between the v a r i o u s l i n e s i s minor ( t h e c e n t r e gap i n t h e r e a l 
c o n t r i h u t i o n i s p r e s e n t b u t d i f f i c u l t t o make out on the s c a l e 
shown), b ut i t i n c r e a s e s s t e a d i l y w i t h i n c r e a s i n g F. I t can be 
seen t h a t t he i n t e r f e r e n c e has the e f f e c t of c a n c e l l i n g the h i g h e r 
f r e q u e n c y l o b e i n the r e a l p a r t of most l i n e s e x c e p t t h a t an i n -
c r e a s i n g l y l a r g e r c o n t r i b u t i o n d evelops on t h e h i g h f r e q u e n c y 
s i d e o f the h i g h e s t f r e q u e n c y (J=1) l i n e . T h i s b r o a d c o n t r i b u t i o n , 
w hich can have a s u f r s t a n t i a l e f f e c t oh the co m p o s i t e spectrum even 
a t T = 0.08 cm"^ i s due t o the f a c t t h a t a l l of the A j i n E q u a t i o n 
20 i n t h i s r e g i o n have the same s i g n and t h e i r c o n t r i b u t i o n s t o 
X* a r e a d d i t i v e . Because x ? i - s squared t o o b t a i n i t s c o n t r i b u t i o n 
t o the CARS i n t e n s i t y , t h i s e f f e c t i s f u r t h e r enhanced. 

I t i s i n t e r e s t i n g t o compare the o u t l i n e d c a l s s i c a l t h e o r y 
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(0) 

i n 

• i l I Ii. 

. , A A , 

547 1549 «51 * 15« »555 1557 155» «547 1549 1551 »563 1555 1557 «59 

(b) IrrtMMty 

. . 1 I . l l , 1. 
Imoginory port 

. . i l.l 1 , . 

(•) 

Imoginory pari 

Un i oort 

DL 

(c) Irrtemlty 

. . A i l l k 
Imaginary port 

4 . A Ä . A i 

ffcol part 

1547 »549 1551 1553 1555 »557 »559 »547 1549 1551 1553 1555 1557 1559 

Wavenumber ( cm~ 1 ) 

F i g . 4 C a l c u l a t e d CARS s p e c t r a ( l a b e l l e d by " I n t e n s i t y " ) f o r t h e 
Q-branch of 0£ gas as a f u n c t i o n of T: a) T = 0.01 cm~ 1, max = 
1.02x10*; b) T = 0.04 cm" 1, max = 6.43x10 4; c) T = 0.08 cm" 1, 
max = 1.64x10 4; d) T = 0.15, max = 5.11 x 1 0 3 ; e) V = 0.25 cm" 1, 
max = 2.22 x 1 0 3 ; f ) T = 0.50, max = 1.30x103. 
The s p e c t r a were c a l c u l a t e d f o r T = 293 K [ 1 2 ] . 
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O, 0.52 bor 

OBSERVED 

Q(?) 0(7) 

CALCULATEO 

CALCULATED 

CALCULATED 

1551 1553 1555 cm-
WAVENUMBER 

F i g . 5 E x p e r i m e n t a l l y o b s e r v e d h i g h r e s o l u t i o n CARS spectrum of 
O2 a t a p r e s s u r e of 0.52 b a r ( A ) ; B: C a l c u l a t e d CARS spectrum; 
C: C o n t r i b u t i o n f rom i m a g i n a r y p a r t ( x " 2 ) ; D: C o n t r i b u t i o n from 
r e a l p a r t (x ? 2)« C a l c u l a t i o n was performed f o r T - 0.08 cm""1 [10] 
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w i t h e x p e r i m e n t a l l y o b s e r v e d d a t a . F i e l d A of F i g u r e 5 shows t h e 
o b s e r v e d h i g h r e s o l u t i o n CARS spectrum of oxygen o b t a i n e d a t 
0.52 b a r gas g r e s s u r e [ 1 0 ] . The Q-branches a r e c l e a r l y r e s o l v e d 
even f o r low J numbers ( Q ( 1 ) , Q ( 3 ) ) . F i e l d s D and C of F i g u r e 5 
g i v e t h e s p e c t r a l i n t e n s i t y c o n t r i b u t i o n s o f the r e a l ( x ' 2 ) a n d 
i m a g i n a r y ( x " 2 ) p a r t of the s u s c e p t i b i l i t y , r e s p e c t i v e l y , where
as f i e l d B d i s p l a y s the sum of x 1 2 and x" 2 • The c a l c u l a t e d spec
trum, where the i n t e n s i t y i s p r o p o r t i o n a l t o x ' 2 + x " 2 ^ s ^ n v e r y 
good agreement w i t h the ob s e r v e d spectrum. Even the asymmetries 
on t h e h i g h f r e q u e n c y s i d e f o r J = 1 as d i s c u s s e d above can be 
seen. A l s o the asymmetries on the low f r e q u e n c y s i d e f o r h i g h e r 
J t r a n s i t i o n s agree n i c e l y i n t h e o b s e r v e d and c a l c u l a t e d s p e c t r a . 
A F v a l u e of 0.08 cm" 1 was used f o r t h e c a l c u l a t i o n s used f o r 
co m p a r i s o n w i t h e x p e r i m e n t a l r e s u l t s . T h i s v a l u e was d e r i v e d 
from t h e d a t a r e p o r t e d by F l e t c h e r and R a y s i d e [13] who r e p o r t e d 
T = 0.14 cm" 1 f o r a t m o s p h e r i c p r e s s u r e . 

C. Q-branch CARS s p e c t r a of N 2 

F o r t h e n i t r o g e n Q-branch we have computed [12] the f r e 
q u e n c i e s from: 

CÜJ = 2329.92 - 0.017292 J(J+1) cm" 1 (25) 
and u s ed B = 1.989574 cm - 1 [14] t o d e t e r m i n e the p o p u l a t i o n 
d i s t r i b u t i o n . The n u c l e a r S t a t i s t i c a l w e i g h t s f o r N 2 a r e g j = 2 
f o r even and g-j- = 1 f o r odd J . 

The c a l c u l a t e d CARS s p e c t r a f o r N 2 f o r s e v e r a l V v a l u e s a r e 
shown i n F i g u r e 6. The e f f e c t s of c h a n g i n g V a r e s i m i l a r t o those 
found f o r oxygen except t h a t the c l o s e r s p a c i n g of the l i n e s and 
the a l t e r n a t i n g i n t e n s i t y due t o the n u c l e a r S t a t i s t i c a l w e i g h t s 
do have pronounced i n f l u e n c e . 

I n F i g u r e 7 we show an e x p e r i m e n t a l l y o b s e r v e d CARS spectrum 
of t h e Q-branch of N 2 i n a i r i n the upper f i e l d , w h i l e t he lower 
f i e l d d i s p l a y s the c a l c u l a t e d spectrum. A g a i n , h i g h r e s o l u t i o n 
and good agreement between expe r i m e n t and t h e o r y were a c h i e v e d . 
From F i g u r e s 6 and 7 i t i s c l e a r l y e v i d e n t t h a t i n b o t h the ex
p e r i m e n t a l as w e l l as the c a l c u l a t e d spectrum t h e r e i s l a r g e c o n 
t r i b u t i o n of CARS i n t e n s i t y a t the h i g h f r e q u e n c y wing f o r 
T = 0.1 cm" 1, which a g a i n i s due t o t h e c o n s t r u c t i v e i n t e r f e r e n c e 
of t h e c o n t r i b u t i o n of the r e a l p a r t of the s u s c e p t i b i l i t y . 

I n F i g u r e s 6 and 7 one a l s o can n i c e l y see t h a t the CARS 
i n t e n s i t y i s p r o p o r t i o n a l t o the square of what one would observe 
i n a l i n e a r Raman spectrum. I n the l a t t e r the i n t e n s i t y r a t i o be
tween l i n e s w i t h odd and even J v a l u e s c o u l d be g j ( e v e n ) : g j ( o d d ) = 
2:1. I n the CARS spectrum t h i s r a t i o t u r n s out t o be 4:1. 
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F i g . 6 C a l c u l a t e d CARS s p e c t r a f o r t h e Q-branch of N 2 gas as a 
f u n c t i o n of T: a) T = 0.01 cm*"1 max = 2.96x10 6: b)T = 0.05 cm" 1, 
max = 1.22x10 4; c) T = 0.10 cm" 1, max = 3.47x10 4; d) T = 0.20 cm" 1, 
max = 1.59x10 4. The s p e c t r a were c a l c u l a t e d f o r T = 293 K [ 1 2 ] . 

D. Q-branch CARS s p e c t r a of NO 

In the l a s t example we d i s c u s s a m o l e c u l e w h i c h shows r e 
l a t i v e c o m p l e x i t y due t o the o v e r l a p of two Q-branch s e r i e s r e s u l -
t i n g from two c l o s e l y spaced e l e c t r o n i c s t a t e s . I n F i g u r e 8 we 
f i r s t show p a r t of an e x p e r i m e n t a l CARS spectrum of NO f o r h i g h e r 
J - l e v e l s i n o r d e r t o demonstrate t h i s . T h i s spectrum was observed 
by Beckmann e t a l . [15] from a sample a t 1.33x10 4 Pa. The two se
r i e s o r i g i n a t i n g from the 2Jl)/2 a r*d 2 % / 2 e l e c t r o n i c s t a t e s a r e 
a s s i g n e d t o A J = 0 t r a n s i t i o n s s t a r t i n g a t g i v e n J l e v e l s . The 
s t r o n g e r bands o r i g i n a t e from m o l e c u l e s i n the 2U]/2 ground e l e c 
t r o n i c s t a t e , w h i l e the weaker ones r e s u l t f r o m the 2^2/2 s t a t e 

which l i e s 124 cm above the ground s t a t e . At h i g h e r wavenumbers 
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F i g . 8 P a r t of the ob s e r v e d medium h i g h - r e s o l u t i o n CARS spectrum 
of the Q-branch of NO (low f r e q u e n c y s i d e ) , i n d i c a t i n g the r o t a 
t i o n a l s t r u c t u r e due t o two e l e c t r o n i c s t a t e s (2^)/2 a n < ^ 2 % / 2 ^ 
[15]. 
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V i r t u a l o v e r l a p of the Q-branches from each of t h e two s e r i e s 
o c c u r s (see F i g u r e 9 ) . 

S i m i l a r c a l c u l a t i o n s as f o r 0 2 and N 2 were a l s o performed 
f o r t h i s s l i g h t l y more complex m o l e c u l e [12,15]. The f r e q u e n c i e s 
of t he l i n e p o s i t i o n s were c a l c u l a t e d from r e c e n t IR v a l u e s 
[16,17] and by u t i l i z i n g a c o r r e c t i o n m a t r i x t o de t e r m i n e the A 
d o u b l i n g p e r t u r b a t i o n [ 1 8 ] . The Q-branch f r e q u e n c i e s , b e f o r e 
a p p l i c a t i o n f o r the c o r r e c t i o n m a t r i x , f o r the two s e r i e s a r e 
g i v e n by 

a)j( 2n 1 / 2) = 1876.08959 - 0.0171 15 J (J+1) 
+ 1.332x10" 7 J 2 ( J + 1 ) 2 cm" 1 (26) 

and 
üJj(2n3/2) = 1875.88082 - 0.018019 J (J+1) 

- 0.119-10" 7 J 2 (J+1) 2cm 1 (27) 

The r o t a t i o n a l c o n s t a n t s f o r the v i b r a t i o n a l ground S t a t e i n 
the two e l e c t r o n i c s t a t e s a r e B( 2ü^/ 2) = 1.6720433 cm" 1 and 
B ( 2 I I 3 = 1 .7201377 cm" 1. F o r the c a l c u l a t i o n of the s p e c t r a , 
the d i f f e r e n t i a l Raman s c a t t e r i n g c r o s s s e c t i o n (do/dfi) was assumed 
to be i d e n t i c a l f o r b o t h e l e c t r o n i c s t a t e s . T h i s assumption was 
c o n f i r m e d by the experiment (see b e l o w ) . 

I n F i g u r e 9 e x p e r i m e n t a l l y o b s e r v e d CARS s p e c t r a [15] of 
the Q b r a n c h of NO a r e d i s p l a y e d i n the upper f i e l d s of each 
q u a r t e r p a r t f o r v a r i o u s gas p r e s s u r e s . I n t he second f i e l d s f r o m 
above we show i n each q u a r t e r p a r t c a l c u l a t e d CARS s p e c t r a w h i c h 
a r e the co m p o s i t e s p e c t r a of r e a l and i m a g i n a r y c o n t r i b u t i o n s 
(X ? 2 + X" 2 )• A g a i n we d i s p l a y s e p a r a t e l y t he pure i m a g i n a r y (x"2) 
and r e a l (x ? 2 ) p a r t as i n d i c a t e d i n each of the 4 q u a r t e r p a r t s of 
F i g u r e 9. 

Comparing t h e o b s e r v e d w i t h t he c o r r e s p o n d i n g c a l c u l a t e d 
s p e c t r a one n o t i c e s f a i r l y good agreement between b o t h . The o n l y 
f i t t i n g parameters f o r t h e c a l c u l a t e d s p e c t r a have been the m a x i 
mum peak i n t e n s i t y and t h e damping term V whose v a l u e has been 
chosen as i n d i c a t e d i n each diagram. Because of the good a g r e e 
ment between t h e c a l c u l a t e d t o t a l CARS i n t e n s i t y and the o b s e r v e d 
s p e c t r a , t h e s e s t u d i e s a l l o w one c o n s e q u e n t l y t o determine sepa
r a t e l y the p r e s s u r e dependence of the c o n t r i b u t i o n s from r e a l 
and i m a g i n a r y p a r t of X • Owing t o p r e s s u r e b r o a d e n i n g , the 
bands i n the i m a g i n a r y p a r t spectrum which s i m p l y r e f l e c t t he 
square of the normal Raman spectrum, broaden w i t h i n c r e a s i n g gas 
p r e s s u r e (compare the t h i r d f i e l d s of the i n s e r t s of F i g u r e 9 t o 
each o t h e r ) . A g a i n , c o n s i d e r a b l e i n t e r f e r e n c e between a d j a c e n t 
Raman l i n e s o c c u r s f o r t h e c o n t r i b u t i o n of the r e a l p a r t of x^3^ 
w h i c h causes asymmetry i n the band p r o f i l e s . The magnitude of the 
i n t e r f e r e n c e i t s e l f i s dependent on T, b u t t h i s i n t e r f e r e n c e can 
a l r e a d y be r e c o g n i z e d f o r s m a l l T. In the q u a r t e r p a r t l a b e l e d 
by p r e s s u r e 1.33x10*^Pa, one can obs e r v e d e s t r u c t i v e i n t e r f e r e n c e 
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F i g . 9 E x p e r i m e n t a l l y o b s e r v e d and c a l c u l a t e d medium h i g h r e s o 
l u t i o n CARS s p e c t r a of n i c t r i c o x i d e as a f u n c t i o n of p r e s s u r e . 
P r e s s u r e ränge i s 1.33x10^ - 2.3x10^ Pa. D i s p l a y e d a r e a l s o t he 
c o n t r i b u t i o n s from r e a l (x f 2 ) a n d i m a g i n a r y (x"2) p a r t s of the 
s u s c e p t i b i l i t y [ 1 5 ] . 

between about 1874 and 1876 cm"', whereas f o r wavenumbers h i g h e r 
than the band o r i g i n (1876.08 c m " 1 ) , c o n s t r u c t i v e i n t e r f e r e n c e 
t a k e s p l a c e l e a d i n g t o a br o a d c o n t i n u o u s band w i t h d e c r e a s i n g 
i n t e n s i t y f o r i n c r e a s i n g wave numbers. T h i s i s a g a i n consequence 
of the f a c t t h a t the ( x*) fs f o r each t r a n s i t i o n have the same 
s i g n i n t h i s r e g i o n . T h i s b r o a d c o n t r i b u t i o n w h i c h has a s u b s t a n -
t i a l e f f e c t on the com p o s i t e spectrum i n c r e a s e s r e l a t i v e t o the 
c o n t r i b u t i o n of the i m a g i n a r y p a r t f o r i n c r e a s i n g gas p r e s s u r e . 
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T h i s can be r e a d i l y r e c o g n i z e d i f one compares t h e c o r r e s p o n d i n g 
s p e c t r a l r e g i o n s i n the r e a l p a r t s p e c t r a of F i g u r e 9. S i m u l t a n 
e o u s l y a l s o , t he e f f e c t of d e s t r u c t i v e i n t e r f e r e n c e between the 
Raman l i n e s i n c r e a s e s w i t h i n c r e a s i n g p r e s s u r e . C o n s e q u e n t l y , 
f o r h i g h e r p r e s s u r e (^10^ Pa) , t h e r e i s o n l y a r e l a t i v e l y s m a l l 
c o n t r i b u t i o n of the r e a l p a r t of X^ 3^ t o t n, e c o m p o s i t e spectrum 
w i t h i n the s p e c t r a l r e g i o n c l o s e t o t h e c e n t e r of t h e Q b r a n c h 
(-1875 cm-1). 

The good agreement between e x p e r i m e n t a l and c a l c u l a t e d CARS 
s p e c t r a a l l o w s one t o s e p a r a t e l y study t he p r e s s u r e dependence 
of r e a l and i m a g i n a r y p a r t s of the t h i r d - o r d e r n o n - l i n e a r s u s 
c e p t i b i l i t y f o r m o l e c u l e s i n t h e gaseous phase. As f a r as we 
know, t h i s i s t h e f i r s t time [15] t h a t CARS s t u d i e s of such a 
type have been made. However, i t s h o u l d be m e n t i o n e d , t h a t Owyoung 
[19] has o b t a i n e d s p e c t r a of b o t h t h e r e a l and i m a g i n a r y p a r t s 
of X^ 3^» f ° r ^2 gas i n the m o t i o n a l l y narrowed p r e s s u r e r e g i m e , 
by means of cw s t i m u l a t e d Raman g a i n s p e c t r o s c o p y . 

The s t u d i e s r e p o r t e d i n R e f e r e n c e 15 a l l o w e d f u r t h e r m o r e t o 
d e r i v e a r a t i o f o r d i f f e r e n t i a l Raman s c a t t e r i n g c r o s s s e c t i o n s 
of a v i b r a t i o n a l t r a n s i t i o n o r i g i n a t i n g f r om two d i f f e r e n t e l e c 
t r o n i c s t a t e s . Assuming t h e r m a l e q u i l i b r i u m , and t a k i n g i n t o 
a c count t h a t the CARS s i g n a l i s p r o p o r t i o n a l t o (dö/dü)2 the 
a u t h o r s of R e f e r e n c e 15 c o u l d c o n c l u d e by c o m p a r i s i o n o f o b s e r v e d 
and c a l c u l a t e d CARS s p e c t r a , t h a t t h e d i f f e r e n t i a l Raman s c a t t e r 
i n g c r o s s s e c t i o n i s i d e n t i c a l f o r b o t h e l e c t r o n i c s t a t e s ; a r a t i o 
of (do/dü)J[]j2: (da/dft)Il3/2 = 1 -01 ± 0.02 was f o u n d . I t s h o u l d be 
no t e d t h a t t he c a l c u l a t e d s p e c t r a d i s p l a y e d i n F i g u r e 9 were ob
t a i n e d by a p p l y i n g t h i s e x p e r i m e n t a l r e s u l t . 

4. CONCLUSION 

I n t h i s a r t i c l e we have o u t l i n e d a c l a s s i c a l t h e o r y f o r t h e 
c a l c u l a t i o n of X^ 3^ f ° r CARS e x c i t a t i o n . The t h e o r y was then 
a p p l i e d t o the Q-branches of the d i a t o m i c m o l e c u l e s O2, N2 and NO. 
E x c e l l e n t agreement was o b t a i n e d between t h i s t h e o r y and e x p e r i -
m e n t a l l y o b t a i n e d CARS d a t a . S p e c i a l emphasis has been put on t h e 
d i s c u s s i o n of i n t e r f e r e n c e e f f e c t s between a d j a c e n t Raman l i n e s . 
I t has a l s o been demonstrated t h a t t h e s e i n t e r f e r e n c e s between 
v a r i o u s l i n e s a r e a f u n c t i o n of bandwidth. 

I t s h o u l d be s t a t e d , however, t h a t the s i m p l e t h e o r y i s v a l i d 
o n l y f o r the ( e l e c t r o n i c ) non-resonance c a s e . F o r the l a t t e r , as 
mentioned a l r e a d y above, the t h i r d - o r d e r n o n - l i n e a r s u s c e p t i b i l i t y 
has t o be t r e a t e d quantum-mechanically [ 1 , 4 ] . F u r t h e r m o r e , the 
t h e o r y has t o be expanded when s t u d i e s a r e performed i n t h e 
p r e s s u r e ränge where D i c k e n a r r o w i n g may o c c u r [20] o r when h i g h 
e l e c t r o m a g n e t i c f i e l d s a r e a p p l i e d such t h a t S t a r k e f f e c t s change 
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the CARS spectrum [21,22], 

A l t h o u g h most of the c o n t e n t r e p o r t e d h e r e , has been pub
l i s h e d p r e v i o u s l y i n d e t a i l [10-12,15], t h e a u t h o r of t h i s a r 
t i c l e has f e i t , t h a t i t may be advantageous t o have i t p r e s e n t e d 
c o m p r e h e n s i v e l y i n a t u t o r i a l way - a p a r t i c u l a r a im of an Ad
vanced Study I n s t i t u t e . 
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1. INTRODUCTION 

The f i r s t measurements i n v o l v i n g Coherent A n t i - S t o k e s Raman 
S c a t t e r i n g (CARS) i n gases were by Rado (1967) [ 1 ] , who d e t e r 
mined t h e nonresonant s u s c e p t i b i l i t i e s o f a number of gases by 
u s i n g a ruby l a s e r and a H 2 S t o k e s beam s t i m u l a t e d i n a h i g h 
p r e s s u r e hydrogen c e l l . By employing p r e s s u r e t u n i n g of t h e 
S t o k e s beam, D e M a r t i n i (1972) [2] used CARS t o scan t h e H 2 

l i n e and measure t h e l i n e w i d t h and D i c k e n a r r o w i n g as a 
f u n c t i o n of p r e s s u r e . However, t h e major impetus f o r development 
of t h e t e c h n i q u e came from t h e p i o n e e r i n g e x p e r i m e n t s of Taran 
and coworkers (1973) [3] i n w h i c h t h e i m p o r t a n t p o t e n t i a l a p p l i 
c a t i o n o f CARS t o c o n c e n t r a t i o n measurements i n combustion 
Systems was demonstrated. 

W i t h t h e subsequent development of t u n a b l e dye l a s e r s of 
h i g h power and narrow l i n e w i d t h , t h e CARS experiment has become 
much more c o n v e n i e n t and much p r o g r e s s has been made i n i t s 
a p p l i c a t i o n . I t s s u c c e s s i n t h e s t u d y of f l a m e s and p r a c t i c a l 
combustors such as a u t o m o b i l e and j e t e n g i n e s has been q u i t e 
i m p r e s s i v e and w i l l be d i s c u s s e d i n o t h e r l e c t u r e s . The use of 
CARS i n s t u d i e s of e l e c t r i c d i s c h a r g e s and plasmas has been 
demonstrated [4] and i t has a l s o been u t i l i z e d t o measure r o t a 
t i o n a l t e m p e r a t u r e s and r e l a x a t i o n r a t e s i n f r e e j e t e x p a n s i o n s 
[ 5 - 8 ] . W i t h p i c o s e c o n d s o u r c e s , CARS has been a p p l i e d t o t h e 
st u d y of gas phase r e a c t i o n dynamics [9] and r e l a x a t i o n mech-
anisms [ 1 0 ] . 

The above a p p l i c a t i o n s a r e based on i n t e n s i t y measurements 
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of CARS S i g n a l s f o r m o l e c u l e s w i t h known v i b r a t i o n a l resonances. 
One can a l s o t a k e advantage of t h e h i g h r e s o l u t i o n c a p a b i l i t i e s 
of CARS t o make a c c u r a t e d e t e r m i n a t i o n of Raman f r e q u e n c i e s and 
l i n e w i d t h s . W i t h p u l s e d l a s e r s , h i g h r e s o l u t i o n (-0.01 cm"-*-) 
v i b r a t i o n a l [11,12] alrid r o t a t i o n a l [13] CARS s p e c t r a have been 
r e p o r t e d and even h i g h e r r e s o l u t i o n (~0.001 cm~l) has been 
a c h i e v e d u s i n g CW s o u r c e s [^4-17]. A more d e t a i l e d d i s c u s s i o n 
of many of t h e s e r e s u l t s i s p r e s e n t e d i n a l a t e r s e c t i o n of t h i s 
paper and i n r e v i e w a r t i c l e s [ 1 8 - 2 1 ] . 

THEORETICAL ASPECTS IMPORTANT FOR GASES 

As d i s c u s s e d i n e a r l i e r t a l k s , t h e i n t e n s i t y ( I ) generated 
a t t h e a n t i - S t o k e s f r e q u e n c y (^3) .by p l a n e wave pump (w^) and 
Stokes (^2) beams i s g i v e n by [20- 2 2 ] . 

! =
1 6 A ) 3 | 3 x ( 3 ) , 2 l 2 l L 2 

3 2 4 1 X 1 1 2 
n l n 2 n 3 C 

sin(ÄkL/2) 
AkL/2 (1) 

where n_̂  i s t h e i n d e x of r e f r a c t i o n of t h e medium a t u)., 
|3x | i s t h e t h i r d o r d e r s u s c e p t i b i l i t y , L i s the l e n g t h of 
i n t e r a c t i o n i n t h e medium and Ak = 2k^ - k 2 - k 3 i s the momentum 
mismatch of t h e beams. The term i n b r a c k e t s i s a maximum f o r 
Ak = 0, a c o n d i t i o n a c h i e v e d f o r l i q u i d s and s o l i d s by c r o s s i n g 
t h e coi and O J 2 beams a t a s m a l l a n g l e (<5°) . For gases a t low 
p r e s s u r e , t h e d i s p e r s i o n i s so s m a l l t h a t c o l l i n e a r beams can be 
used and t h e term i n b r a c k e t s i s u n i t y f o r l e n g t h s of many 
c e n t i m e t e r s . 

o 

Because of t h e 1^ I 2 power d e n s i t y dependence, l a r g e s i g n a l 
g a i n s a r e o b t a i n e d by f o c u s i n g t h e beams. One treatment [22] of 
th e e f f e c t of f o c u s i n g assumes t h e f o c a l r e g i o n t o be a c y l i n d e r 
of p l a n e waves of diameter W0 = 4Xf/TTW and l e n g t h e q u a l t o t h e 
c o n f o c a l parameter b - TrW0^/2X^. Here f i s t h e l e n s f o c a l l e n g t h 
and W i s t h e beam dia m e t e r a t w h i c h t h e i n t e n s i t y has dropped to 
1/e 2 o ^ t h e peak v a l u e . T a k i n g L = b, Ak = 0, n i = 1 and P ± = I i 

Tf(W^/2) , eq. (1) becomes 
2/^2 \ 2 2 

"AJ |3X ( 3 ) i P X
2 P 2 (2) 

We n o t e t h e f o r t u i t o u s c a n c e l l a t i o n of beam d i a m e t e r and l e n s 
f o c a l l e n g t h i n t h i s e x p r e s s i o n . More e x a c t n u m e r i c a l c a l c u l a -
t i o n s [23] show about a t h r e e f o l d i n c r e a s e i n s i g n a l as f goes 
from 50 cm t o 3 cm, a V a r i a t i o n i n a c c o r d w i t h e x p e r i m e n t a l 
o b s e r v a t i o n s [ 2 0 ] . The same c a l c u l a t i o n s show t h a t about 75% of 
the s i g n a l i s g e n e r a t e d w i t h i n a l e n g t h of 6b, i m p l y i n g t h a t good 
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r e s o l u t i o n i s p o s s i b l e f o r s p a t i a l p r o b i n g o f f l a m e s , plasmas, 
e x p a n s i o n j e t s and o t h e r inhomogeneous media. 

The b u l k s u s c e p t i b i l i t y |3x | c o n t a i n s t h e f r e q u e n c y 
r e s o n a n c e s and c o n c e n t r a t i o n s o f t h e s p e c i e s i n t h e sample and 
i s w r i t t e n as 

|3X(3S>I = ? ( X N R . + I X 1 V ) O ) 
1 \ 1 v / 

Here X^R ^ s t n e nonresonant e l e c t r o n i c s u s c e p t i b i l i t y of 
s p e c i e s * i and J X i v measures t h e v i b r a t i o n a l - r o t a t i o n a l c o n t r i 
b u t i o n s t o t h e v s u s c e p t i b i l i t y a t f r e q u e n c y 0)3. F o r a p a r t i c u l a r 
r e s o n a n c e tOy, t h e l a t t e r term can be w r i t t e n [21] 

A 
X i v = 26üJ-ir ( 4 ) 

v 

where 

v
 h.2

A ̂ v 
I n t h e s e e q u a t i o n s 6u) i s a measure of t h e d e t u n i n g (uJ^-co^+co^) > 
T v i s t h e füll w i d t h a t h a l f maximum of t h e Raman r e s o n a n c e , 
NAy i s t h e p o p u l a t i o n d i f f e r e n c e between l o w e r and upper s t a t e s 
of t h e t r a n s i t i o n and (i^Ü) i s t h e spontaneous Raman c r o s s s e c -
t i o n . These r e l a t i o n s , or s l i g h t m o d i f i c a t i o n s of them, have 
been d e r i v e d by b o t h quantum m e c h a n i c a l and s e m i c l a s s i c a l methods 
and a l l y i e l d t h e Raman c r o s s s e c t i o n as a f a c t o r i n X i v * Thus 
CARS and Raman s p e c t r o s c o p y have t h e same s e l e c t i o n r u l e s and 
b o t h g i v e t h e same b a s i c f r e q u e n c y and p o l a r i z a t i o n i n f o r m a t i o n 
[ 2 4 , 2 6 ] . 

Eqs. (3-5) a l s o r e v e a l t h e b a s i c q u a d r a t i c dependence of 
the CARS s i g n a l on number d e n s i t i e s which means a s i g n a l d e c r e a s e 
of ~ ( l O ^ ) 2 f o r gases compared t o l i q u i d s o r s o l i d s . F o r t u n a t e l y 
much of t h i s l o s s can be r e c o v e r e d due t o t h e 1/T2 l i n e w i d t h 
dependence o f P 3 s i n c e V i s t y p i c a l l y 10 t o 100 t i m e s s m a l l e r 
f o r gases compared t o l i q u i d s . The narrow e r r e s o n a n c e s i n the 
gas phase a l s o s t a n d o ut more e a s i l y a g a i n s t t h e background p r o 
duced by XNR. s o t h a t lower r e l a t i v e c o n c e n t r a t i o n s can be meas
ured f o r gases compared t o l i q u i d s . (These advantages a r e , of 
c o u r s e , o b t a i n e d o n l y w i t h 0)^ and 0J2 beams w h i c h a r e narrower 
than F) . F i n a l l y , much h i g h e r l a s e r powers (1-10 MW) can be 
used f o r gases compared t o l i q u i d s (0.01 t o 0.1 MW) w i t h o u t sam
p l e breakdown o r g e n e r a t i o n of a s t i m u l a t e d Raman St o k e s beam. 
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Nd:YAG 
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F i g . 1. A p p a r a t u s used a t OSU t o r e c o r d CARS s p e c t r a o f gases. 

3. EXPERIMENTAL ASPECTS 

A l t h o u g h most of t h e e a r l y CARS s t u d i e s u t i l i z e d a ruby 
l a s e r , t h e h i g h e r r e p e t i t i o n r a t e , r e l i a b i l i t y and more conven
i e n t s p e c t r a l r e g i o n of t h e doubled Nd-YAG s o u r c e has made t h i s 
t h e p r e f e r r e d CARS s o u r c e f o r p u l s e d work. F i g u r e 1 i s a sche
m a t i c of t h e system a t Oregon S t a t e U n i v e r s i t y w h i c h i s based on 
a Nd-YAG o s c i l l a t o r - a m p l i f i e r (Quanta-Ray) w h i c h has been modi
f i e d by a d d i t i o n of a second e t a l o n and an e l e c t r o n i c l i n e 
n a r r o w i n g a c c e s s o r y t o p e r m i t " n e a r l y " s i n g l e a x i a l mode Opera
t i o n (~60% of t h e s h o t s ) . The 1060 nm p u l s e (10 ns) i s doubled 
i n t y p e I I KD*P t o p r o v i d e ~50-100 mJ of 532 nm r a d i a t i o n f o r 
oj-p and t h e r e s i d u a l 1060 nm l i g h t i s d o u b l e d t o pump t h e o s c i l 
l a t o r (10 mJ) and t h e a m p l i f i e r (20 mJ) c e l l s of a dye l a s e r . 
W i t h a 35% r e f l e c t i v e Output m i r r o r , a 5x p r i s m expander and a 
f o u r i n c h , 2500 ß/mm h o l o g r a p h i c g r a t i n g used i n g r a z i n g i n c i -
dence ( L i t t m a n d e s i g n ) , we o b t a i n civ? powers o f 0.1 t o 2 mJ w i t h 
a l i n e w i d t h o f 0.10 cm ~ l . T h i s l a s e r Output i s expanded w i t h a 
t e l e s c o p e (not shown i n F i g . 1) t o match t h e d i a m e t e r of oo^. 
The beams a r e made c o l l i n e a r w i t h a d i c h r o i c m i r r o r and f o c u s e d 
w i t h a 50 t o 300 cm f o c a l l e n g t h l e n s . A f t e r r e c o l l i m a t i o n , co^ 
i s s e p a r a t e d from 0)-^ and CÜ^ by d i c h r o i c m i r r o r s and f i l t e r s 
(and sometimes a s m a l l monochromator) and t h e s i g n a l i s d e t e c t e d 
w i t h an RCA 31034A p h o t o m u l t i p l i e r . The r e s u l t a n t p u l s e i s a m p l i -
f i e d and measured w i t h an a n a l o g p u l s e i n t e g r a t o r o r e i s e i s 
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d i g i t i z e d a f t e r c a p t u r e by a sample and h o l d a m p l i f i e r under 
Computer c o n t r o l . Simulaneous measurement i s made of t h e 
t r a n s m i s s i o n of t h e Oi^ beam t h r o u g h a 1.00 cm" 1 e t a l o n t o p r o 
v i d e r e l a t i v e f r e q u e n c y c a l i b r a t i o n as t h e dye l a s e r i s scanned 
i n 0.02 cm" 1 s t e p s . 

For broadband o r m u l t i p l e x CARS s t u d i e s [8,25,26] a s i m p l e 
m i r r o r o r low d i s p e r s i o n p r i s m - m i r r o r c o m b i n a t i o n i s s u b s t i t u t e d 
f o r t h e dye l a s e r g r a t i n g t o g i v e an w i d t h of 50 t o 300 cm' 1. 
The sample t h e n s e l e c t s t h o s e f r e q u e n c i e s w h i c h s a t i s f y t h e 
m o l e c u l a r r esonance c o n d i t i o n s and t h e to^ Output c o n s i s t s of 
s e v e r a l bands. We use a d o u b l e monochromator (Spex 1402) t o 
d i s p e r s e t h e s e p r i o r to d e t e c t i o n by a o p t i c a l m u l t i c h a n n e l 
a r r a y (PAR SIT OMA-2) w h i c h g i v e s a r e s o l u t i o n of ^0.4 cm' 1 f o r 
each of 500 d e t e c t o r elements. The m u l t i p l e x CARS measurements 
have t h e i m p o r t a n t advantage t h a t broad s p e c t r a l r e g i o n s can be 
examined i n one 10 nsec l a s e r f l a s h so t h a t t r a n s i e n t e v e n t s 
such as e x p l o s i o n s o r o t h e r p u l s e d c h e m i c a l r e a c t i o n s can be 
s t u d i e d . T h i s method a l s o i s u s e f u l f o r m e a s uring t u r b u l e n c e 
i n c ombustion Systems and i n aerodynamic f l o w s . 

4. DETECTION LIMITS AND NOISE SOURCES 

Because of i t s h i g h e f f i c i e n c y , CARS s p e c t r o s c o p y i s v e r y 
u s e f u l f o r measurements of pure gases a t low d e n s i t i e s . F i g . 2 

F i g . 2 
CARS spectrum 
o f methane a t 
0.1 t o r r . 

C H 4 — 1 0 0 m i c r o n i 

P « , - 6 5 0 KW ( A«# -0 .2 er»* 

P w 2 . 3 0 KW ( Aw-0.4 c m H 

T • I » e c . O.03 cn» - ' / ««c 

5 H i , PMT - 6 0 0 V 

1 

> 

) 

— I— 0.7 cm' 1 

Off 
(1*2 
on 
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shows t h e s t r o n g mode of methane a t a p r e s s u r e o f 0.1 t o r r 
f o r r e l a t i v e l y low power c o n d i t i o n s and modest r e s o l u t i o n . The 
peak s i g n a l c o r r e s p o n d s t o 10^ photons per 10 nsec l a s e r p u l s e , 
much l a r g e r t h a n t h e p r e d i c t e d Raman s i g n a l (370 p h o t o n s ) , but 
about 60 t i m e s s m a l l e r t h a n p r e d i c t e d by e q u a t i o n s 2-5. S i m i l a r 
d i s c r e p a n c i e s of 10 t o 100 have been n o t e d by o t h e r s [15,18] and 
t h i s i s a t t r i b u t e d m a i n l y t o t h e poor a p p r o x i m a t i o n o f r e a l 
l a s e r s t o t h e monochromatic p l a n e waves used i n d e r i v i n g t h e 
t h e o r e t i c a l e x p r e s s i o n s . C l o s e r agreement i s e x p e c t e d f o r CW 
l a s e r s w i t h h i g h e r s p e c t r a l p u r i t y and mode q u a l i t y and B a r r e t t 
found t h i s t o be t h e c a s e i n h i s work on and CH^ [ 1 4 ] . 

The h i g h background l e v e l of F i g . 2 i s produced by XNR °f 
t h e gas c e l l Windows and t h i s can be reduced by use of l a r g e r 
beams and l o n g e r c e l l s . W i t h t h e s e changes and h i g h e r l a s e r 
powers, we e s t i m a t e t h a t 10"" ̂  t o r r o r l e s s of CH^ c o u l d be de
t e c t e d by CARS. I n th e c a s e of H 2 , s p e c t r a have been o b t a i n e d 
i n plasmas a t 0.1 t o r r and a d e t e c t i o n l i m i t of 1 0 1 2 cm~^ (~10 
t o r r ) has been e s t i m a t e d f o r a g i v e n r o - v i b r a t i o n a l s t a t e [ 1 8 ] . 
U n f o r t u n a t e l y , a d d i t i o n of o t h e r gases degrades the d e t e c t i o n 
c a p a b i l i t y due t o i n t e r f e r e n c e s between t h e r e s o n a n t and non-
r e s o n a n t s u s c e p t i b i l i t i e s . The l a t t e r q u a n t i t i e s a r e i n t h e 
r a t i o of about 10^ f o r CH^ and a i r so t h a t a c o n c e n t r a t i o n r a t i o 
of about 100 ppm i s a r e a l i s t i c lower l i m i t f o r most s p e c i e s . 
Some improvement may be p o s s i b l e by c a n c e l l a t i o n of x^R u s i n g 
p o l a r i z a t i o n schemes [18,27] but t h e s e add t o t h e e x p e r i m e n t a l 
d i f f i c u l t y . 

I t i s , of c o u r s e , the n o i s e a s s o c i a t e d w i t h t h e CARS s i g n a l 
w h i c h causes t h e r e s o n a n t s i g n a l t o be l o s t i n t h e n o n r e s o n a n t 
background. Z e b r o w s k i has r e c e n t l y s t u d i e d t h i s problem and has 
examined the c o n t r i b u t i o n of d i f f e r e n t n o i s e s o u r c e s t o t h e 
S tandard d e v i a t i o n s of r e s o n a n t and n o nresonant CARS S i g n a l s 
[ 2 8 ] . He assumes t h a t P- t a k e s t h e f u n c t i o n a l form: 

F. = K • T ( t ) • X(q) • D 
J 46o) + r 

where P^, Po r e p r e s e n t t h e average p u l s e e n e r g i e s of t h e co^ and 
a>2 beams, T ( t ) i s some f u n c t i o n d e s c r i b i n g t h e t i m e o v e r l a p of 
0)^ and 0)2 p u l s e s , X(q) g i v e s t h e s p a t i a l o v e r l a p of 0)-̂  and 0)2 
beams a t t h e f o c u s and D measures t h e V a r i a t i o n due t o p h oton 
s t a t i s t i c s , d e t e c t o r n o i s e , and e l e c t r o n i c n o i s e i n a m p l i f y i n g 
and d i g i t i z i n g the s i g n a l . I n t h e s i m p l e s t c a s e , i g n o r i n g 
c o r r e l a t i o n e f f e c t s , t h e p e r c e n t v a r i a n c e (Sß 2) i n P^ can be 
e x p r e s s e d i n terms of p e r c e n t v a r i a n c e s f o r each e x p e r i m e n t a l 
v a r i a b l e as 
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9 9 9 9 9 9 9 S 0 = 4 s / + S 0 + 4S z + + S z + S / (6) 3 1 2 0) t q d 

Measurements or e s t i m a t e s of each of t h e Standard d e v i a t i o n s (S^) 
were made u s i n g sample and r e f e r e n c e l e g s w i t h two s e p a r a t e de
t e c t o r s . For one s e r i e s of 2500 measurements S-̂  and S 2 were 
measured d i r e c t l y and found t o be 1.8 and 18.8% r e s p e c t i v e l y 
( t h i s v a l u e f o r S 2 was h i g h e r t h a n n o r m a l due t o t h e use of 355 
nm r a d i a t i o n as a pump a t e n e r g i e s below t h e Saturation l e v e l of 
t h e dye l a s e r a m p l i f i e r ) . S^ was e s t i m a t e d t o be 3.7% by t a k i n g 
o n e - h a l f t h e S t a n d a r d d e v i a t i o n of t h e r a t i o of P ^ measured 
s i m u l t a n e o u s l y i n b o t h sample and r e f e r e n c e l e g s . S w was found 
to be 15.2% by comparing t h e d i f f e r e n c e between S 3 a t t h e sample 
d e t e c t o r f o r a r e s o n a n t sample (NO gas) and f o r a nonresonant 
sample ( g l a s s ) . Sq was deduced t o be 18.7% by p l a c i n g non
r e s o n a n t samples i n b o t h l e g s and comparing t h e S t a n d a r d d e v i a 
t i o n s i n t h e r a t i o . St was not d i r e c t l y m e a s u r a b l e but was 
c a l c u l a t e d from eq. 6 u s i n g t h e measured v a l u e of S 3 and t h e 

T a b l e 1 % N o i s e C o n t r i b u t i o n s i n a CARS s i g n a l f o r NO 

7 9 9 9 9 9 9 SoCARS = 4 - S / + S 0
Z + S J + 4-S z + S L + 

•3 1 2 d 03 q t 

( 5 3 . 8 ) 2 = 4 ( 1 . 9 ) 2 + ( 1 8 . 8 ) 2 + ( 3 . 7 ) 2 + 4 ( 1 5 . 2 ) 2 + ( 1 8 . 7 ) 2 + ( 3 6 . 4 ) 2 

1.000 = .005 + .122 + .005 + .319 + .121 + .458 

o t h e r Standard d e v i a t i o n s . T a b l e 1 summarizes t h e r e s u l t s and 
the l a s t l i n e shows t h e r e l a t i v e i m p o r t a n c e of t h e v a r i o u s n o i s e 
terms. I t i s c o n c l u d e d t h a t the dominant n o i s e c o n t r i b u t i o n s 
come from t i m e (~46%) and f r e q u e n c y j i t t e r (~32%) a s s o c i a t e d 
w i t h t h e multimode c h a r a c t e r of t h e Nd:YAG and dye l a s e r s . 

No s p e c i a l e f f o r t was made t o o p t i m i z e t h e e x p e r i m e n t a l 
c o n d i t i o n s f o r t h e s e measurements and t h e Ok l a s e r l i n e w i d t h 
(0.1 cm - 1) encompassed f o u r c a v i t y modes. S i n g l e mode Operation 
of e i t h e r 0)̂  o r 0)2 would g r e a t l y r e d u c e t h e t i m e j i t t e r n o i s e 
but t h i s i s d i f f i c u l t t o a c h i e v e e x p e r i m e n t a l l y . A r e d u c t i o n i n 
S 3 can a l s o be a c h i e v e d by s a c r i f i c i n g r e s o l u t i o n i n b o t h o)^ and 
0)2 however t h i s has t h e e f f e c t of r e d u c i n g t h e peak a m p l i t u d e of 
the r e s o n a n t s i g n a l . We have found t h a t a f a c t o r of two r e d u c t i o n 
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i n can be a c h i e v e d by r a t i o i n g S i g n a l s o b t a i n e d i n t h e r e s o 
nant and nonresonant l e g s but t h i s r e q u i r e s c o n s i d e r a b l e c a r e i n 
a c h i e v i n g good beam o v e r l a p i n b o t h p a t h s . A s i m p l e r way t o 
a c h i e v e t h i s f a c t o r o f two improvement i n S/N i s t o average f o u r 
t i m e s as many s h o t s f o r each r e s o l u t i o n element. 

I t s h o u l d be emphasized t h a t t h e 54% S t a n d a r d d e v i a t i o n i n 
th e r e s o n a n t s i g n a l r e p o r t e d h e r e i s somewhat h i g h and more 
t y p i c a l v a l u e s w i t h our CARS a p p a r a t u s a r e ~30% w i t h o u t r a t i o i n g . 
T a r a n has r e p o r t e d d e v i a t i o n s of 30% o r l e s s and s u g g e s t s t h a t 
5% v a r i a t i o n s a r e a c h i e v a b l e w i t h a w e l l e n g i n e e r e d system 
[18,29]. The use of " r o b u s t s t a t i s t i c s " t o r e j e c t t h e extremes 
of a measurement s e t may a l s o be advantageous f o r n o n l i n e a r 
e x p e r i m e n t s such as CARS [ 2 8 ] . 

5. EXAMPLES OF APPLICATIONS 

A. M o l e c u l a r S p e c t r o s c o p y 

A l t h o u g h CARS i s c o n s i d e r a b l y l e s s c o n v e n i e n t t h a n Raman 
s p e c t r o s c o p y , i t i s a t t r a c t i v e because of i t s h i g h r e s o l u t i o n 
c a p a b i l i t y and s e n s i t i v i t y a t sample p r e s s u r e s low enough to 
reduce c o l l i s i o n b r o a d e n i n g o f l i n e s . F i g . 3 shows an e a r l y 
scan of t h e CH4 spectrum o b t a i n e d a t modest r e s o l u t i o n i n about 
30 m i n u t e s [ 2 1 ] . Much v i b r a t i o n a l - r o t a t i o n a l s t r u c t u r e of t h e 
\>l and V3 CH s t r e t c h i n g modes i s seen and t h e l a r g e r e l a t i v e 
r e d u c t i o n of t h e A-̂  mode i s app a r e n t i n t h e low e r t r a c e i n 
wh i c h t h e o)]_ and 0)2 p o l a r i z a t i o n s were p e r p e n d i c u l a r . Scans of 
the \>i Q br a n c h of F i g u r e s 1 and 2 have been o b t a i n e d w i t h CARS 
at much h i g h e r r e s o l u t i o n (~0.01 cm""1) by B o q u i l l o n and Moret-
B a i l l y [12] and w i t h quasi-CW Raman g a i n s p e c t r o s c o p y (~0.004 
cm - 1) by Owyoung [ 3 0 ] . These s p e c t r a r e v e a l r i e h d e t a i l w h i c h 
i s u n a v a i l a b l e by c o n v e n t i o n a l Raman s p e c t r o s c o p y and d i s c u s s i o n 
of t h e assignments and I n t e r p r e t a t i o n of t h i s s t r u c t u r e may be 
p r e s e n t e d i n l a t e r l e c t u r e s a t t h i s i n s t i t u t e . 

I n p r i n c i p l e CW l a s e r s o f f e r t h e u l t i m a t e i n r e s o l u t i o n and 
t h e s e have been used t o make v e r y a c c u r a t e measurements of Q 
bra n c h f r e q u e n c i e s and l i n e w i d t h s o f H 2 and D 2 by Bye r and c o 
workers [ 1 5 ] . F i g . 4 shows CARS r e s u l t s o b t a i n e d f o r t h e Q 
br a n c h of C 2 H 2 by F a b e l i n s k y et a l . [16] u s i n g CW l a s e r s w i t h 
l i n e w i d t h s of 0.001 cm" 1. Here t h e l i n e s a r e c o l l i s i o n b r o a d 
ened and t h e low s i g n a l l e v e l s of t h e CW experi m e n t make i t 
d i f f i c u l t t o go t o much low e r p r e s s u r e s t o t a k e füll advantage 
of t h e l a s e r r e s o l u t i o n . S u b s t a n t i a l i n c r e a s e s i n s e n s i t i v i t y 
can be r e a l i z e d by a m p l i f i c a t i o n of t h e CW l a s e r s w i t h Nd:YAG 
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F i g . 3. CARS s p e c t r a of CH4 V-̂  and V 3 modes f o r two p o l a r i z a t i o n 
arrangements. 

p r e s s u r e 1 At.m 

p r e s s u r e 0.2 Atm 

p r e s s u r e 0.0b Atm 

(c) 

*V) (c) 

F i g . 4. H i g h r e s o l u t i o n CW CARS s p e c t r a o f t h e v 2 Q-branch of 
C 2 H 2 a t d i f f e r e n t p r e s s u r e s . a,b,c = obs., d,e,f = c a l c . s p e c t r a . 
From Ref 16. 
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-1 F i g . 5. CARS spectrum of n i t r o g e n d i o x i d e from 1200 t o 3300 cm 

pumped dye c e l l s and t h i s quasi-CW form o f CARS o r Raman g a i n 
s p e c t r o s c o p y l o o k s t h e most p r o m i s i n g f o r h i g h r e s o l u t i o n mole
c u l a r s p e c t r o s c o p y . These e x p e r i m e n t s a r e e x p e n s i v e and s l o w _ ^ 
s i n c e c o n t i n u o u s scans o f CW l a s e r s a r e l i m i t e d t o about 1 cm 
i n t e r v a l s . Use of Computers can be of a s s i s t a n c e i n m a t c h i n g 
o v e r l a p p i n g s p e c t r a l r e g i o n s so t h a t extended scans such as t h a t 
of N 0 2 i n F i g . 5 may be p o s s i b l e . T h i s t r a c e , r e c o r d e d a t modest 
r e s o l u t i o n , i s r e s o n a n t l y enhanced so t h a t many m o l e c u l a r o v e r 
tone and c o m b i n a t i o n s bands a r e seen. D e t a i l e d e x a m i n a t i o n [31] 
of t h e s t r u c t u r e of t h e s e bands shows them t o be v e r y s e n s i t i v e 
t o t h e U)]_ f r e q u e n c y , a c o m p l i c a t i o n w h i c h makes t h e s p e c t r a l 
I n t e r p r e t a t i o n more d i f f i c u l t but w h i c h a l s o o f f e r s t h e pro m i s e 
of y i e l d i n g d e t a i l s of t h e energy l e v e l s i n t h e upper e l e c t r o n i c 
s t a t e s . 

B. CARS S p e c t r a o f M o l e c u l e s i n F r e e J e t E x p a n s i o n s 

R e c e n t l y , i t has been demonstrated t h a t CARS and CW Raman 
g a i n s p e c t r a can be o b t a i n e d under t h e low d e n s i t y - t e m p e r a t u r e 
c o n d i t i o n s w h i c h o c c u r i n s u p e r s o n i c e x p a n s i o n s [5-8,32]. I n t h e 
f r e e f l o w r e g i o n s of such j e t s one can o b t a i n c o l l i s i o n - f r e e s p ec
t r a a t v e r y low tem p e r a t u r e s and a t gas d e n s i t i e s f a r i n ex c e s s 
of e q u i l i b r i u m v a l u e s . As an example, F i g . 6 shows CARS s p e c t r a 
o b t a i n e d f o r t h e v i b r a t i o n a l Q b r a n c h of 0 9 under s t a t i c and 
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F i g . 6. CARS s p e c t r a o f t h e Q b r a n c h of oxygen under s t a t i c 
c o n d i t i o n s and i n a s u p e r s o n i c j e t . S t a g n a t i o n p r e s s u r e s and 
t h e deduced r o t a t i o n a l t e m p e r a t u r e s a r e i n d i c a t e d . The n o z z l e 
d i a m e t e r was 0.060 mm and t h e l a s e r e n e r g i e s were P^ = 33 mJ, 
P 2 = 0.2 mJ. The shaded r e g i o n i n t h e l a s e r f o c u s r e p r e s e n t s 
t h e volume over w h i c h -90% of t h e CARS s i g n a l i s g e n e r a t e d . The 
sample d e n s i t i e s a t t h e s e p o i n t s a r e t h e same as t h o s e f o r s t a t i c 
room t e m p e r a t u r e samples a t t h e i n d i c a t e d p r e s s u r e s ( i . e . , 1.7 
and 0.3 T o r r ) . R e l a t i v e e x p a n s i o n f a c t o r s of t h e v e r t i c a l i n t e n 
s i t y s c a l e of t h i s f i g u r e a r e i n d i c a t e d . 

e x p a n s i o n c o n d i t i o n s . The d r a m a t i c c o o l i n g e f f e c t i s q u i t e 
o b v i o u s and by c o m p a r i s o n w i t h c a l c u l a t e d c u r v e s i t i s p o s s i b l e 
t o d e t e r m i n e r o t a t i o n a l t e m p e r a t u r e s w i t h an a c c u r a c y of a few 
d e g r e e s . Such i n f o r m a t i o n i s not a v a i l a b l e f o r 0« and many 
o t h e r m o l e c u l e s by t h e more common l a s e r i n d u c e d f l u o r e s c e n c e 
and i o n i z a t i o n methods. 
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I t i s n o t e worthy t h a t -90% of t h e CARS s i g n a l i s g e n e r a t e d 
i n the shaded f o c a l volume of F i g . 6 so t h a t d e t a i l e d s p a t i a l 
p r o b i n g of d e n s i t y and t e m p e r a t u r e w i t h i n t h e j e t i s p o s s i b l e . 
T h i s n o n l i n e a r dependence on l a s e r i n t e n s i t y a l s o means t h a t 
o n l y modest pumping Systems a r e needed s i n c e t h e f r e e f l o w zone 
( d e f i n e d by t h e Mach d i s c parameters X M and D M of F i g . 6) need 
not be l a r g e . Because of t h e q u a d r a t i c dependence on number 
d e n s i t y , t h e CARS i n t e n s i t y i n c r e a s e s d r a m a t i c a l l y as t h e B o l t z -
mann d i s t r i b u t i o n i s narrowed i n c o o l i n g . T h i s i s i l l u s t r a t e d 
i n F i g . 6 where t h e a d d i t i o n of 3 atm. of a r g o n as a d r i v i n g gas 
t o 1 atm. 0 2 d r o p s t h e r o t a t i o n a l t e m p e r a t u r e from 45 K t o 20 K 
and t h e peak s i g n a l i n c r e a s e s by a f a c t o r o f 2.5. T h i s i n t e n s i t y 
g a i n w i l l be much l a r g e r f o r more complex m o l e c u l e s where j e t 
c o o l i n g w i l l produce even g r e a t e r p o p u l a t i o n i n c r e a s e s i n t h e 
l o w e s t few r o t a t i o n a l s t a t e s . 

S i m i l a r CARS s p e c t r a have been o b t a i n e d w i t h N 2 j e t s , a 
s p e c i a l c a s e i n w h i c h an independent measurement of T̂ Q-p i s 
p o s s i b l e by e l e c t r o n beam f l u o r e s c e n c e t e c h n i q u e s . The a g r e e 
ment i s e x c e l l e n t f o r comparable e x p a n s i o n c o n d i t i o n s and, f o r 
b o t h N 2 and 0 2 , t h e r o t a t i o n a l t e m p e r a t u r e i s s i g n i f i c a n t l y 
h i g h e r t h a n t h e p r e d i c t e d t r a n s l a t i o n a l t e m p e r a t u r e . F o r example, 
a t t h e 0.4 mm p o s i t i o n of F i g . 6, TRQT i s measured as 45 K, 
n e a r l y t w i c e t h e c a l c u l a t e d t r a n s l a t i o n a l t e m p e r a t u r e of 26 K. 
U s i n g a s i m p l e r e l a x a t i o n model, one can c a l c u l a t e T R Q T f o r v a r 
i o u s assumed v a l u e s of an average r o t a t i o n - t o - t r a n s l a t i o n a l 
c o l l i s i o n number (ZRQT) . I n t h i s manner, we have o b t a i n e d v a l u e s 
of 10 ± 4 (N 2) and 14 ± 4 ( 0 2 ) f o r t h e number of c o l l i s i o n s f o r 
r o t a t i o n a l energy l o s s f o r t h e s e gases [ 8 ] . 

By means of h i g h r e s o l u t i o n CW o r quasi-CW CARS methods 
Byer and coworkers have o b t a i n e d e x c e l l e n t s p e c t r a of CH^ and 
C 2 H 2 i n c o n t i n u o u s and p u l s e d j e t s [ 5 , 6 ] . S u b s t a n t i a l r e d u c t i o n s 
i n t h e D o p p l e r w i d t h o c c u r i n t h e c o o l e d j e t s and l i n e w i d t h 
measurements o f f e r a means of d e d u c i n g t r a n s l a t i o n a l t e m p e r a t u r e s . 
By c r o s s i n g l a s e r and m o l e c u l a r beams a t a n g l e s of about 45°, 
CARS measurements of D o p p l e r s h i f t s can a l s o y i e l d an a c c u r a t e 
measurement of t h e v e l o c i t i e s of s u p e r s o n i c j e t s [ 3 3 ] . S i m i l a r 
a p p l i c a t i o n s a r e p o s s i b l e u s i n g Raman g a i n t e c h n i q u e s [30,32,34]. 

E x p a n s i o n s of hydrogen and d e u t e r i u m a r e of p a r t i c u l a r i n t e r -
e s t s i n c e r o t a t i o n a l t o t r a n s l a t i o n a l energy (R T) changes i n 
c o l l i s i o n s y i e l d i n f o r m a t i o n about t h e a n i s o t r o p i c terms i n t h e 
H 2...H 2 i n t e r a c t i o n p o t e n t i a l . R -> T c r o s s s e c t i o n s t h u s can 
p r o v i d e a u s e f u l b a s i s f o r j u d g i n g t h e a c c u r a c y of t h e o r e t i c a l 
p o t e n t i a l s u r f a c e s of t h e s e p r o t o t y p i c a l c o l l i s i o n p roblems. 
S i n c e t h e r o t a t i o n a l s p a c i n g of D 2 and H 2 i s q u i t e l a r g e , o n l y a 
few r o t a t i o n a l l e v e l s a r e p o p u l a t e d and r e l a x a t i o n i s much l e s s 
e f f i c i e n t t h a n f o r N 2 o r 0 2 . F i g . 7 shows CARS s p e c t r a f o r 
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F i g . 7. Broadband CARS s p e c t r a of t h e Q b r a n c h of d e u t e r i u m . 
The n o z z l e d i a m e t e r was 0.080 mm and X = 0.60 mm. L a s e r e n e r g i e s 
were P]_ = 33 mJ and P 2 (-120 cm" 1 l i n e w i d t h ) = 0.7 mJ. The s p e c 
t r a a r e the r e s u l t o f a v e r a g i n g 4000 s h o t s o b t a i n e d w i t h an OMA. 
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d e u t e r i u m e x p a n s i o n s w i t h the r e s u l t a n t v a l u e s of r o t a t i o n a l 
t e m p e r a t u r e s . The s i m p l e r e l a x a t i o n a n a l y s i s gave a v a l u e of 
about 1 3 0 f o r Z R Q T f o r D 2 - . . D 2 c o l l i s i o n s but t h e V a r i a t i o n of 
t h i s v a l u e w i t h d r i v i n g p r e s s u r e was l a r g e . A more d e t a i l e d 
a n a l y s i s u s i n g d i f f e r e n t c r o s s s e c t i o n s f o r t h e v a r i o u s l e v e l 
changes seems t o be r e q u i r e d . N o n e t h e l e s s , t h e g e n e r a l t r e n d s 
i n the r e l a x a t i o n e f f i c i e n c i e s can be seen d i r e c t l y i n t h e CARS 
s p e c t r a of Ü2-..X m i x t u r e s . T h i s i s i l l u s t r a t e d i n F i g . 7b i n 
w h i c h i t i s c l e a r t h a t the e f f i c i e n c y of t r a n s f e r of r o t a t i o n a l 
energy i n c r e a s e s i n t h e o r d e r X = D2<He<Ar<CH^. 

I t s h o u l d be mentioned t h a t t h e D2 s p e c t r a of F i g . 7 were 
o b t a i n e d by t h e use of a broadband (^2 s o u r c e and an o p t i c a l 
m u l t i c h a n n e l a n a l y z e r . A l t h o u g h t h e d e t e c t o r s e n s i t i v i t y i s 
about a f a c t o r of 1 0 l o w e r t h a n w i t h a p h o t o m u l t i p l i e r , t h e 
S i g n a l s a r e s u f f i c i e n t t o p e r m i t r a p i d a c c u m u l a t i o n of s p e c t r a 
w i t h e x c e l l e n t s i g n a l t o n o i s e r a t i o s . More a c c u r a t e r e l a t i v e 
i n t e n s i t y r a t i o s can be o b t a i n e d i n the broadband CARS measure
ments and, because of t h e low 0)2 power d e n s i t y a t each f r e q u e n c y , 
t h e r e i s l e s s p r o b a b i l i t y of S a t u r a t i o n b r o a d e n i n g w h i c h can 
a f f e c t i n t e n s i t y measurements a t h i g h powers [ 3 5 ] . F i g . 8 shows 
broadband s p e c t r a r e c e n t l y r e c o r d e d f o r hydrogen j e t s i n 1.5 
m i n u t e s w i t h a S/N of about 1 0 0 f o r the weaker Q3 l i n e s . The 
s p e c t r a show e x p a n s i o n s of n-H 2 and of a m i x t u r e e q u i i i b r a t e d 
over an o r t h o - p a r a c o n v e r s i o n c a t a l y s t a t 77 K p r i o r t o expan
s i o n . By such s t u d i e s of even p u r e r para H 2 and o r t h o D2» i t 
may be p o s s i b l e t o deduce a c c u r a t e s t a t e - t o - s t a t e r o t a t i o n a l 
r e l a x a t i o n c r o s s s e c t i o n s f o r hydrogen. 
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QQ 

F i g . 8. Broadband CARS S p e c t r a of n-H 2 i n a f r e e j e t . P Q = 2000 
T o r r . Spectrum (a) i s of n-H 2; spectrum (b) i s of H 2 e q u i l i b r a t e d 
over o r t h o - p a r a c o n v e r s i o n c a t a l y s t a t 77 K p r i o r t o e x p a n s i o n a t 
T Q = 295 K. S p e c t r a a r e f o r 1000 scans r e c o r d e d i n 1.5 m i n u t e s . 
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C. CARS S p e c t r a of M o l e c u l a r P h o t o f r a g m e n t s 

Because of t h e e f f i c i e n c y and s h o r t d u r a t i o n of t h e CARS 
measurement w i t h p u l s e d l a s e r s , t h e t e c h n i q u e h o l d s p r o m i s e f o r 
t h e s t u d y o f t r a n s i e n t s p e c i e s s u c h as t h o s e g e n e r a t e d by l a s e r 
or f l a s h d i s c h a r g e s . The f i r s t s u c h a p p l i c a t i o n was t o t h e 
m u l t i p h o t o n f r a g m e n t a t i o n o f benzene and o t h e r a r o m a t i c m o l e c u l e s 
[21,36]. U s i n g t h e 266 nm f o u r t h harmonic of t h e Nd-YAG l a s e r as 
a p h o t o l y s i s s o u r c e , one o b t a i n s a complex spectrum w h i c h i s 
e s p e c i a l l y r i e h i n t h e r e g i o n n e a r a)1 - co9 = 3000 cm" 1. The 

_ 5 _ T o r r _ C 6 H 6 

Single Pulse -10 ns 

Pu/266*1-1 M w 

2898 2944 

F i g . 9. Broadband CARS 
s p e c t r a o f 266 nm photo
l y s i s p r o d u c t s o f benzene. 
The upper t r a c e s a r e f o r 
a s i n g l e l a s e r p u l s e . The 
bottom t r a c e i s f o r 500 
scans a t h i g h e r r e s o l u t i o n . 

u,-u2 (cm') 

upper t r a c e s of F i g . 9 show broadband s p e c t r a of t h i s r e g i o n ob
t a i n e d i n a s i n g l e l a s e r f l a s h w i t h and w i t h o u t t h e 266 nm beam 
on. The spectrum i s r e c o r d e d b e f o r e t h e p r o d u c t s have undergone 
any c o l l i s i o n s and hence r e p r e s e n t s t h e energy d i s t r i b u t i o n of 
the photofragments a t t h e moment of b i r t h . W i t h s i g n a l a v e r a g i n g 
over 500 s c a n s , a h i g h e r r e s o l u t i o n spectrum r e v e a l s much r o -
v i b r o n i c s t r u c t u r e . D e t a i l e d s t u d i e s show t h a t most of t h i s 
s t r u c t u r e remains f o r C^D^ and C 2 H 2 samples and t h a t t h e s e f e a t 
u r e s c o r r e s p o n d t o o v e r t o n e t r a n s i t i o n s o f t h e C 2 m o l e c u l e i n t h e 
t r i p l e t a s t a t e [36, 3 7 ] . T h i s s p e c i e s i s formed as a minor 
produet of m u l t i p h o t o n d i s s o c i a t i o n of benzene and o t h e r 
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h y d r o c a r b o n p a r e n t s and t h e enormous s i g n a l i n t e n s i t i e s ob
se r v e d a r e c h a r a c t e r i s t i c of enhancements due t o e l e c t r o n i c 
r e s o n a n c e s of u)i, ^ andco^ i n C 2 [ 3 7 ] . 

R e c e n t l y , V a l e n t i n i e t a l . [38] have used CARS t o d e t e r m i n e 
the n a s c e n t r o t a t i o n a l and v i b r a t i o n a l s t a t e d i s t r i b u t i o n o f 0 2 

fragments produced by p h o t o l y s i s o f O3 i n t h e 530-580 nm r e g i o n . 
Even w i t h o u t resonance enhancement, t h e y o b t a i n e x c e l l e n t s p e c t r a 
w h i c h show non-Boltzmann r o t a t i o n a l d i s t r i b u t i o n s peaked a t h i g h 
J v a l u e s (~30) f o r v = 0-4 v i b r a t i o n a l s t a t e s of 0 2 . These 
r e s u l t s a r e p a r t i c u l a r l y i m p r e s s i v e i n v i e w o f t h e f a c t t h a t t h e 
c r o s s s e c t i o n f o r v i s i b l e photo d i s s o c i a t i o n of ozone i s Orders 
of magnitude s m a l l e r t h a n f o r most d i s s o c i a t i o n p r o c e s s e s . By 
u s i n g U.V. p h o t o l y s i s l a s e r s and t i m e d e l a y i n g t h e CARS probe 
beams, c o l l i s i o n a l r e l a x a t i o n o r c h e m i c a l r e a c t i o n s of at o m i c 
and m o l e c u l a r fragments c o u l d be examined, 

6. SUMMARY AND CONCLUSIONS 

The o b j e c t i v e of t h e p r e v i o u s s e c t i o n s has been t o i n d i c a t e 
some of the b a s i c t h e o r e t i c a l and e x p e r i m e n t a l f e a t u r e s o f t h e 
CARS s p e c t r o s c o p y of gases. A l t h o u g h t h e experiment i s s t i l l 
n o n - t r i v i a l and d i f f i c u l t , t h e CARS method has o b v i o u s advantages 
f o r many n o n - r o u t i n e problems. Of n e c e s s i t y , t h e examples d i s 
c u ssed h e r e were m a i n l y ones i n w h i c h we have been i n v o l v e d but 
many a d d i t i o n a l a p p l i c a t i o n s of t h e CARS t e c h n i q u e w i l l be p r e 
s e n t e d i n o t h e r l e c t u r e s . I t seems c l e a r t h a t CARS and o t h e r 
c o h e r e n t Raman t e c h n i q u e s have advanced s i g n i f i c a n t l y i n t h e 
p a s t few y e a r s and i t i s expected t h a t even more e x c i t i n g d e v e l 
opment s w i l l come i n t h e n e x t decade. 
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COHERENT ANTI-STOKES RAMAN SCATTERING 

J.P. Taran 

O f f i c e N a t i o n a l d'Etudes e t de Recherches A e r o s p a t i a l e s 
29 avenue de l a D i v i s i o n L e c l e r c 
9 2 3 2 0 Chätillon, F r a n c e 

1. INTRODUCTION 

The p o s s i b i l i t y o f c a r r y i n g o u t t e m p e r a t u r e and c o n c e n t r a t i o n 
measurements i n gases by a Raman s p e c t r o s c o p y a n a l y s i s was sugges-
t e d and demonstrated about a decade ago. F o l l o w i n g some e a r l y p u-
h l i c a t i o n s on t h i s s u b j e c t [ 1 » 2 ] , a m a s s i v e e f f o r t was u n d e r t a k e n 
i n o r d e r t o e v a l u a t e t h e p o t e n t i a l o f spontaneous Raman s c a t t e r i n g 
i n t h e i m p o r t a n t a r e a s o f a t m o s p h e r i c s o u n d i n g and comhustion d i a -
g n o s t i c s . I n t h e s e e x p e r i m e n t s , t h e c o n c e n t r a t i o n s o f t h e m o l e c u l a r 
s p e c i e s a r e deduced from t h e i n t e n s i t i e s o f t h e i r r e s p e c t i v e Raman 
bands and t h e t e m p e r a t u r e i s o b t a i n e d from t h e c o n t o u r o f any one 
o f t h e s e bands. D e t a i l e d a c c o u n t s o f e a r l y e x p e r i m e n t a l work can 
be f o u n d , among o t h e r p u b l i c a t i o n s , i n s e v e r a l P r o j e c t SQUID and 
AIAA Workshop p r o c e e d i n g s [ 3 ~ 5 ] . I m p o r t a n t i n s t r u m e n t a l d e v e l o p -
ments were a c c o m p l i s h e d , w i t h improved c o l l e c t i o n e f f i c i e n c i e s and 
s i g n a l t o n o i s e r a t i o enhancement. The f i e l d s o f a p p l i c a t i o n s were 
r a p i d l y d e l i n e a t e d and i t appeared t h a t spontaneous Raman s c a t 
t e r i n g c o u l d p r o v e v a l u a h l e f o r t h e i n v e s t i g a t i o n o f such e a s i l y 
a n a l y z e d samples as c o l d o r warm aerodynamic j e t s , b u t was o f l i 
m i t e d p o t e n t i a l i n low p r e s s u r e g a s e s , f l u o r e s c e n t samples o r i n 
luminous r e a c t i v e media. 

A n o n - l i n e a r o p t i c a l t e c h n i q u e c a p a h l e o f p e r f o r m i n g Raman 
s p e c t r o s c o p y w i t h much improved s i g n a l s t r e n g t h was t h e n p r o p o s e d 
as a c o m p e t i t o r t o spontaneous Raman s c a t t e r i n g i n t h e s p e c i f i c 
a r e a o f comhustion d i a g n o s t i c s [ 3 ~ 6 ] . T h i s t e c h n i q u e i s based on a 
f o u r wave m i x i n g p r o c e s s c a l l e d Coherent A n t i - S t o k e s Raman S c a t 
t e r i n g , o r CARS. CARS, w h i c h i s one o f many well-known t h i r d - o r d e r 
p r o c e s s e s , was a c t u a l l y o b s e r v e d as e a r l y as 1963 [ 7 , 8 ] , and has 
been s i n c e t h e n a p p l i e d t o c r y s t a l s p e c t r o s c o p y [ 9 ~ 1 1 ] and t o t h e 
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measurement o f t h i r d - o r d e r s u s c e p t i h i l i t i e s i n gases [ 1 2 - 1 ^ ] . 
Raman s p e c t r o s c o p y by CARS r e c e i v e d a c o n s i d e r a b l e impetus i n 
t h e e a r l y s e v e n t i e s when r e l i a b l e t u n a b l e s o u r c e s o f good o p t i c a l 
q u a l i t y were d e v e l o p e d . P r o g r e s s was made i n t h r e e i m p o r t a n t 
a r e a s , w h i c h we s h a l l r e v i e w i n t u r n . 

The f i r s t a r e a i s t h a t o f t h e t h e o r e t i c a l u n d e r s t a n d i n g o f 
CARS. P a r t i c u l a r a t t e n t i o n has been p a i d t o t h e c r e a t i o n o f t h e 
n o n - l i n e a r s o u r c e p o l a r i z a t i o n , t o t h e b i r t h and growth o f t h e 
s i g n a l e l e c t r o m a g n e t i c wave and t o energy exchange p r o c e s s e s 
w i t h i n t h e m a t e r i a l . 

I n t h e second c h a p t e r , we d i s c u s s t h e a p p l i c a t i o n o f CARS 
t o p r a c t i c a l t e m p e r a t u r e and c o n c e n t r a t i o n measurements i n r e a c t i -
ve media. 

I n t h e l a s t c h a p t e r , we p r e s e n t a p r o s p e c t i v e s t u d y o f e l e c 
t r o n i c resonance enhancement i n CARS, w h i c h shows g r e a t p r o m i s e 
f o r a n o v e l form o f m o l e c u l a r s p e c t r o s c o p y and f o r s e n s i t i v e 
d e t e c t i o n o f t r a c e s p e c i e s . 

2. CARS THEORY 

A. G e n e r a l p r e s e n t a t i o n 

I n g a s e s , CARS i s o b s e r v e d when two c o l l i n e a r l i g h t "beams 
w i t h f r e q u e n c i e s wl and Ü)2 ( h e r e a f t e r c a l l e d l a s e r and S t o k e s 
r e s p e c t i v e l y , w i t h o) 2)> t r a v e r s e a sample w i t h a Raman a c t i v e 
v i b r a t i o n a l mode o f f r e q u e n c y o> = w 1- w 2. A new wave i s t h e n gene
r a t e d a t t h e a n t i - S t o k e s f r e q u e n c y o) 3 = = 20^- w 2 i n t h e 
f o r w a r d d i r e c t i o n , and c o l l i n e a r w i t h t h e pump beams ( f i g . 1 ) . 

F i g . 1 : CARS and CSES. 
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T h i s new wave r e s u l t s f rom t h e i n e l a s t i c s c a t t e r i n g o f t h e wave 
a t by t h e m o l e c u l a r v i b r a t i o n s , w h i c h a r e c o h e r e n t l y d r i v e n 
by t h e waves a t 03x and u>2 (hence t h e name o f t h e e f f e c t ) . We note 
t h a t t h e same mechanism c r e a t e s , f o r r e a s o n s o f symmetry, a s i m i 
l a r wave a t 2u)2 - wx (CSRS f o r Coherent S t o k e s Raman S c a t t e r i n g ) . 
T h i s wave has been o b s e r v e d and i s sometimes used f o r s p e c t r o s 
c o p i c p u r p o s e s , i n s p i t e o f t h e d i f f i c u l t i e s c o n n e c t e d w i t h 
background l i g h t r e j e c t i o n and p o o r e r d e t e c t o r e f f i c i e n c i e s . I n 
th e f o l l o w i n g , we s h a l l g i v e a p r e s e n t a t i o n o f t h e CARS t h e o r y 
and a d e s c r i p t i o n o f t h e p h y s i c a l mechanisms. 

We r e c a l l t h a t , because o f n o n - l i n e a r i t i e s , i t i s customary 
t o w r i t e t h e p o l a r i z a t i o n c r e a t e d i n a medium by i n t e n s e o p t i c a l 
beams i n terms o f a power s e r i e s i n t h e f i e l d a m p l i t u d e s . We have 
a t p o i n t r : 

1 (r,t) = % ( 1 ) ( r , t ) + £ ( 2 ) ( r , t ) + . . . . + 2 < n ) ( r , t ) + . . . , (1) 

The main l i n e a r c o n t r i b u t i o n 5 ^ ^ ( r , t ) and t h o s e o f h i g h e r o r d e r 
(which a r e s m a l l e r i n g e n e r a l ) a l l can be g i v e n an e x p l i c i t e x
p a n s i o n . To t h i s end, we t a k e t h e a p p l i e d r a d i a t i o n i n t h e f o r m o f 
monochromatic p l a n e waves. Under s t e a d y s t a t e c o n d i t i o n s , we can 
expand t h e t o t a l f i e l d v e c t o r £ as a f u n c t i o n o f i t s m d i s t i n e t 
f r e q u e n c y components OK o f wave v e c t o r k^ : 

S = Z ?. ( r , t ) (2) 
i i 

g. ( r , t ) = 1 E ( r , co.) e ' 1 " ^ i ^ + c c . (3) 

The h i g h e r - o r d e r f r e q u e n c y components o f t h e p o l a r i z a t i o n expan
s i o n (1) now can be w r i t t e n . I f w i s t h e f r e q u e n c y o f one such 

s 
component, we w r i t e t h e l a t t e r as : 

<?> ( n ) / o. ^ 1 r>( n) t x - i (w t - k 1 r ) t\r\ vi ( r , t , ü)g) = - P ( r , ü)g) e s - s- +cc > 

w i t h t h e ph e n o m e n o l o g i c a l e x p a n s i o n : 
ü ( n ) / \ / 1 \ ( n - l ) v ( n ) / n _ _ v P ( r , Ü) ) = (-) X (-Ü) , l i O ) . , low. 1 Ü). ) 

x Ilm (£» O l ) E x ( r , j 2 ) - - - % ( x , J ) 
1 n 

(5) 
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n n (n) and w i t h tu = £ 1. w. , k f = l 1. k. ; h e r e , X i s t h e 

« i = 1 1 J i - S i = 1 1 " J i 

s u s c e p t i b i l i t y t e n s o r o f o r d e r n ( t h e r a n k o f t h i s t e n s o r i s n + 1 ) ; 
we a l s o s p e c i f y 1^ = ±1 and 1 < 0^ < m, and 

( r , i^) = E ( r , Ü>.) i f l i = +1 

1 1 + 1 1 

E ( r , Ü). ) i f 1. = -1 

— 2̂) "*"s a s s o c i a * e ( i w i t h l i n e a r e f f e c t s ( d i s p e r s i o n and a b s o r p t i o n ) ; 
5 9 w h i c h i s r e s p o n s i b l e f o r such e f f e c t s as f r e q u e n c y d o u b l i n g 
o r p a r a m e t r i c c o n v e r s i o n , v a n i s h e s i n media p o s s e s s i n g i n v e r s i o n 
s y metry, e.g. centroSymmetrie c r y s t a l s , gases and l i q u i d s , X \ a l l 
o t h e r even o r d e r terms a l s o v a n i s h i n t h e s e media ; 2? Stands 
f o r a l a r g e c l a s s o f e f f e c t s s u c h as t h i r d harmonic g e n e r a t i o n , 
and three-wave m i x i n g v i a two p h o t o n and Raman n o n - l i n e a r i t i e s . 

The s o u r c e p o l a r i z a t i o n component o f f r e q u e n c y to g i v e s 
b i r t h t o an e l e c t r o m a g n e t i c wave a t w . T h i s wave i s a Solution 
o f t h e wave e q u a t i o n , w h i c h can be w r i t t e n : 

(n) 
f o r a non magnetic homogeneous medium. We assume h e r e t h a t *> 
( r , u)g) as a g i v e n i n E q u a t i o n s h9 5 i s t h e o n l y s o u r c e t e r m a t 
f r e q u e n c y w . I t s s p e c t r a l p r o p e r t i e s o r , i n o t h e r words, t h e s 
s p e c t r a l dependence o f t h e n o n l i n e a r o p t i c a l s u s c e p t i b i l i t y t e n -

(n) 
s o r ( - n ) g , l 1 o).. 9

 1 2 ' W J 2 5 "̂ n w j ^ a s a ^ u n c " t i ° n o f ^he a P ~ 
1 n 

p l i e d f i e l d f r e q u e n c i e s , OJ 2 , e t c . . . , a r e d i r e c t l y r e f l e c t e d i n 
t h e r a t e o f growth o f t h e s i g n a l wave. By t u n i n g t h e a p p l i e d f i e l d 
f r e q u e n c i e s and m o n i t o r i n g t h e r e s u l t a n t changes i n t h e s i g n a l 
a m p l i t u d e , one p e r f o r m s a n o n - l i n e a r o p t i c a l s p e c t r o s c o p y o f t h e 
medium. F o r i n s t a n c e , three-wave m i x i n g s p e c t r o s c o p y when c a r r i e d 
o ut i n t h e p r o p e r f r e q u e n c y domain g i v e s i n f o r m a t i o n about t h e 
Raman a c t i v e v i b r a t i o n a l modes o f t h e medium ; t h i s i s t h e b a s i s 
f o r a whole l i n e o f e x p e r i m e n t s c o m p r i s i n g p u r e Raman s p e c t r o s c o p y , 
a n a l y t i c a l c h e m i s t r y and p r e s s u r e i n d u c e d r e s o n a n c e s . 

There a r e numerous i n s t a n c e s where t h e s o u r c e p o l a r i z a t i o n 
component o f Eq. 6 i s not u n i q u e . I n e f f e c t , one can o f t e n f i n d 
o t h e r terms a t t h e same f r e q u e n c y , w i t h t h e same o r d e r i n t h e 
n o n - l i n e a r i t y , b u t w h i c h p r o e e e d from a d i s t i n e t p h y s i c a l mecha-
n i s m and a r e a s s o c i a t e d w i t h a d i f f e r e n t s u s c e p t i b i l i t y t e n s o r . 
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Terms w i t h a h i g h e r o r d e r i n t h e n o n l i n e a r i t y a r e a l s o p o s s i b l e . 
A l l s u ch terms g i v i n g c o n t r i b u t i o n s a t ÜJ have t o h>e added t o 
5 ^ (j£> w g) i n t h e r i g h t hand s i d e o f Eq. ( 6 ) . 

F o r i n s t a n c e , i f two f i e l d s a t and GD2 a r e a p p l i e d w i t h 
Ü ) L > Ü ) 2 9 one has two t h i r d - o r d e r p o l a r i z a t i o n terms a t t h e f r e 
quency u>3 = 2m\ - Ü)2 

(3) (3)CARS ^ ( 3 ) S R S 
o ( r , t , Ü ) 3 ) =0 ( r , t , o) 3) + > 2 ( r , t , o>3) (7) 

The f i r s t one i s t h e CARS component : 

^(3) CARS m C A R S . ( v , r . n + \ 
2 ( r , t , u>3) = 1 P ( 3 ) ( r , W 3 ) e l ( ^ 3

 1 1 tt3t>+cc(8) 

w i t h 
( x CARS r ( 3)CARS 2 

£ ( r , w 3) = ~ JL ( - o ) 3 9 (!>!, 0 ) ^ - Ü) 2) E. ( r , Ü)!) 

and k f
3 = 2 k j - k2 9 w h i l e t h e second one r e f l e c t s t h e s t i m u l a t e d 

Raman s c a t t e r i n g ( i n v e r s e Raman s c a t t e r i n g ) i n t e r a c t i o n between 
t h e waves a t co3 and ÜJJ : 

^ ( 3 ) S R S 1 ( 3 ) S R S 2 

Jt ( r , o) 3) = — X (-o) 3, Ü>I, -(*>!, Ü) 3)|E ( r , CÜ! )| (9) 

s 

E ( r , o) 3) x e --3 ~ ^ +cc 

The l a t t e r i s n e g l i g i b l e i n a CARS e x p e r i m e n t , s i n c e t h e 
s u s c e p t i b i l i t y components a r e o f comparable magnitude and s i n c e 

|E ( r , IÜ 3)| « | E ( r , o)i) | ,|E ( r , c o 2 ) | ; (10) 
k 3 i s h e r e t h e wave v e c t o r o f t h e a n t i - S t o k e s wave. S i m i l a r l y , 
t h e t h i r d - o r d e r p o l a r i z a t i o n terms a t and 0)2 can a l s o be 
b r o k e n down i n t o e q u a t i o n s s i m i l a r t o Eq. ( 6 ) . F o r t h e s e , however, 
t h e s t i m u l a t e d Raman s c a t t e r i n g t e r m i s t h e s t r o n g e r . 

I n c o n c l u s i o n , we have two s e p a r a t e problems t o s o l v e i n 
n o n - l i n e a r o p t i c a l s p e c t r o s c o p y : 
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- d e r i v a t i o n o f a l l t h e r e l e v a n t n o n - l i n e a r s u s c e p t i b i l i t y 
t e r m s , 

- calculation o f t h e e l e c t r i c f i e l d Solution o f t h e wave 
equation. 

The d e r i v a t i o n o f t h e n o n - l i n e a r s u s c e p t i b i l i t y t e r m s , 
w h i c h i s e s s e n t i a l i n p r e d i c t i n g t h e s p e c t r a l p r o p e r t i e s o f a 
medium, can be done t h r o u g h s e v e r a l d i s t i n e t approaches. I n 
t h e case o f t h i r d - o r d e r Raman-type n o n - l i n e a r i t i e s , t h e c l a s 
s i c a l P l a c z e k model o f m o l e c u l a r p o l a r i z a b i l i t i e s l e a d s t o a 
r a p i d c a l c u l a t i o n o f e s s e n t i a l r e s u l t s . I t g i v e s good i n s i g h t 
i n t o t h e p h y s i c a l mechanisms, b u t i s i n a d e q u a t e f o r t h e c a s e 
where one o r more o f t h e l i g h t waves i s i n r e s o n a n c e w i t h one-
photon a b s o r p t i o n f r e q u e n c i e s o f t h e Raman-resonant s p e c i e s . 
Quantum m e c h a n i c a l d e r i v a t i o n s a r e more a c c u r a t e . Those b a s e d on 
a w a v e f u n e t i o n r e p r e s e n t a t i o n a r e o f t e n s u f f i c i e n t and have been 
employed e x t e n s i v e l y u s i n g a p e r t u r b a t i v e t r e a t m e n t o f t h e 
e l e c t r i c f i e l d i n t e r a c t i o n s . We p r e f e r t h e d e n s i t y O p e r a t o r f o r -
m a l i s m w h i c h , i n a s s o c i a t i o n w i t h a F e y n m a n - l i k e diagrammatic 
r e p r e s e n t a t i o n , l e a d s t o a r a p i d d e r i v a t i o n o f a l l r e l e v a n t 
s u s c e p t i b i l i t y terms and t o an easy i n t e r p r e t a t i o n o f t h e phy
s i c a l mechanisms i n v o l v e d . The t e n s o r p r o p e r t i e s o f t h e s u s c e p t i 
b i l i t y components a l s o f o l l o w e a s i l y . 

The s e a r c h f o r t h e wave e q u a t i o n S o l u t i o n i s t h e second ma
j o r problem. T h i s S o l u t i o n r e v e a l s t h e i m p o r t a n t p r o p e r t i e s o f t h e 
s i g n a l g e n e r a t i o n : p h a s e - m a t c h i n g , energy exchange between t h e 
l i g h t waves and t h e m a t t e r , p u l s e shape c h a r a c t e r i s t i c s and s p a t i a l 
r e s o l u t i o n o f CARS measurements u s i n g f o c u s e d beams. 

B. D e r i v a t i o n o f t h e s u s c e p t i b i l i t y 

Our purpose i n t h i s s e c t i o n i s n o t t o g i v e a complete de
r i v a t i o n o f t h e s u s c e p t i b i l i t y , b u t o n l y an o u t l i n e o f t h e p r i n -
c i p l e s . The quantum s t a t e o f t h e s c a t t e r i n g m o l e c u l e s i s r e p r e -
s e n t e d , a t p o i n t r , as i s c o n v e n t i o n a l , by t h e d e n s i t y O p e r a t o r 
p w i t h t h e well-known e q u a t i o n o f m o t i o n : 

1 p ( r , t ) = - i [ H 0 + V ( r , t ) , p ( r , t ) ] f iE ( 1 1 ) 

H q i s t h e f r e e m o l e c u l e H a m i l t o n i a n w i t h a d i s c r e t e s pectrum o f 
e i g e n s t a t e s In > c o r r e s p o n d i n g t o e i g e n e n e r g i e s $\ Ü J ^ ; t h e 
H a m i l t o n i a n d e s c r i b i n g t h e i n t e r a c t i o n o f t h e m o l e c u l e s w i t h t h e 
r a d i a t i o n f i e l d i s V ( r , t ) = -p. E ( r , t ) i n t h e d i p o l a r a p p r o 
x i m a t i o n ; p i s t h e d i p o l e moment O p e r a t o r ; 9_p I i s t h e 

9 t 'damp 
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damping t e r m , w h i c h i s d e t e r m i n e d by s t o c h a s t i c p r o c e s s e s s u c h 
as spontaneous e m i s s i o n o f l i g h t and c o l l i s i o n s between mole
c u l e s . 

We assume t h e p e r t u r b a t i o n V ( r _ , t ) t o be weak enough t o 
a l l o w t h e S o l u t i o n o f Eq. ( l l ) t o be expanded i n s u c c e s s i v e powers 
o f V ( r , t ) . The d e n s i t y O p e r a t o r i s t h e n o b t a i n e d t o any o r d e r 
1 by t h e familiär s e r i e s e x p a n s i o n 

p ( r , t ) = p. ( 0 ) ( r , t ) + p ( 1 ) ( r , t ) + ... + p ( l ) ( r , t ) (12) 

The l t h o r d e r t e r m ( r , t ) i s p r o p o r t i o n a l t o V 1 ( r , t ) 
and i s o b t a i n e d by 1 i t e r a t i v e a p p l i c a t i o n s o f Eq. ( 1 1 ) . The 
t e r m r e s p o n s i b l e f o r t h e CARS p o l a r i z a t i o n i s o r o r d e r 3, and 
t h e p o l a r i z a t i o n i s g i v e n by : 

<3> , — \ r (3)CARS . , , x 
J ( r , t , ü>3) = N T r [ p v ' U 3 , r , t ) p j (13) 

(3)CARS . (3) 
where p vco 3, r , t ) l a b e l s t h e CARS F o u r i e r component o f p ' 

( r , t ) a t f r e q u e n c y w 3. I d e n t i f i c a t i o n between Eqs (8) and (13) 
e v e n t u a l l y y i e l d s t h e e x p r e s s i o n f o r t h e CARS s u s c e p t i b i l i t y t e n 
s o r . 

The e n t i r e d e r i v a t i o n i s s t r a i g h t f o r w a r d b u t t i m e 
consuming. R e c e n t l y , d i a g r a m m a t i c r e p r e s e n t a t i o n s o f a l l p o s s i b l e 
d e n s i t y Operator e v o l u t i o n s have been i n t r o d u c e d f o r t h e t r e a t m e n t 
o f n o n l i n e a r o p t i c a l p r o c e s s e s . These r e p r e s e n t a t i o n s g i v e u s e f u l 
i n s i g h t i n t o t h e m i c r o s c o p i c p h y s i c a l mechanisms [15-2U]. They 
a r e a p p l i e d w i t h a s e t o f s i m p l e r u l e s w h i c h a l l o w one t o r a p i d l y 
c a l c u l a t e a l l t h e r e l e v a n t s u s c e p t i b i l i t y terms [1T~2U]. 

S i m i l a r r e p r e s e n t a t i o n s a r e u s e d i n n u c l e a r p h y s i c s . I n 
our r e p r e s e n t a t i o n , we use t h e f a c t t h a t t h e d e n s i t y Operator 
a t any s p e c i f i e d o r d e r can be shown t o r e s u l t f r o m a number o f 
c o n t r i b u t i o n s ; each o f t h e s e i s a s s o c i a t e d w i t h a s p e c i f i c t i m e 
sequence o f p e r t u r b a t i o n s t o t h e d e n s i t y Operator, o r t o t h e k e t 
v e c t o r and i t s complex c o n j u g a t e <ty I ( i n t h e p u r e s t a t e case) ; 
t h e t i m e - o r d e r i n g o f t h e p e r t u r b a t i o n s t o 1 \j>> w i t h r e s p e c t t o 
t h o s e t o <\\) I i s o f c r u c i a l i m p o r t a n c e i n t h e case o f c o l l i s i o n a l 
r e l a x a t i o n . E ach o f t h e s e e l e m e n t a r y t i m e - o r d e r e d c o n t r i b u t i o n s 
can be v i s u a l i z e d by means o f a d o u b l e - s i d e d F e y n m a n - l i k e diagram. 
O r d i n a r y Feynman diagrams [25] have been u s e d i n n o n - l i n e a r 
o p t i c s [ 2 6 - 2 9 ] . However, t h e i r a p p l i c a t i o n i s l i m i t e d t o t h e case 
where s i m p l i f y i n g assumptions on c o l l i s i o n a l r a t e a r e made 
[17,18,30] and t h e y do not d e p i c t t h e p h y s i c a l p r o c e s s e s as 
c l e a r l y . I n a d o u b l e - s i d e d d i a g r a m , t h e t i m e e v o l u t i o n o f t h e 
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d e n s i t y m a t r i x i s d e p i c t e d a l o n g two p a r a l l e l v e r t i c a l "bars (one 
f o r each s u b s c r i p t o f t h e d e n s i t y m a t r i x ) w i t h t i m e i n c r e a s i n g 
upwards. Each i n t e r a c t i o n w i t h t h e e l e c t r o m a g n e t i c f i e l d i s r e p r e -
s e n t e d by a segment p o i n t i n g downwards fr o m a V e r t e x i f i t c o r 
responds t o a t e r m o s c i l l a t i n g as e"" 1^^ i n t h e i n t e r a c t i o n 
H a m i l t o n i a n V ( t ) and p o i n t i n g upwards i f t h e t e r m o s c i l l a t e s as 

e + l ü ) j " b . The V e r t e x i s on t h e l e f t o r r i g h t hand s i d e v e r t i c a l 
b a r depending on whether t h e l e f t o r r i g h t hand s i d e s u b s c r i p t 
o f t h e d e n s i t y m a t r i x element i s changed t h r o u g h t h e i n t e r a c t i o n . 
The e i g e n s t a t e s between w h i c h t h e i n t e r a c t i o n H a m i l t o n i a n i s ope-
r a t i n g a r e i n d i c a t e d below and above each v e r t e x . 

w 3 

F i g . 2 : CARS energy l e v e l d i a g r a m showing t h e 
t r a n s i t i o n s i n c l o s e s t r e s o n a n c e w i t h 
t h e f i e l d s . 

I n CARS, one must combine two v e r t i c e s at^o)! and one a t 
Ü)2 i n o r d e r t o g e t t h e p o l a r i z a t i o n component P' ' (as g i v e n i n 
Eq . . ( 8 ) ) ; i t s e 1 ( 0 3* dependence i m p l i e s two segments p o i n t i n g down 
from t h e v e r t e x f o r t h e i n t e r a c t i o n s w i t h and one p o i n t i n g up 
f o r 0)2- we use a s e t o f f o u r m o l e c u l a r l e v e l s a, b, n, n 1 as 
shown i n t h e energy l e v e l d i a gram o f F i g . 2 (n and n f b e i n g o f 
p a r i t y o p p o s i t e t o t h a t o f a and b ) , and i f t h e sequence o f i n -
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t e r a c t i o n s i s a p p l i e d t o be u n p e r t u r b e d d e n s i t y Operator p a a 

t h e n t h e r e a r e 2k t i m e - o r d e r e d p o s s i b i l i t i e s f o r t h i s sequen-
ce o f i n t e r a c t i o n s . Each p o s s i b l e t i m e sequence o f i n t e r a c t i o n s 
g i v e s a d i s t i n e t c o n t r i b u t i o n / t o t h e s u s c e p t i b i l i t y . A n o t h e r s e t 
o f 2k terms p r o p o r t i o n a l t o p ^ i s a l s o f o u n d i f s t a t e b i s 
p o p u l a t e d . I t i s beyond t h e scope o f t h i s o v e r v i e w t o p r e s e n t a 
d e t a i l e d aecount o f t h e r u l e s one u s es t o d e r i v e t h e s u s c e p t i b i l i 
t y t e r m from i t s a s s o c i a t e d diagram. These r u l e s a r e f o u n d i n 
R e f s . [17-24] t o g e t h e r w i t h t h e i r j u s t i f i c a t i o n . 

The CARS s u s c e p t i b i l i t y can be w r i t t e n 

(3) CARS a h n n» r ] (-(,3 , o ) l 9 0 )
X
, - o) 2) = X ^ + X * ' b » n> n (1U) 

a b n n' 
where X 9 9 9 i s t h e Raman r e s o n a n t p a r t a s s o c i a t e d w i t h t h e 

-R 
Raman a c t i v e t r a n s i t i o n o f f r e q u e n c y o)^ a between a and b, f o r t h e 
s e t o f two l e v e l s n and n 1 . The t e n s o r element p e r t a i n i n g t o a 
s e t o f p a r t i c u l a r f i e l d p o l a r i z a t i o n s e l 9 e 2 , e 3 i s : 

a, b, n, n f N 1 
e 3 M l ^ = £3 ( - U l + <o2 - i r ) x (A + B) 

a a "bb 

w i t h A = y , y (w t - o)q- i r t ) 1
5 a n T n' b n 1 a 6 n T a 

B = y t y f_ (Ü) t_ + o) 3 + i r f , ) 1 

*an f n f b n T b 6 n t 

a = y y o (a> + a) 2 - i r ) 1 , bn na na * na 

[ p ( 0 ) ( a + ß ) - P ( 0 ) ( Y + 6 ) ] (15) 

-1 
na %"na ~ x ~~na' ß = ] i b n o ) _ (o)^ o - o)n - i r _ ) 

Y = y, y (oj , - o)o + i r , ) ^ 1 H b n p n a nb z nb 

6 = p, y (oj , + oj, + i r . )~1 

bn na nb 1 nb 

H e r e , N i s t h e number d e n s i t y o f a c t i v e m o l e c u l e s . The a b s o r p t i o n 
f r e q u e n c i e s from s t a t e s |a> and |b> t o s t a t e |n> a r e and o ) ^ 

r e s p e c t i v e l y , and t h e T ! s a r e t h e c o r r e s p o n d i n g damping f a c t o r s ; 

y^ n i s t h e m a t r i x component o f t h e d i p o l e moment O p e r a t o r y ^ = 
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<a| p . e x|n> where e x i s t h e u n i t v e c t o r i n t h e d i r e c t i o n o f 
p o l a r i z a t i o n o f t h e u1 f i e l d ; u , ^^b9 y a n * ^ n v o l v e i n t e r a c 
t i o n s w i t h Ü)2> u\9 u) 3 f i e l d s r e s p e c t i v e l y . I f more t h a n f o u r 
l e v e l s a r e p r e s e n t , a summation must be t a k e n and t h e v i b r a t i o n a l -
l y r e s o n a n t p a r t becomes 

h ' l , 
b, n, n 1 

n, n 1 r R 

M o l e c u l a r s p e c t r o s c o p y by CARS c o n s i s t s i n c a r r y i n g o u t 
(5) CARS 

an a n a l y s i s o f t h e s p e c t r a l p r o p e r t i e s o f X. (~ w 3 9u>i9 0 )1 , -0 )2) . 

As shown i n Eq. ( i k ) , t h e l a t t e r c o n t a i n s two p a r t s . I n m i x t u r e s , 
p a r t Xjjß» w h i c h i s c a l l e d n o n - r e s o n a n t , i s c o n t r i h u t e d b o t h by 
probed m o l e c u l e s and by t h e non-Raman-resonant m o l e c u l a r s p e c i e s 
( d i l u e n t m o l e c u l e s ) . I t i s composed o f terms analogous t o t h o s e 

a b n n' 
o f 5 9 t u _ t w i t h non-resonant two-photon sum o r d i f f e r e n 
ce denominators i n p l a c e o f t h e Raman re s o n a n c e denominator. I n 
t h e u s u a l c a s e where t h e number d e n s i t y N o f t h e pr o b e d m o l e c u 
l e s i s s m a l l compared t o t h a t o f t h e d i l e n t m o l e c u l e s , X ^ i s 
m a i n l y c o n t r i h u t e d by t h e l a t t e r and i s t h e r e f o r e a f r e q u e n c y -
independent r e a l t e n s o r ( p r o v i d e d t h a t t h e r e a r e no one-
o r two-photon e l e c t r o n i c resonances i n t h e d i l u e n t m o l e c u l e s ) . The 
pr e s e n c e o f t h i s non—resonant p a r t i s one o f t h e most s e v e r e 
Problems i n t h e a p p l i c a t i o n o f CARS s p e c t r o s c o p y . 

We a r e p a r t i c u l a r l y i n t e r e s t e d i n t h e s p e c t r a l p r o p e r t i e s 
o f t h e Raman-resonant p a r t (Eq. (15j|. O f f e l e c t r o n i c r e s o n a n c e , 
i . e . o ) i , 0)9, 0)0 << o) , o ) , , o ) # »o) f,3 a l l t h e c o e f f i c i e n t s 1 z 6 na nb n' a' n r b 
A, B, a, $, Y> ö a r e o f s i m i l a r magnitude and depend o n l y w e a k l y 
on t h e e l e c t r i c f i e l d f r e q u e n c i e s . I f we assume f o r s i m p l i c i t y , 
t h a t a l l f i e l d s have t h e same p o l a r i z a t i o n e l 9 t h e r e l e v a n t 
t e n s o r element t h e n r e d u c e s t o 

* y ( 3 ) a Ä a - y Nc" (JO) A ( 0 h da _ _ J _ _ _ e i ^ e i e i e i - l — (p - p ) — _ w . 
ab n Jo) 1o)2 b a 1 z ba 

( 1 6 ) 

where — i s t h e spontaneous Raman s c a t t e r i n g c r o s s s e c t i o n . The 

s p e c t r a l a n a l y s i s t h u s r e v e a l s t h e Raman re s o n a n c e s w c o n t a i n e d 
i n t h e denominator o f Eq. ( 1 6 ). I d e n t i f i c a t i o n o f t h e s e r e s o n a n c e s 
and m o n i t o r i n g o f t h e i r a m p l i t u d e are a c t i v e r e s e a r c h a r e a s f o r 
a n a l y t i c a l c h e m i s t r y . F u r t h e r m o r e , t h e o t h e r t e n s o r elements o f 
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can be measured by an adequate c h o i c e o f f i e l d p o l a r i z a t i o n s . 
A l l t h e s e p r o p e r t i e s w i l l be d i s c u s s e d i n c h a p t e r I I I . 

When t h e e l e c t r o n i c r e sonances a r e a p p r o a c h e d , o n l y two 
terms i n Eq. (1 5)become l a r g e . Thus we have 

1 

W b a - ir p U ' l l l . (17) 

We g i v e t h e t i m e - o r d e r e d diagrams f r o m w h i c h t h e s e two terms have 
been o b t a i n e d i n F i g . 3. S i n c e A, $ and y a l l undergo l a r g e 
enhancements and l a r g e v a r i a t i o n s as t h e f i e l d f r e q u e n c i e s a r e 
v a r i e d , t h e s p e c t r a l a n a l y s i s i s c o m p l i c a t e d somewhat. T h i s p a r 
t i c u l a r p r o b l e m o f resonance-enhanced CARS i s t r e a t e d i n c h a p t e r ^ . 

Ü2 

( a ) 

F i g . 3 : Time o r d e r e d diagrams r e p r e s e n t i n g t h e d e n s i t y O p e r a t o r 
e v o l u t i o n s w h i c h l e a d t o t h e two most i m p o r t a n t r e s o n a n t 
CARS s u s c e p t i b i l i t y terms shown i n e q u a t i o n 16 

a) t e r m p r o p o r t i o n a l t o 
0 ( o ) s 

a a 
b) t e r m p r o p o r t i o n a l t o p ( ^ ) . 

bb 
I n d i c e s a, b, n, n 1 r e f e r t o m o l e c u l a r e i g e n s t a t e s as 
d e p i c t e d i n F i g . 2. 

I n a d d i t i o n t o t h e s e main v i b r a t i o n a l l y r e s o n a n t terms 
g i v e n i n E q . ( l 5 ) , o n e has t o c o n s i d e r terms w h i c h c o n t a i n v i b r a 
t i o n a l r esonances i n t h e e x c i t e d e l e c t r o n i c s t a t e and w h i c h a r e 
g e n e r a l l y l e f t o u t w i t h These terms have been g i v e n 
a t t e n t i o n r e c e n t l y . They have been i d e n t i f i e d and t r e a t e d as c o r -
r e c t i o n s t o t h e main terms i n Eq. (15) hy D r u e t e t a l . and Yee e t 
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a l . [17,18,24], T h e i r s p e c t r o s c o p i c and p h y s i c a l i m p o r t a n c e has 
been r e c o g n i z e d by Bloembergen and coworkers [30-33] who drew 
a t t e n t i o n t o t h e f a c t t h a t t h e y r e p r e s e n t v i b r a t i o n a l c o n t r i b u 
t i o n s f rom s t a t e s t h a t have no i n i t i a l p o p u l a t i o n , and who 
e x p e r i m e n t a l l y d e m o n s t r a t e d t h e i r e x i s t e n c e i n Na v a p o r ; y e t 
t h i s e x i s t e n c e has been d i s p u t e d by E e s l e y [29] and C a r r e i r a e t 
a l . [34] who u s e d a s i m p l e r quantum m e c h a n i c a l d e r i v a t i o n . 

An example o f t h e s e c o r r e c t i v e terms has been t r e a t e d b y 
Dru e t and T a r a n [24, A p p e n d i x I ] . T h i s example i s d i f f e r e n t f r o m 
t h a t o f Bloembergen e t a l . [33] b u t a l s o l e n d s i t s e l f t o e x p e r i 
m e n t a l checks i n m o l e c u l a r s p e c t r o s c o p y . I t i s b a s e d on t h e two 
terms shown i n F i g . k ( w i t h t h e i r c o r r e s p o n d i n g r e s o n a n c e deno
m i n a t o r s ) w h i c h c an be combined w i t h t h e one i n p ^ ' o f F i g . 3, 

y i e l d i n g a s u s c e p t i b i l i t y c o n t r i b u t i o n o f t h e f o r m : 

Hp<°> V,. \ . " M ] 

ft3 K n + W 2 ~ ivhn] K a " u l + ü ) 2 ~ i r b a ) 

n'b n'b 

1 + 

( 1 8 ) 

% a - a ) I + a ) 2 - i r b a 

n n 1 xn'b 'bn' w . -con +ü)o-ir . n T n 1 z n T n 

CA) . - 03q - H , 
n ! a 6 n ? a 

CO 2 

n' a 

n'o"W3 

(o) F i g . h : Diagrammatic r e p r e s e n t a t i o n o f p ^ c o n t r i b u t i o n s t o 
(3)CARS 

X h a v i n g t h e r e s o n a n t denominator w n t n " ^\ + ^2* 
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where t h e terms have "been grouped as i n Ref. 30. 

We can see t h a t t h e 3 terms i n ( 1 8 ) sum t o g i v e one t e r m 
when t h e r e i s no damping (r = 0) o r i f : 

r f - r t - r\ = r - ? - r = o < 1 9 ) 
n'a n'b b a nn' n'b> bn 

T h i s p a r t i c u l a r e q u a t i o n i s what we c a l l t h e damping approxima
t i o n . I t i s s a t i s f i e d when t h e r e i s no c o l l i s i o n a l e l a s t i c 
b r o a d e n i n g and i f t h e l i f e t i m e s o f s t a t e s |a> and |b> a r e much 
l o n g e r t h a n t h o s e o f |n> and |n'>. Combining Eq. ( 1 8 ) and Eq. 
( 1 9 ) . We t h e n o b t a i n : 

N D ( 0 ) ^ a n ' V b "bn y n a 
P ™ *3 (20) 

1 
K n

 + "2 - i r t a ) ( o ) b a - o»! + W 2 - i r b a ) (» n, b-»i-ir n, b) 

We n o t i c e t h a t t h e re s o n a n c e s a t w , - w i + a j 9 v a n i s h a n d l t h a t 
n n 1 1 z 

t h e terms have combined t o m e r e l y r e s u l t i n a s h i f t o f t h e e l e c 
t r o n i c resonance i n t h e Avp-f?^ t e r m o f eq. ( 1 5 ) f r o m CD , -ü)q t o 

bb n'a 6 

ü ) n ! ^ - o>i. The l a t t e r e x p r e s s i o n (20) i s u s u a l l y o b t a i n e d from 
p e r t u r b a t i o n t h e o r y i n t h e absence o f damping, w h i c h had l e d 
C a r r e i r a and E e s l e y t o t h e i r c o n c l u s i o n s [29*34].. 

The i n t e r e s t f o r t h e s e terms i s n o t p u r e l y " z o o l o g i c a l " . 
They a l l o w i n t e r e s t i n g Raman s p e c t r o s c o p i c i n f o r m a t i o n t o be 
c o l l e c t e d about u n p o p u l a t e d s t a t e s , i . e . w i t h o u t h a v i n g t o popu-
l a t e t h o s e s t a t e s b e f o r e h a n d ; t h e y d i f f e r i n t h e n a t u r e o f t h e i r 
b r o a d e n i n g by t h e D o p p l e r e f f e c t [23]; t h e y f i n a l l y pose d e l i c a t e 
Problems about t h e i r t r u e n a t u r e and t h e i r r e l a t i o n t o c o l l i 
s i o n a l b r o a d e n i n g , as c l a i m e d by Grynberg [35]. F o r a l l t h e s e 
r e a s o n s , t h e y w i l l c o n s t i t u t e an a c t i v e r e s e a r c h a r e a i n f o u r -
wave mixing s p e c t r o s c o p y f o r t h e Coming y e a r s . 

C. Wave p r o p a g a t i o n 

We h e r e t r e a t t h e problem o f gas phase CARS. The a m p l i t u 
de o f t h e s i g n a l wave i n CARS i s o b t a i n e d f r o m t h e wave e q u a t i o n 
( 6 ) . We t a k e t h e pump f i e l d s i n t h e form o f c o l l i n e a r , t r a v e l l i n g 
p l a n e waves as g i v e n by e q u a t i o n ( 3 ) . L o o k i n g f o r an a n t i - S t o k e s 
wave a l s o t r a v e l l i n g i n t h e f o r w a r d d i r e c t i o n a l o n g t h e z a x i s , 
we can re d u c e t h e degree o f e q u a t i o n ( 6 ) , t o o b t a i n a s t e a d y s t a t e 
e q u a t i o n : 
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3z 
iiTa)3 
2c 

(3) CARS 2 i 6 k z 

X • ( -w3, wx, u^, -co 2) JJi E 2 e 

(3) S R S * + X (- o) 3, 0)^, -o) 1,o) 3) E j E j E3 
( 2 1 ) 

w i t h 6k = k f - k 3 = 2kx - k 2 - k 3 ; we have t a k e n t h e r e f r a c t i v e 
3 (3) 

i n d e x n ^ 1 and we assume t h e gas t o he homogeneous (X i s i n 
dependent o f r ) . We have w r i t t e n f o r s i m p l i c i t y E j = E ( r , w i ) , 
E 2 = E ( r , oo 2), E 3 = E ( r , co 3) and assumed t h a t E 3 i s a s l o w l y 
v a r y i n g f u n c t i o n o f z : 

~ Eq 
3z - 3 

« *3 I l 3 

S i m i l a r e q u a t i o n s a l s o h o l d a t and o) 2 : 

CARS 
E X = 1 7 T a , l 

* .\ 

| X. (- w i , 0)2, o) 3, -o) 3) E* E 2 E 3 e 
3z 2c 

- i 6 k z 

SRS 
+ X. (- wx, ÜI 3, - o>3, bii) E x E E. 

3 -3 

(3) + 
+ _X (-Wi, OJ 2, -u>2, Wi) E j E 2 E 2 

SRS 

(22) 

CARS 2 i 6 k z 
3z 2c 

(Ü) 2, w j , - w i , w 2) |E3_[ E 2 j SRS 
(23) 

The s e t o f E q u a t i o n s (21-23) can o n l y he s o l v e d n u m e r i c a l l y . 
However, i f we assume t h e c o u p l i n g t o he weak, E j and E 2 can he 
t a k e n as c o n s t a n t s and t h e SRS t e r m i n Eq. ( 2 l ) c a n he n e g l e c t e d . 
Then t h e l a t t e r e q u a t i o n i s i n t e g r a t e d r e a d i l y . W i t h houndary con
d i t i o n EqI _ = 0, we have 

— 3 1 z = 0 / 0 x CARS 
E 3 - .Ü^i ( ü ) 3 9 u u u l 9 - u 2 ) E 2 E e l 6 k z s i n (6kz/2) (2*0 

2c ök/2 
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167^ U>2 

I 3 = 3 
c 4 

(3) C A R S 

X ( - 0)3, a > l 9 Ü)X» ~ w 2 ) e x e x e 2 

2 2 
Ix I 2 

^ s i n (6kz/2) ^ 2 

6k/2 

where ex and e 2 a r e t h e u n i t p o l a r i z a t i o n v e c t o r s o f t h e pump 
waves. E q u a t i o n s 2k and 25 c o n s t i t u t e t h e b a s i s f o r t h e I n t e r 
p r e t a t i o n o f t h e a n t i - S t o k e s wave p r o p e r t i e s . The most i m p o r t a n t 
ones a r e t h e f o l l o w i n g : 

1 - t h e a n t i - S t o k e s f i e l d p o l a r i z a t i o n v e c t o r i s o r i e n t e d 
a l o n g t h e v e c t o r CARS 

f 3 = X (-w39 wx» w l 9 -w 2) ex e 2 e 2 , 

w h i c h depends on t h e a p p l i e d f i e l d p o l a r i z a t i o n s as w e l l as on 
t h e t e n s o r p r o p e r t i e s o f t h e s u s c e p t i b i l i t y . T h i s v e c t o r has two 
independent components a s s o c i a t e d w i t h t h e n o n -resonant and 
t h e Raman-resonant p a r t s o f t h e s u s c e p t i b i l i t y (as we have men
t i o n e d a t t h e end o f p a r t B ) . T h i s p r o p e r t y can be used f o r non
r e s o n a n t background c a n c e l l a t i o n i n t h e s p e c t r a . 

2 - The CARS s i g n a l i n t e n s i t y , w h i c h i s t h e p arameter 
d i r e c t l y measured u s i n g p h o t o d e t e c t o r s , i s p r o p o r t i o n a l t o | f 3 | 2 

(Eq. (25))»and t h e r e f o r e t o t h e squared numberj d e n s i t y o f t h e medium. 
I t a l s o has a s i n u s o i d a l dependence on z ; i n g a s e s , however, we 
have 6k - 0 because t h e d i s p e r s i o n i s weak, so t h a t t h e b e h a v i o r 
i s p a r a b o l i c o v e r l o n g d i s t a n c e s . Pump d e p l e t i o n w o u l d e v e n t u a l l y 
l i m i t t h i s p a r a b o l i c growth. 

Energy exchange between t h e l i g h t waves can be a n a l y z e d 
by r e c a s t i n g E q s . ( 2 1 - 2 3 ) i n t o e q u a t i o n s f o r t h e r a t e s o f change 
o f p h oton number p e r u n i t volume and a l s o c o n s i d e r i n g t h e r a t e 

3 (4) 
e q u a t i o n f o r t h e m o l e c u l a r p o p u l a t i o n change N (p -p./ ' ) • 

3 t a a b b 

T h i s d i s c u s s i o n has been con d u c t e d i n d e t a i l e l s e w h e r e [20-24] 
and we o n l y summarize t h e c o n c l u s i o n s h e r e f o r t h e o f f - e l e c t r o 
n i c r e sonance case. 

The s t r o n g e r p r o c e s s i s t h e SRS c o u p l i n g between t h e wx 
and u) 2 waves : one photon a t i s c o n v e r t e d i n t o a S t o k e s photon 
a t Ü) 2 and a quantum o f m o l e c u l a r V i b r a t i o n . The r a t e o g R ^ h i s 
p r o c e s s i s p r o p o r t i o n a l t o t h e i m a g i n a r y p a r t o f |, ( 3 ) 
A l t h o u g h i t i s not s p e c i f i c a l l y a CARS i n t e r a c t i o n , t h i s p r o c e s s 
i s i m p o r t a n t because l a r g e v i b r a t i o n a l p o p u l a t i o n changes c a n(3)c£Rs 
r e s u l t ; t h i s can i n t u r n b r i n g h i g h e r o r d e r c o r r e c t i o n s t o X^ 
and b i a s t h e r e s u l t s . 
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The CARS g e n e r a t i o n mechanism p e r se i s made up o f two 
d i s t i n e t p r o c e s s e s : 

( i ) a " p a r a m e t r i c " p r o c e s s whereby two l a s e r photons a t 
0)1 a r e c o n v e r t e d i n t o a S t o k e s p h oton a t 0)2 and an a n t i - S t o k e s 
photon a t 013 ; t h e m o l e c u l e s a r e , on t h e a v e r a g e , r e t u r n e d t o 
t h e i r ground s t a t e a f t e r t h e i n t e r a c t i o n ; t h i s p r o c e s s c a n he 
r e v e r s e d i f t h e phases o f t h e waves a r e changed and i t s r a t e i s 
p r o p o r t i o n a l t o t h e r e a l p a r t o f t h e s u s c e p t i b i l i t y ; 

( i i ) a "Raman l i k e " p r o c e s s whereby a S t o k e s p h o t o n i s 
c o n v e r t e d i n t o an a n t i - S t o k e s p h o t o n and two v i b r a t i o n a l q u a n t a , 
on t h e a v e r a g e , a r e t a k e n away from t h e m o l e c u l e s ; t h i s p r o c e s s 
has a r a t e p r o p o r t i o n a l t o t h e i m a g i n a r y p a r t o f t h e s u s c e p t i b i 
l i t y and can be r e v e r s e d by c h a n g i n g t h e phases o f t h e waves. 

I t i s n o t e w o r t h y t h a t t h e second p r o c e s s i s t h e o n l y 
one r e s p o n s i b l e f o r t h e a n t i - S t o k e s g e n e r a t i o n e x a c t l y on v i 
b r a t i o n a l r e s o n a n c e , s i n c e t h e r e a l p a r t o f t h e s u s c e p t i b i l i t y 
t h e n v a n i s h e s . Y e t , t h e s o - c a l l e d " p a r a m e t r i c " p r o c e s s has o f t e n 
been e r r o n e o u s l y c i t e d as b e i n g t h e o n l y CARS mechanism. T h i s 
b e l i e f has o r i g i n a t e d f r o m t h e f a c t t h a t t h e energy l e v e l d i a 
gram o f F i g . 2 g i v e s t h e m i s l e a d i n g i m p r e s s i o n t h a t t h e CARS 
i n t e r a c t i o n r e t u r n s t h e m o l e c u l e s t o t h e i r i n i t i a l s t a t e . I t 
s h o u l d be emphasized t h a t such energy l e v e l diagrams s h o u l d be 
used i n n o n l i n e a r o p t i c s t o o n l y d e p i c t t h e e s t a b l i s h m e n t o f 
p o l a r i z a t i o n s . I t i s o n l y i n t h e case o f p r o c e s s e s l i k e Raman 
s c a t t e r i n g o r m u l t i p h o t o n a b s o r p t i o n t h a t t h e y can a l s o be used 
t o d e p i c t energy exchange w i t h o u t a m b i g u i t y . F i n a l l y t h e above-
mentioned c o n s i d e r a t i o n s on n e t energy exchange and m o l e c u l a r 
p o p u l a t i o n changes cannot be d i s s o c i a t e d f rom t h e quantum p r o c e s 
ses t h e m s e l v e s . I n e f f e c t , on t h e m i c r o s c o p i c s c a l e , m o l e c u l e s 
can undergo sequences o f i n t e r a c t i o n s w h i c h e i t h e r r e t u r n them 
t o t h e i r i n i t i a l s t a t e a f t e r t h e f i n a l i n t e r a c t i o n w i t h t h e 
a n t i - S t o k e s f i e l d ( e.g. F i g . 3a) o r p l a c e them i n a d i f f e r e n t 
v i b r a t i o n a l s t a t e (e.g. F i g . 3 b ) . 

3 . PRACTICA! APPLICATION OF CARS 

A. G e n e r a l c o n s i d e r a t i o n s 

The laws g o v e r n i n g t h e s i g n a l g rowth and t h e s p e c t r a l p r o 
p e r t i e s o f CARS have been e s t a b l i s h e d i n t h e p r e c e d i n g c h a p t e r . 
We h e r e show how CARS can be u s e d f o r p r a c t i c a l measurements 
and what l e v e l o f P e r f o r m a n c e can be o b t a i n e d . 

S p a t i a l r e s o l u t i o n 
U n f o c u s s e d p a r a l l e l "beams w i t h l a r g e d i a m e t e r s a r e seldom 

used because no s p a t i a l r e s o l u t i o n i s p o s s i b l e i n t h i s geometry. 
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S i n c e t h e growth o f t h e power d e n s i t y I 3 i s p r o p o r t i o n a l t o i f I 2 , 
i t seems advantageous t o f o c u s t h e beams t o a s m a l l d i a m e t e r 
and t o use h i g h peak power s o u r c e s . I f t h e c o n d i t i o n 6k = 0 i s 
assumed, t h e n i t can he shown t h a t : 

(1) t h e a n t i - S t o k e s f l u x i s c o n t a i n e d w i t h i n t h e same cone 
a n g l e as t h e pump heams emerging f r o m t h e f o c a l r e g i o n ; 

(2) t h i s f l u x i s g e n e r a t e d f o r t h e most p a r t w i t h i n t h e 
f o c a l r e g i o n (where I 2 I i s l a r g e ) ; 

1 2 
(3) t h e t o t a l power i n t h e a n t i - S t o k e s beam some d i s t a n c e 

beyond t h e f o c u s i s independent o f beam d i a m e t e r and f o c a l l e n g t h 
and i s a p p r o x i m a t e l y g i v e n by 

PS - ( f ) 2 ( ^ ) 2 I [PI P 2 , ( 2 6 ) 

where r e f r a c t i v e i n d i c e s were t a k e n as u n i t y , where X = 2ir c/w 
w i t h o) - - Ü ) 2 - Ü>3 and where Pj and P 2 a r e t h e powers a t coj 
and u) 2 r e s p e c t i v e l y . T h i s e x p r e s s i o n was o b t a i n e d by assuming 
t h a t a l l t h e s i g n a l i s g e n e r a t e d from a s m a l l c y l i n d r i c a l volume 
about t h e f o c u s h a v i n g a l e n g t h e q u a l t o t h e c o n f o c a l parameter 
1 o f t h e beams. I f G a u s s i a n beams a r e u s e d , t h e beam w a i s t a t t h e 
f o c u s i s <|) = h\f/i\& where f i s t h e f o c a l l e n g t h o f t h e l e n s and 
d t h e ̂ bearn d i a m e t e r i n t h e p l a n e o f t h e l e n s : we a l s o have 
1 = -n<p'/2X. I n r e a l i t y , 75$ o f P 3 a r e g e n e r a t e d from a volume o f 
l e n g t h 6 l as shown by n u m e r i c a l c a l c u l a t i o n s . 

I n p r a c t i c a l e x p e r i m e n t s , t h e s p a t i a l r e s o l u t i o n i s on 
th e o r d e r o f 1 t o 20 mm w i t h l a s e r beams o f good o p t i c a l q u a l i 
t y . T h i s may s t i l l be i n s u f f i c i e n t i n some e x p e r i m e n t a l s i t u a -
t i o n s where h i g h e r s p a t i a l r e s o l u t i o n s a r e needed. A p a r t i c u l a r 
beam arrangement c a l l e d BOXCARS has been p r o p o s e d f o r b e t t e r 
r e s o l u t i o n [ 3 6 ] . I n t h i s arrangement, t h e beams a r e c r o s s e d a t 
a s m a l l a n g l e so t h a t t h e p o l a r i z a t i o n wave v e c t o r k^ remains 
e q u a l t o t h e a n t i - S t o k e s s i g n a l wave v e c t o r k 3 ( F i g . 5)- The 
beam c o n f i g u r a t i o n i s shown i n F i g . 6. The s p a t i a l r e s o l u t i o n 
i s w e l l under 2 mm. 

S p e c t r a l i n f o r m a t i o n 
CAHS s p e c t r o s c o p y can be a c c o m p l i s h e d i n v a r i o u s manners 

depending on t h e a p p l i c a t i o n e n v i s i o n e d ( e . g . h i g h - r e s o l u t i o n 
s p e c t r o s c o p y o r c h e m i c a l a n a l y s i s ) . The s p e c t r a a r e u s u a l l y 
r e t r i e v e d by h o l d i n g CÜJ f i x e d , v a r y i n g w 2 so t h a t - u>2 i s 
swept a c r o s s t h e resonances o f i n t e r e s t w h i l e m o n i t o r i n g t h e 
a n t i - S t o k e s f l u x . I n gas m i x t u r e s , t h e f o l l o w i n g i n f o r m a t i o n 
i s o b t a i n e d f r o m t h e s p e c t r a u s i n g Eq.(16) . 



298 J . P. TARAN 

F i g . 5 : Wave v e c t o r d i a g r a m f o r crossed-beams phase-matched CARS 
o r BOXCARS. 

F i g . 6 : E x p e r i m e n t a l "beam arrangement : a) c o n v e n t i o n a l CARS ; 
b) BOXCARS. I n BOXCARS, a c o n v e n t i o n a l CARS beam i s a l s o 
e m i t t e d i n t h e d i r e c t i o n o f Ü)2 ; t h i s beam i s a c t u a l l y 
10 t o 50 t i m e s s t r o n g e r t h a n t h e BOXCARS beam. 

- c o m p o s i t i o n s i n c e each m o l e c u l a r s p e c i e s has a p a r t i 
c u l a r s e t o f v i b r a t i o n a l r e sonances w h i c h can seldom be c o n f u s e d 
w i t h t h a t o f o t h e r s p e c i e s ; 

- t e m p e r a t u r e s i n c e t h e f r e q u e n c y o f any p a r t i c u l a r v i b r a 
t i o n a l mode depends s l i g h t l y on t h e r o t a t i o n a l quantum number 
( i n Q-branch t r a n s i t i o n s ) and on t h e v i b r a t i o n a l quantum number ; 
th e r e s u l t i n g S p l i t t i n g can be u s e d t o m o n i t o r p o p u l a t i o n s i n 
d i s t i n e t r o v i b r a t i o n a l s t a t e s and deduce t h e r o t a t i o n a l and v i 
b r a t i o n a l t e m p e r a t u r e s u s i n g t h e c o r r e s p o n d i n g B o l t z m a n n c o e f f i -
c i e n t s . 

We n o t e , however, t h a t t h e e x i s t e n c e o f t h e non r e s o n a n t 
s u s c e p t i b i l i t y poses a p r o b l e m w i t h t h e d e t e c t i o n o f t r a c e s p e c i e s 
i n m i x t u r e s , s i n c e t h e nonresonant c o n t r i b u t i o n f r o m t h e d i l u e n t 
gases may swamp t h e Raman-resonant p a r t o f t h e t r a c e s p e c i e s o f 
i n t e r e s t . As a m a t t e r o f f a c t , d e t e c t i o n s e n s i t i v i t i e s a r e i n 
th e ränge o f 10 2 t o 10** ppm f o r most c a s e s o f i n t e r e s t . These 
f i g u r e s c a n be improved by a f a c t o r o f about 30 i f advantage 
i s t a k e n o f t h e d i f f e r e n t t e n s o r p r o p e r t i e s o f X_̂  and X ( p o l a 
r i z a t i o n CARS [37]). 
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Advantages o f CARS 
CARS o f f e r s many advantages o v e r o t h e r o p t i c a l methods: 

f o r n o n i n t r u s i v e s p a t i a l l y r e s o l v e d d i a g n o s t i c s o f gases and 
r e a c t i v e media : 

- s p a t i a l r e s o l u t i o n i s e x c e l l e n t , 
- t h e s i g n a l i s e m i t t e d i n a w e l l c o l l i m a t e d beam, w h i c h 

makes d i s c r i m i n a t i o n a g a i n s t s t r a y l i g h t e a s i e r , 
- t h e s p e c t r a l p o s i t i o n o f t h e s i g n a l , t o t h e a n t i - S t o k e s 

s i d e o f t h e pump, makes i t e a s i e r t o r e j e c t f l u o r e s c e n c e i n t e r f e 
r e n c e ( w h i c h u s u a l l y l i e s t o t h e S t o k e s s i d e o f t h e pump), 

- t h e s i g n a l s t r e n g t h i s c o n s i d e r a b l e ; u s i n g c o n v e n t i o n a l 
p u l s e d s o l i d s t a t e and dye l a s e r s , t h e number o f photons c o l l e c -
t e d i n a t y p i c a l e x p e r i m e n t i s about 10 5 t o 1 0 1 5 , i . e . 5 t o 10 
Orders o f magnitude l a r g e r t h a n t h a t c o l l e c t e d i n a spontaneous 
Raman s c a t t e r i n g e x p e r i m e n t . 

A l l t h e s e advantages j u s t i f y t h e i n t r o d u c t i o n o f CARS as a 
d i a g n o s t i c s t o o l i n r e a c t i v e media. T h i s a p p l i c a t i o n i s t o date 
t h e most i m p o r t a n t one. O t h e r a p p l i c a t i o n s , s uch as h i g h r e s o l u 
t i o n m o l e c u l a r s p e c t r o s c o p y o r c h e m i c a l a n a l y s i s o f b i o l o g i c a l 
s amples, a l s o a r e a t t r a c t i v e b u t s h a l l n o t be d i s c u s s e d h e r e . 

B. CARS I n s t r u m e n t a t i o n 

We her e d e s c r i b e t h e CARSspectrometer i n use a t ONERA. T h i s 
s p e c t r o m e t e r was d e v e l o p e d j o i n t l y w i t h Q u a n t e l . The o p t i c a l com
ponents f o r t h e l a s e r s o u r c e s and t h e beam com b i n i n g o p t i c s a r e 
b o l t e d d i r e c t l y onto a l i g h t - w e i g h t , p o r t a b l e , r i g i d 50cm x 150 cm 
c a s t a l u m i n i u m t a b l e ( F i g . 7). The p a s s i v e l y Q - s w i t c h e d Yag o s c i l 
l a t o r w i t h two a m p l i f i e r s and one f r e q u e n c y d o u b l e r d e l i v e r s o v e r 
150 mJ o f r a d i a t i o n a t 532 nm i n 10 ns p u l s e s a t 1 t o 10 Hz ( a ^ 
beam). The Output i s s i n g l e f r e q u e n c y o v e r 95$ o f t h e s h o t s and 
p r e s e n t s a s p e c t r a l j i t t e r under ± 0.01 c u r - 1 . These c h a r a c t e r i s 
t i c s a r e p o s s i b l e o n l y t h r o u g h t h e use o f a s t a b l e c a v i t y d e s i g n 
f o r t h e Yag o s c i l l a t o r . A second d o u b l e r i s u s e d t o c o n v e r t t h e 
r e m a i n i n g i n f r a r e d e n e r g i n g f r o m t h e f i r s t d o u b l e r , t h u s p r o d u -
c i n g an a d d i t i o n a l hO mJ o f g r e e n t o pump t h e dye c h a i n . T h i s 
one i s composed o f a dye l a s e r and one a m p l i f i e r s t a g e and p r o 
duces t h e " S t o k e s " beam a t Ü)2« The dye l a s e r can be t u n e d w i t h 
a f i x e d , h i g h i n c i d e n c e g r a t i n g and a r o t a t i n g m i r r o r . The l i n e 
w i d t h i s 0.7 cm" 1 ; i t can "be r e d u c e d t o 0.07 cm""1 t h r o u g h I n 
s e r t i o n o f a p r i s m beam expander. T h i s O p e r a t i o n m a i n t a i n s t h e 
c a v i t y a l i g n m e n t p r e c i s e l y and causes a s l i g h t s h i f t o f t h e 
l i n e c e n t e r . 

W i t h a kO mJ pump energy, t h e dye c h a i n d e l i v e r s f r om 1 
t o 5 Jal o f t u n a b l e r a d i a t i o n i n a d i f f r a c t i o n - l i m i t e d beam o v e r 
t h e u s e f u l CARS ränge o f 56O-7OO nm, r e g a r d l e s s o f t h e l i n e w i d t h . 
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to reference 
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F i g . 7 : L a s e r s o u r c e assembly. A : Nd y a g a m p l i f i e r . BD : p a r a l 
l e l p l a t e f o r p r o d u c t i o n o f p a r a l l e l "beams f o r BOXCAES 
(BOXCARS arrangement shown, t r a n s l a t i o n o f t h e p l a t e 
a l l o w s passage t o c o l l i n e a r arrangement w i t h o u t l o s s o f 
a l i g n m e n t ) . BS : beam s p l i t t e r f o r r e f e r e n c e Channel. 
D : KDP d o u b l e r . DC : dye c e l l . DM : d i c h r o i c m i r r o r . 
E : F a b r y - P e r o t e t a l o n . G : g r a t i n g . GT : Glan-Thompson 
p r i s m . P : AR c o a t e d p a r a l l e l p l a t e f o r beam t r a n s l a t i o n . 
PE : p r i s m expander. SA : s a t u r a b l e a b s o r b e r . T : t e l e s -
cope . X/k e t A/2 a r e quarter-wave and h a l f - w a v e p l a t e s 
r e s p e c t i v e l y . &i : " l a s e r " beam. u>2 : " S t o k e s " beam. 

The t u n i n g i s d r i v e n by a s t e p p i n g motor w h i c h a l l o w s b o t h a con-
t i n u o u s sweep from 5 0 0 t o 8 0 0 nm i n c o a r s e s t e p s o f 0 . 0 7 c n f l , and 
l i m i t e d sweeps o f 6 nm about t h e c o a r s e d r i v e s e t t i n g i n f i n e s t e p s 
o f 0 . 0 0 7 cm "1. A broadband mode o f Operation i s a l s o p r o v i d e d 
f o r t h e dye l a s e r , g i v i n g about 100 cm"~1 l i n e w i d t h ; t h i s mode i s 
used f o r m u l t i p l e x CARS e x p e r i m e n t s i n c o n j u n c t i o n w i t h a s p e c t r o 
graph and an o p t i c a l m u l t i c h a n n e l a n a l y s e r [ 3 8 ] . I n t h i s c a s e an 
i n t e r f e r e n c e f i l t e r i s u s e d f o r t h e t u n i n g . 

A space o f 6 0 cm x 3 0 cm i s l e f t on t h e t a b l e f o r t h e 
mounting o f v a r i o u s beam h a n d l i n g o p t i c s . T h i s space i s o c -
c u p i e d by components f o r beam-matching and s u p e r p o s i t i o n , 
and f o r s i m u l t a n e o u s non-resonant background c a n c e l l a t i o n and 
improved s p a t i a l r e s o l u t i o n u s i n g BOXCARS [ 3 9 ] . We t h u s use 
t e l e s c o p e s t o adapt t h e d i v e r g e n c e s o f t h e beams, p a r a l l e l 
p l a t e s t o t r a n s l a t e t h e beams and t o s p l i t them f o r BOXCARS, one 
d i c h r o i c m i r r o r f o r beam s u p e r p o s i t i o n and a l i g n m e n t , as w e l l as 
p o l a r i z a t i o n r o t a t o r s and p o l a r i z e r s . The d i c h r o i c m i r r o r i s h e l d 
on a s t u r d y mount h a v i n g b e t t e r t h a n 10 u r a d a l i g n m e n t s e n s i t i v i 
t y . A s m a l l f r a c t i o n ( - 5 $ ) o f t h e l a s e r beams i s s u b s e q u e n t l y 
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s p l i t o f f t o pump t h e r e f e r e n c e Channel. I n t h e f o l l o w i n g , we 
s h a l l c o n c e n t r a t e on t h e d e t e c t i o n s y s t e m and on t h e p r o h l e m o f 
background c a n c e l l a t i o n . 

The d e t e c t i o n assembly, i n c l u d i n g t h e r e f e r e n c e l e g , i s 
i n s t a l l e d on a s e p a r a t e t a b l e o f 50cm x 150 cm ( F i g . 8 ) . A l l 
f o c u s i n g l e n s e s a r e AE c o a t e d a i r - s p a c e d achromats. The a n t i -
S t okes s i g n a l s a r e f i l t e r e d by means o f compact d o u b l e monochro-
mators p r e c e d e d by d i c h r o i c f i l t e r s t o p r e v e n t breakdown on t h e 
e n t r a n c e and i n t e r m e d i a t e diaphragms ; d e t e c t i o n i s done w i t h 
PM tubes w h i c h a r e mounted i n t h e same r a c k as t h e s i g n a l p r o -
c e s s i n g e l e c t r o n i c s (see below) t o a v o i d RF i n t e r f e r e n c e . L i g h t 
i s p i p e d t o them by means o f 1 mm d i a m e t e r o p t i c a l f i b e r s . The 
a n t i - S t o k e s s i g n a l l e v e l s i n t h e sample and r e f e r e n c e Channels 
a r e a d j u s t e d a t a p p r o x i m a t e l y 10** p h o t o e l e c t r o n s p e r s h o t , w h i c h 
corr e s p o n d s t o a P o i s s o n u n c e r t a i n t y o f about 1 %. H i g h e r f l u x e s 
may cause Saturation, l o w e r f l u x e s r e s u l t i n u n a c c e p t a b l e 
u n c e r t a i n t y l e v e l s . The sample and r e f e r e n c e Channels a r e matched 
c a r e f u l l y , e s p e c i a l l y i n BOXCARS e x p e r i m e n t s . The r e f e r e n c e c e l l 
c o n t a i n s 50 b o f argon. The r e f e r e n c e s i g n a l i s u s u a l l y much 
s t r o n g e r t h a n needed and has t o be a t t e n u a t e d ; i t remains 
adequate even when a c o m b i n a t i o n o f BOXCARS and background c a n c e l 
l a t i o n i s u s e d (see b e l o w ) . 

F i g . 8 : Schematic o f sample and r e f e r e n c e Channels : 
AS : movable a p e r t u r e s t o p f o r O p e r a t i o n w i t h p a r a l l e l 
beams o r c r o s s e d beams (cross-beam p o s i t i o n shown h e r e ) 
AT : movable a t t e n u a t o r s ; DP : d i c h r o i c f i l t e r s ; M : 
monochromator and d e t e c t o r ; RC : r e f e r e n c e c e l l . 

I n b o t h C hannels, t h e s i g n a l l e v e l i s m a i n t a i n e d a t i t s 
p r e s c r i b e d l e v e l o f 10^ p h o t o e l e c t r o n s by a d j u s t i n g t h e pump 
powers w i t h a t t e n u a t o r s , w h i c h i s a s a f e g u a r d a g a i n s t Raman 
Saturation a t l i n e c e n t e r . The p h o t o c u r r e n t p u l s e s a r e t r e a t e d by 
an e l e c t r o n i c d e v i c e t h a t g a t e s them, c a l c u l a t e s t h e i r r a t i o s , 
square r o o t s and average f o r a f i x e d number n o f s h o t s (n = 1 
t o 10 i n p r a c t i c e ) . The e l e c t r o n i c s u n i t a l s o r e j e c t s s h o t s w h i c h 
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do n ot f a l l w i t h ± 35% o f t h e mean i n t h e r e f e r e n c e l e g , and tunes 
t h e dye l a s e r a f t e r t h e n shots have been c o l l e c t ed. 

F o r m u l t i p l e x CARS, a s p e c t r o g r a p h and an o p t i c a l m u l t i 
c h a n n e l a n a l y z e r (0MA2 from PAR) a r e used. The d i s p e r s i v e element 
i n t h e s p e c t r o g r a p h i s a 2100 lines/mmn, a b e r r a t i o n - c o r r e c t e d 
concave h o l o g r a p h i c g r a t i n g w i t h f = 750 mm. The n e t s p e c t r a l r e 
s o l u t i o n i s 0 .7 cm - 1. B o t h s i g n a l and r e f e r e n c e s p e c t r a a r e r e c o r 
ded s i m u l t a n e o u s l y on t h e v i d i c o n and r a t i o e d Channel by Channel ; 
square r o o t s , and averages i f n e c e s s a r y , a r e s u b s e q u e n t l y c a l c u 
l a t e d . R e c o r d i n g t h e r e f e r e n c e spectrum i s a v i t a l r e q u i r e m e n t 
s i n c e t h e dye l a s e r spectrum i s not r e p r o d u c i b l e and e x h i b i t s ap-
p r e c i a b l e m o d u l a t i o n . 

The t e c h n i q u e o f background s u p p r e s s i o n u s i n g t h e t e n s o r 
p r o p e r t i e s o f t h e n o n l i n e a r s u s c e p t i b i l i t y has been s t u d i e d i n 
d e t a i l f o r c o l l i n e a r beams, and s e v e r a l p o s s i b l e p o l a r i z a t i o n a r 
rangement s have been d e s c r i b e d [ 3 7 , 4 0 ] . I n BOXCARS, some f l e x i -
b i l i t y i s a f f o r d e d by t h e a v a i l a b i l i t y o f two s p a t i a l l y d i s t i n e t 
" l a s e r " beams a t (dj, w h i c h can have d i f f e r e n t p o l a r i z a t i o n s . A 
d i s c u s s i o n o f t h a t problem w i l l be f o u n d i n r e f e r e n c e [ 3 9 ] . 

C. R e s u l t s 

The f e a s i b i l i t y o f c o n c e n t r a t i o n measurements i n f l a m e s 
by CARS was shown i n 1973 [ 4 1 ] . S i n c e t h e n , many ex p e r i m e n t s have 
been c a r r i e d out and many s p e c i e s have been d e t e c t e d . Here we 
s h a l l c o n c e n t r a t e on r e s u l t s o b t a i n e d a t 0NERA i n r e c e n t t i m e s . 

1. Measurement o f r o v i b r a t i o n a l e x c i t a t i o n o f H^ i n a 
d i s C h a r g e . The study o f r o v i b r a t i o n a l p o p u l a t i o n s 

i n tenuous d i s c h a r g e s i s an i m p o s s i b l e t a s k u s i n g m e c h a n i c a l 
probes. T h i s s t u d y i s a l s o e x c e e d i n g l y d i f f i c u l t u s i n g a b s o r p t i o n / 
e m i s s i o n methods. CARS, however, o f f e r s an i n t e r e s t i n g measurement 
p o t e n t i a l o v e r an a p p r e c i a b l e t e m p e r a t u r e and d e n s i t y ränge. T h i s 
was demonstrated r e c e n t l y [42] i n an H 2 d i s c h a r g e ( F i g . 9) d e s i -
gned f o r H" p r o d u e t i o n [ 4 3 ] . The s p e c t r a a r e shown i n F i g u r e s 10 
and 11 f o r a t o t a l p r e s s u r e o f 0.13 mbar, w i t h o u t t h e d i s c h a r g e 
( F i g . 10a) and w i t h a d i s c h a r g e v o l t a g e o f 90 V and c u r r e n t o f 
3 A ( F i g . 10b). C o l l i n e a r CARS w i t h o u t background c a n c e l l a t i o n 
was used f o r maximal s i g n a l s t r e n g t h and s e n s i t i v i t y . Note t h a t , 
s i n c e t h e s p a t i a l r e s o l u t i o n o f c o l l i n e a r CARS i s not e x e l l l e n t , 
t h e a m p l i t u d e o f t h e v = 0 l i n e s may come out s l i g h t l y s t r o n g e r 
because o f some s i g n a l c o n t r i b u t i o n from t h e c o l d H 2 s u r r o u n d i n g 
t h e g e n e r a t o r . Only t h e c e n t r a l p o r t i o n s o f t h e f i r s t f o u r Q l i n e s 
were p l o t t e d . H o r i z o n t a l b a r s on t h e p l o t s g i v e t h e t h e o r e t i c a l 
h e i g h t s o f t h e s e l i n e s assuming Boltzmann e q u i l i b r i a a t 290 K 
( F i g . 10a) and 1*75 K ( F i g . 10b) f o r t h e r o t a t i o n . U n c e r t a i n t i e s 
i n t e m p e r a t u r e measurements a r e 5 K and 15 K r e s p e c t i v e l y . From 
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t h e l i n e i n t e n s i t i e s w i t h t h e d i s c h a r g e t u r n e d on, we deduce 
t h a t m o l e c u l a r H 2 c o n s t i t u t e s a p p r o x i m a t e l y 90% o f t h e gaseous 
m i x t u r e , t h e r e s t b e i n g composed o f i o n s , r a d i c a l s and e l e c t r o -
n i c a l l y e x c i t e d H 2. The comparison o f t h e r e l a t i v e a m p l i t u d e s 
o f Q ( 1 ) l i n e s i n v = 0 , v = 1 and v = 2 ( F i g . 1 1 ) a l s o g i v e s a 
measure o f t h e v i b r a t i o n a l e x c i t a t i o n . 

F i g . 9 : Schematic o f t h e plasma g e n e r a t o r , drawn t o s c a l e . 

The l i n e a s s o c i a t e d w i t h v = 3 c o u l d n ot be d e t e c t e d . I n 
t h i s p r e l i m i n a r y work, t h e d e t e c t i o n s e n s i t i v i t y on v = 2 i s about 
1 0 1 2 cm""3. A s e n s i t i v i t y o f 1 0 1 1 cm""3 i s t e c h n i c a l l y f e a s i b l e and 
s h o u l d be demonstrated i n t h e near f u t u r e . 

The p r e s e n t r e s u l t s g i v e : 
3 

N (v=0 ) = 1.9 1 0 1 5 cm 
- 3 

N (V=1) = 4 . 5 1 0 1 3 cm 

8 2 1 ( 1 N (v=2) = 4 . 4 1 0 1 2 cm" 3 

assuming _ 3 

N (v=3 ) = 1 0 1 2 cm 
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F i g . 10 : P r o f i l e s o f l i n e s Q(0) t o Q (4) f o r t h e v = 0 1 f u n 
damental t r a n s i t i o n o f n e u t r a l H 2 : 
a) w i t h o u t t h e d i s c h a r g e ; 
h) w i t h a d i s c h a r g e o f 90V, 3A. 
The s t r o n g e s t p o r t i o n s o f t h e l i n e s o n l y a r e shown, i n 
st e p s o f 0.02cm~1, and w i t h 10 c o n s e c u t i v e measurements 
averag e d a t each p o i n t . The s p e c t r a l r e s o l u t i o n o f t h e 
dye l a s e r was 0.07 cm""1. 

F i g . 11 : P r o f i l e s o f e x c i t e d s t a t e s l i n e s , w i t h 30 measurements 
av e r a g e d a t each p o i n t . 
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The a s s u m p t i o n on N (v=3) i s n e c e s s a r y s i n c e i t i s t h e 
d i f f e r e n c e between t h e number d e n s i t i e s o f t h e Raman l e v e l s w h i c h 
i s measured i n CARS ex p e r i m e n t s (Eq.. (15)). These r e s u l t s c l e a r l y 
show t h a t t h e v i b r a t i o n a l e q u i l i b r i u m e s t a b l i s h e d i s non-Boltzmann 
( F i g . 12). S i m i l a r e f f e c t s were a l s o seen i n D and N u s i n g 
CARS [44]. 

i[Nxf(v)fcm'3) 

/5, 10 

10 13 

10 12 

i 
o 

Total pressure. 0.13mbar 
Discharge: j 9° J 

N(f(3)-f(4))^0.61012 

2 

F i g . 12 : D i s t r i b u t i o n o f v i b r a t i o n a l p o p u l a t i o n s i n t h e d i s c h a r 
ge. 

2. Temperature and H? c o n c e n t r a t i o n measurements i n an 
e t h y l e n e - a i r bunsen f l a m e . H 2 gas p l a y s an i m p o r t a n t 

r o l e i n the c h e m i s t r y and energy b a l a n c e o f f l a m e s . T h i s was de
mo n s t r a t e d r e c e n t l y i n a p r e m i x e d Bunsen f l a m e b u r n i n g e t h y l e n e 
i n a i r [45]. By r e c o r d i n g CARS s p e c t r a o f t h e Q-branch o f t h e H 2 

formed by t h e p y r o l y s i s o f e t h y l e n e , we were a b l e t o o b t a i n t h e 
s t a t i c t emperature p r o f i l e and t h e H 2 c o n c e n t r a t i o n d i s t r i b u t i o n . 
A BOXCARS o p t i c a l arrangement was u s e d t o g i v e a s p a t i a l r e s o l u 
t i o n o f about 1 mm. The s p e c t r a l a n a l y s i s was s i m i l a r t o t h a t done 
i n t h e plasma, a l t h o u g h we o n l y m o n i t o r e d peak l i n e i n t e n s i t i e s . 
I n t h e d a t a p r o c e s s i n g , s p e c i a l p r e c a u t i o n s had t o be t a k e n w i t h 
r e g a r d t o l i n e b r o a d e n i n g mechanisms and c o n c e n t r a t i o n c a l i b r a -
t i o n . The bu r n e r i t s e l f was d e s i g n e d so as t o g i v e good f l a m e 
s t a b i l i t y . I t has a d i a m e t e r o f 10 mm. I t was o p e r a t e d a t a C/0 
r a t i o o f 0.57 and mass f l o w r a t e s o f 8.9 mg/s f o r C 2H 1 + and 
76.2 mg/s f o r a i r ; t h i s gave a f l a m e cone h e i g h t o f 26 mm a t 
296 K and 0*98 b a r , c o r r e s p o n d i n g t o a b u r n i n g v e l o c i t y c l o s e 
t o 17 cm/s. The r e s u l t s a r e p r e s e n t e d i n F i g s . 13 and 14. 
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F i g - 13 : R o t a t i o n a l t e m p e r a t u r e s and hydrogen m o l a r p e r c e n t a g e s 
0 as a f u n c t i o n o f r a d i a l d i s t a n c e f r o m b u r n e r a x i s . 
H e i g h t above b u r n e r e x i t p l a n e : 11.5 mm. 

2 0 0 0 1 a)T(K) 
O H t mola fraction (%) 

1 5 0 0 

1 0 0 0 

5 0 0 

3 0 0 

1 0 

- 5 

0 i 1 0 15 

F i g . 14 : R o t a t i o n a l t e m p e r a t u r e s 
0 as a f u n c t i o n o f d i s t a n c e f r o m b u r n e r e x i t p l a n e a l o n g 
b u r n e r a x i s . 

h(wim) _ 
2 0 2 6 3 0 3 6 

and h y d rogen m o l a r p e r c e n t a g e s 



COHERENT ANTI-STOKES RAMAN SCATTERING 307 

Most i n t e r e s t i n g i s a c o m p a r i s o n o f t h e s e r e s u l t s w i t h 
thermodynamic e q u i l i b r i u m c a l c u l a t i o n s o f a d i a b a t i c f l a m e tempe
r a t u r e and s t a b l e p r o d u c t c o m p o s i t i o n . U s i n g t h e water-gas e q u i 
l i b r i u m and n e g l e c t i n g d i s s o c i a t i o n , we f i n d f o r our f l a m e an 
a d i a b a t i c flame t e m p e r a t u r e o f 19U0 K and a c o m p o s i t i o n o f 1 4 . 9 
mol% CO, 4 . 0 mol% C0 2, 1 0 . 2 mol% H 2 0 and 8 . 6 mol% H 2. There i s 
s t r i k i n g l y good agreement between t h e f i n a l measured tempera
t u r e i n t h e b u r n t gas and t h e c a l c u l a t e d t e m p e r a t u r e , a n d , i n 
p a r t i c u l a r , between t h e hydrogen m o l a r f r a c t i o n measured j u s t 
beyond t h e r e a c t i o n zone and i t s thermodynamic e q u i l i b r i u m 
v a l u e o f 8 . 6 $ . T h i s agreement l e a v e s no doubt t h a t t h e CARS 
t e c h n i q u e i s i n d e e d s u i t a b l e f o r s p a t i a l l y r e s o l v e d c o n c e n t r a t i o n 
measurements i n r e a c t i v e media. However, more checks have t o be 
c a r r i e d o u t , e.g. CARS measurements o f CO, C0 2 and H 2 0 t o f i n d 
out i f water-gas e q u i l i b r i u m i s e s t a b l i s h e d o r n o t . F u r t h e r m o r e , 
th e hydrogen r o t a t i o n a l t e m p e r a t u r e s s h o u l d be compared t o N 2 

r o t a t i o n a l t e m p e r a t u r e s . Hence, a t t h e p r e s e n t moment, we r e g a r d 
our measured hydrogen c o n c e n t r a t i o n as s e m i - q u a n t i t a t i v e ; i t 
w i l l be improved upon once b e t t e r knowledge o f l i n e s h a p e s and 
w i d t h s becomes a v a i l a b l e . 

As t o now, our r e s u l t s demonstrate r e m a r k a b l y w e l l , 
b e s i d e s o x i d a t i o n o f hydrogen i n t h e b u r n t g a s , t h e e f f e c t o f 
hydrogen d i f f u s i o n f r om t h e r e a c t i o n zone i n t o t h e f r e s h gas. 
I t i s q u i t e s u r p r i s i n g t h a t t h e hydrogen m o l a r f r a c t i o n i s about 
1 % a t h = 11 .5 mm ( i . e . 1 4 . 5 mm downwards f r o m t h e f l a m e t o p 
and a t a r a d i a l d i s t a n c e o f 2 . 5 mm f r o m t h e f l a m e cone) and as 
h i g h as 3 . 7 a t a d i s t a n c e o f 2 mm below t h e f l a m e t o p . Hydrogen 
i s t h u s e n r i c h e d i n t h e c e n t r a l f l o w l i n e . A s i m i l a r e f f e c t , t h e 
e n r i c h m e n t o f h e a v i e r h y d r o c a r b o n s i n t h e c e n t r a l f l o w l i n e o f 
a Bunsen f l a m e , was d e s c r i b e d by F l o s s d o r f e t a l . [46]. However, 
th e enrichment o f hydrogen i n t h e f r e s h gas has some i m p l i c a t i o n s 
on t h e h e a t b a l a n c e i n t h e f r e s h gas. I t i s q u i t e c o n c e i v a b l e t h a t 
th e p r e - r e a c t i o n zone hydrogen o r i g i n a t e s f r o m t h e r e c o m b i n a t i o n 
o f h ydrogen atoms. T h i s w o u l d , as a q u i c k c a l c u l a t i o n shows, 
f o r a hydrogen m o l a r f r a c t i o n o f \% g i v e a t e m p e r a t u r e r i s e o f 
the f r e s h gas o f about 8 0 K and hence p a r t i a l l y a ccount f o r our 
o b s e r v e d t e m p e r a t u r e r i s e o f about 2 0 0 K, compared t o ambient, 
a t h = 1 1 . 5 mm. Even i f t h e m o l e c u l a r hydrogen i t s e l f was t h e 
main d i f f u s i n g s p e c i e s , i t would s t i l l c a r r y some e n t h a l p y and 
t h u s s t i l l a c t as a "heat r e c i r c u l a t i n g c h e m i c a l c a r r i e r " , t hough, 
o f c o u r s e , i n a much l e s s e f f i c i e n t way t h a n t h e hydrogen atom. v 

The r i s e i n H 2 c o n c e n t r a t i o n near t h e r e a c t i o n zone w i t h i n 
c r e a s i n g h e i g h t above t h e b u r n e r e x i t p l a n e c o u l d a l s o be an 
e x p l a n a t i o n f o r t h e w e l l e s t a b l i s h e d f a c t t h a t t h e b u r n i n g v e l o -
c i t y i s n o t a c o n s t a n t over t h e t o t a l f l a m e a r e a [46]. 
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3. I n s t a n t a n e o u s measurement o f t e m p e r a t u r e i n a w e l l 
s t i r r ed r e a c t o r . The w e l l - s t i r r e d r e a c t o r p r e s e n t s 

i n t e r e s t i n g c h a l l e n g e s t o t h e CARS d i a g n o s t i c i a n : can one 
measure t h e magnitude o f t h e t e m p e r a t u r e f l u c t u a t i o n s and t h e gas 
r e s i d e n c e t i m e ? Noire ~öf t h e s e measurements c an he u n d e r t a k e n 
p r o p e r l y u s i n g c o n v e n t i o n a l p r o h i n g t e c h n i q u e s , y e t t h e y a r e o f 
extreme i n t e r e s t t o t h e t h e o r i s t . 

— — A w e l l - s t i r r e d r e a c t o r was h u i l t f o r t h e s e s t u d i e s [47]: 
The r e a c t o r i s c y l i n d r i c a l i n shape w i t h 5 - 5 cm i d . and 3cm 
h e i g h t . A m i x t u r e o f methane and a i r i s i n j e c t e d t h r o u g h an a r r a y 
o f s m a l l h o l e s p l a c e d on a c e n t r a l i n j e c t i o n column. Exhaust i s 
t h r o u g h f i v e 1 cm-diameter h o l e s d r i l l e d i n t h e t o p f l a n g e . 

The CARS heams a r e p a s s e d h o r i z o n t a l l y t h r o u g h h o l e s 
o f 6 mm d i a m e t e r w h i c h a r e d i a m e t r i c a l l y opposed i n t h e c y l i n d e r 
w a l l s . The t e m p e r a t u r e s t u d y was done i n t h e m u l t i p l e x mode, 
u s i n g a BOXCARS c o n f i g u r a t i o n w h i c h gave under 1 mm s p a t i a l r e 
s o l u t i o n . Numerous i n s t a n t a n e o u s s p e c t r a were r e c o r d e d . That 
p r e s e n t e d i n F i g . 15 i s t y p i c a l . T h i s spectrum i s shown w i t h a 
t h e o r e t i c a l spectrum c a l c u l a t e d f o r a t e m p e r a t u r e o f 1700 K. The 
s i n g l e shot t e m p e r a t u r e measured i s c l o s e t o t h e a d i a b a t i c tempe
r a t u r e (2100 K ) , t h e dro p b e i n g e a s i l y a c c o u n t e d f o r by l o s s e s 
t o t h e w a l l s . Thermocouples and IR pyr o m e t r y b o t h g i v e t e m p e r a t u 
r e s c l o s e t o 1800 K. The S t a n d a r d d e v i a t i o n i n t h e measured peak 
i n t e n s i t y (^6%) r e c e i v e s c o n t r i b u t i o n s f r o m t h e l o c a l tempera-' 
t u r e f l u c t u a t i o n s as w e l l as from our measurement u n c e r t a i n t y . 
The measurement u n c e r t a i n t y comes l a r g e l y f r o m beam wanderi n g 
caused by t h e g r a d i e n t s i n t h e f l a m e . O r i g i n a l l y , a l a r g e s o u r c e 
o f i m p r e c i s i o n was t h e m i x i n g o f hot f l a m e gases w i t h c o l d a i r i n 
th e v i c i n i t y o f t h e o p t i c a l p o r t s . T h i s c a u s e d a m p l i t u d e f l u c t u a 
t i o n s i n t h e ränge o f 1 t o 4 , and d i s t o r t i o n s o f t h e s p e c t r a l 
c o n t o u r w h i c h s e r i o u s l y a f f e c t e d t h e t e m p e r a t u r e measurement 
a c c u r a c y . The e u r e was t o a p p l y f u s e d s i l i c a Windows t o t h e 
p o r t s . H e a t i n g o f t h e w a l l s l i m i t s b u r n e r Operation t o 5 m i n u t e s , 
w h i c h e n a b l e s one t o c o l l e c t about 500 s p e c t r a . 

The r e s i d e n c e t i m e was m o n i t o r e d u s i n g a t r a c e r i n j e c -
t e d i n t h e f r e s h g ases i m m e d i a t e l y b e f o r e t h e b u r n e r f o r p e r i o d s 
o f 30 ms s e p a r a t e d by 30 ms. The t r a c e r w h i c h we i n t e n d e d t o 
use o r i g i n a l l y was CF^, b u t t h i s gas was r a p i d l y abandoned 
because o f i t s c h e m i c a l r e a c t i v i t y ^ i n t h e b u r n e r above 1500 K, 
and a l s o because o f t h e r a p i d drop i n CARS l i n e i n t e n s i t y as 
a f u n c t i o n o f t e m p e r a t u r e due tc^^broadening ( F i g . 1 6 ) . I n s t e a d , 
we used C 0 2 w h i c h o f f e r s ^ w o - s l i a r p and i n t e n s e Q br a n c h e s w h i c h 
do not broaden as a f u n c t i o n o f t e m p e r a t u r e ( F i g . 1 7 ) . The dye 
l a s e r was o p e r a t e d narrowband and was t u n e d a p p r o x i m a t e l y 0.2 cm" 
away f r o m t h e mode so t h a t a s m a l l f r e q u e n c y j i t t e r w ould n ot 
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cause e x c e s s i v e s i g n a l change. F o r a sample o f f i x e d c o n c e n t r a 
t i o n , t h e Standard d e v i a t i o n on t h e C 0 2 c o n c e n t r a t i o n measurement 
i s t h u s 15$« F i g . 18 shows t h e e x p o n e n t i a l r i s e o f t h e ex c e s s 
C0 2 c o n c e n t r a t i o n i n t h e h u r n e r f o l l o w i n g "beginnihg o f i t s i n j e c 
t i o n . I n t h e w e l l - s t i r r e d r e a c t o r , t h e r i s e and decay t i m e s a r e 
i n p r i n c i p l e e q u a l . The r e s i d e n c e t i m e deduced from t h i s c u r v e 
( 1 . 8 ms) i s i n good agreement w i t h t h a t ( 1 . 7 ms) o b t a i n e d by 
d i v i d i n g t h e b u r n e r volume (71 cm 3) by t h e V o l u m e t r i e f l o w r a t e 
u s e d i n t h a t p a r t i c u l a r r u n ( U l 1 0 3cm 3/s a t 1700 K u s i n g 7«82g/s 
o f a i r and O.kok g/s o f CHiJ ; 0 . 6 2 7 g/s o f C 0 2 was i n t r o d u c e d 
d u r i n g t h e i n j e c t i o n p e r i o d s . 

F i g . 15 : S i n g l e s h o t BOXCARS spectrum o f N^ i n w e l l - s t i r r e d r e a c 
t o r and c a l c u l a t e d spectrum assuming T = 1700 K. The 
peak a m p l i t u d e c o r r e s p o n d s t o about 5«103 p h o t o e l e c t r o n s 
p e r OMA Channel. S p e c t r a l r e s o l u t i o n i s about 1 cm~1. 

Gated i n t e n s i f i e r s t a g e . 
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900 950 cm-1 

F i g . 17 : Spectrum o f 
pu r e C 0 2 a t 
a t m o s p h e r i c 
p r e s s u r e f o r 
two v a l u e s 
o f t e m p e r a t u 
r e . Same co n 
d i t i o n s as 
f o r F i g . 1 6 . 

1388.19 
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F i g . 18 : R i s e i n CO^ c o n c e n t r a 
t i o n i n r e a c t o r f o l 
l o w i n g "beginning o f 
i n j e c t i o n ; 100 measure
ments a r e a v e r a g e d f o r 
each d a t a p o i n t ; r e p e 
t i t i o n r a t e : 2 Hz ; 
t h e d a t a a r e p r e s e n 
t e d a f t e r s u b x t r a t i o n 
o f maximal C0^ concen
t r a t i o n d u r i n g i n j e c 
t i o n ; o p e n i n g a,nd 
c l o s i n g t i m e s a r e 
about 0.3 ms. 

0 5 10 15 
Time after beginning of 
injection (ms) 

4. Temperature measurements i n a s i m u l a t e d t u r b o m a c h i -
ne combustor. L a r g e s c a l e combustors a r e d i f f i c u l t 

t o t a c k l e by CARS, s i n c e environment i s h a r s h and o p t i c a l a c c e s s 
i s l i m i t e d . T h e r e f o r e , many p r e c a u t i o n s have t o be t a k e n t o P r o 
t e c t t h e o p t i c a l s e t - u p from n o i s e , d u s t and o i l v a p o r s . The 
f e a s i b i l i t y o f making t e m p e r a t u r e and c o n c e n t r a t i o n measurements 
by CARS i n a k e r o z e n e - f u e l e d b u r n e r was t e s t e d a t SNECMA [ 4 8 ] . 
The b u r n e r produces a f l o w w h i c h i s a p p r o x i m a t e l y r e c t a n g u l a r , 
w i t h a s i z e o f 15 x 5 0 cm, and a mass f l o w r a t e a p p r o a c h i n g 2 kg/s 
f o r a t m o s p h e r i c p r e s s u r e Operation. The CARS o p t i c a l t a b l e s were 
i n s t a l l e d i n a t e s t room near t o t h a t h o u s i n g t h e combustor 
( F i g . 1 9 ) » a l o n g w i t h t h e power s u p p l i e s and e l e c t r o n i c s . S i n g l e 
s h o t BOXCARS s p e c t r a were t a k e n a t v a r o u s l o c a t i o n s i n t h e b u r n e r , 
w i t h a q u a l i t y a p p r o a c h i n g , but not as good a s , t h a t o f F i g . 15 -
A s m a l l p e r c e n t a g e o f s p e c t r a was l o s t i n t h e p r i m a r y zone (near 
t h e i n j e c t o r s ) because o f f u e l d r o p l e t s and t u r b u l e n c e , w h i c h 
cause s p e c t r a l e n v e l o p e d i s t o r t i o n and a t t e n u a t i o n . 

F i g u r e 2 0 p r e s e n t s a t e m p e r a t u r e p r o f i l e r e c o r d e d i n t h e 
p r i m a r y zone. T h i s t e m p e r a t u r e i s a t i m e average o v e r about 2 0 
c o n s e c u t i v e s i n g l e shot measurements r e c o r d e d i n a 2 0-minute p e r i o d 
(t h e d a t a a c q u i s i t i o n r a t e t h e n was c l o s e t o 2 p e r m i n u t e ) . The 
p r o f i l e c l e a r l y shows t h e drop i n t e m p e r a t u r e , w h i c h t e n d s t o a 



312 J . P. TARAN 

l i m i t i n g v a l u e o f 500 K c l o s e t o t h a t o f t h e p r e h e a t e d a i r used 
i n t h a t p a r t i c u l a r r u n . 

We have a l s o s t u d i e d 0 2 and CO, t r y i n g t o o b t a i n t h e i r 
s p a t i a l d i s t r i b u t i o n s . The d e t e c t i v i t y u s i n g BOXCARS w i t h o u t 
background c a n c e l l a t i o n was about 3% i n mole f r a c t i o n f o r t h e s e 
s p e c i e s i n t h e f l a m e , a t t h e t i m e o f t h e s e e x p e r i m e n t s . W i t h 
background c a n c e l l a t i o n , t h e d e t e c t i v i t y was f u r t h e r d e g r a t e d by 
a f a c t o r o f two. These r e s u l t s w i l l be p u b l i s h e d e l s e w h e r e [ 4 8 ] . 

F i g . 19 : La y - o u t o f o p t i c a l s e t up n e a r k e r o z e n e f u e l e d combus
t o r . The d e t a i l s o f t h e l a s e r s o u r c e assembly ( F i g . 7) 
a r e n o t g i v e n h e r e . The o p t i c a l p a t h t o t h e b u r n e r i s 
about 10 m. The beams t r a v e l s e v e r a l meters t h r o u g h 
open a i r and had t o be e n c l o s e d i n m e t a l p i p e s f o r 
s a f e t y . F 1 : S c h o t t 0G 515 f i l t e r ; F 2 : s h o r t - p a s s 
d i c h r o i c f i l t e r f o r r e j e c t i o n o f pump beams ; L^, L : 
f o c u s i n g and r e c o l l i m a t i n g achromats : L : achromat 
used t o f o c u s a n t i - S t o k e s beams i n t o e n t r a n c e s l i t 
o f s p e c t r o g r a p h ; : a f o c a l l e n s c o m b i n a t i o n 
used t o re d u c e t h e e f f e c t o f beam s t e e r i n g i n t h e 
b u r n e r ; L,_ g i v e s a m a g n i f i c a t i o n o f 2 on t h e OMA f a c e . 
The a n t i - S t o k e s beam i s p a s s e d under t h e combustor r i g 
(dashed l i n e ) . A c c e s s t o t h e p r i m a r y r e a c t i o n zones 
i s t h r o u g h a i r d i l u t i o n h o l e s i n t h e can. 
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F i g . 20 : R a d i a l t e m p e r a t u r e p r o f i l e i n p r i m a r y zone. R i s 
measured f r o m "burner m i d p l a n e ; n o t e t h a t t h e pump 
beams c r o s s t h e p l a n e o f t h e a i r i n j e c t i o n p o r t a t 
R = 5 0 mm. The e r r o r b a r s r e p r e s e n t t h e S t a n d a r d 
d e v i a t i o n i n t h e measurements and r e f l e c t c o n t r i b u t i o n s 
from r e a l t e m p e r a t u r e f l u c t u a t i o n s and f r o m measurement 
u n c e r t a i n t y . 

5 . C o n c l u s i o n . Only a f ew o f t h e p o t e n t i a l a p p l i c a 
t i o n s o f CARS have been p r e s e n t e d h e r e . Many more have been 
e x p l o r e d and demonstrated i n o t h e r l a b o r a t o r i e s . P i s t o n e n g i n e s , 
j e t e n g i n e s , c h e m i c a l v a p o r d e p o s i t i o n (CTVD), l a s e r media a l l 
have been o r a r e c u r r e n t l y b e i n g p r o b e d by c o n v e n t i o n a l CARS. See 
t h e c o n t r i b u t i o n by Stenhouse i n t h i s s e r i e s f o r a r e v i e w . 

The Situation i s f a r d i f f e r e n t i n resonance-enhanced 
CARS w h i c h , i n s p i t e o f i t s e x t r e m e l y p r o m i s i n g c h a r a c t e r i s t i c s , 
r e m a i n s an e x t r e m e l y d i f f i c u l t t e c h n i q u e t o a p p l y . The n e x t 
c h a p t e r i s d e v o t e d t o some o f i t s a s p e c t s . 

k. RESONANCE-ENHANCED CARS 

C o n v e n t i o n a l CARS o f f e r s a d e t e c t i o n s e n s i t i v i t y o f about 
1000 ppm i n u s u a l gas m i x t u r e s near STP. Improvements up t o 3 0 
a r e p o s s i b l e u s i n g c a n c e l l a t i o n o f t h e nonresonant background 
( p o l a r i z a t i o n CARS) as we have seen i n t h e p r e v i o u s c h a p t e r . Much 
l a r g e r improvements on t h e o r d e r o f 1 0 2 t o 10 1* a r e a c t u a l l y 
o b t a i n e d u s i n g r e s o n a n t CARS, as we showed w i t h I 2 vapor [ 2 0 ] . 
T h i s has been t h e major m o t i v a t i o n f o r s e v e r a l o t h e r r e s e a r c h 
programs i n r e s o n a n t CARS t h r o u g h o u t t h e w o r l d . O b s e r v a t i o n s i n 
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C 2 [49-50] and N 0 2 [51"52] have been r e p o r t e d r e c e n t l y . A 
r e l a t e d a r e a o f r e s e a r c h , r e s o n a n c e CARS i n a b s o r p t i o n c o n t i n u a , 
i s t r e a t e d as a s e p a r a t e t o p i c by K i e f e r i n t h i s c o u r s e . T h i s 
form o f s p e c t r o s c o p y has been p e r f o r m e d r e c e n t l y i n I o d i n e [53] ; 
such s t u d i e s a r e d e l i c a t e s i n c e t h e s u s c e p t i b i l i t y i s much weaker 
t h a n when enhancement i s o b t a i n e d w i t h d i s c r e t e l i n e s . We h e r e 
r e s t r i c t our d i s c u s s i o n t o t h e l a t t e r c a s e . 

1. S p e c t r a l p r o p e r t i e s 

Resonance CARS s p e c c r o s c o p y i s u s u a l l y c a r r i e d out by 
h o l d i n g f i x e d near a one-photon a b s o r p t i o n and by v a r y i n g co 2. 
There a r e t h r e e t y p e s o f l i n e s a s s o c i a t e d w i t h t h e l o w e r s t a t e 
|a> ( t e r m p r o p o r t i o n a l t o p ' 0 ) ) , as d e p i c t e d i n F i g . 21. We c a l l 
t h e s e l a s e r - e n h a n c e d Raman res o n a n c e s ( F i g . 2 1 a ) , d o u b l e - e l e c - * 
t r o n i c r e s o n a n c e s ( F i g . 21b) and a n t i - S t o k e s - e n h a n c e d Raman 
resonances ( F i g . 2 1 c ) . B o t h fundamental and o v e r t o n e v i b r a t i o n a l 
t r a n s i t i o n s a r e p o s s i b l e . I n a d d i t i o n , one may f i n d s i m i l a r s e t s 
o f r e s o n a n t t r a n s i t i o n s a s s o c i a t e d w i t h |b> i f t h a t s t a t e i s s i -
g n i f i c a n t l y p o p u l a t e d ; t h e i r s p e c t r a l p r o p e r t i e s a r e e a s i l y 
d e r i v e d f r o m t h e c o r r e s p o n d i n g r e s o n a n c e d e n o m i n a t o r s . 

A n o t a b l e c h a r a c t e r o f t h e doub l e e l e c t r o n i c r e s o n a n c e s 
i s t h a t t h e i r p o s i t i o n s i n t h e spectrum, w h i c h a r e g i v e n by t h e 
c o n d i t i o n coj - co2= w

n i a

- ü ) l 9 a r e a F u n c t i o n o f ( c o n t r a r y t o 

Raman resonan c e s o f t h e 21a o r 21c t y p e ) . T h i s f e a t u r e i s 
obs e r v e d i n I 2 gas [20] when CÜJ i s s h i f t e d s l i g h t l y about 
o) . I t f a c i l i t a t e s t h e assignment o f t h e l i n e s . F u r t h e r , na 
t h e O b s e r v a t i o n o f do u b l e e l e c t r o n i c r e s o n a n c e s i s o f c o n s i -
d e r a b l e i m p o r t a n c e t o t h e s p e c t r o s c o p i s t s i n c e one can e a s i l y 
i n t e r p r e t t h e c o r r e s p o n d i n g w ? a b s o r p t i o n l i n e s i f t h e 

n a 
w t r a n s i t i o n i n res o n a n c e w i t h 101 i s known. T h i s can f a c i l i t a -na 
t e t h e a n a l y s i s o f unknown p o r t i o n s o f a b s o r p t i o n s p e c t r a . A 
s e t o f handy n o t a t i o n s has been i n t r o d u c e d i n o r d e r t o ' l a b e l 
t h e double o r t r i p l e r e s o n a n c e s . The t h r e e m o l e c u l a r t r a n s i t i o n s 
a p p e a r i n g i n t h e Raman, l a s e r and a n t i - S t o k e s denominators o f 
t h e p(°) t e r m o f Eq. 15 a r e l i s t e d between b r a c k e t s , i n t h a t 
o r d e r ; t h e J quantum number o f |a> i s i n d i c a t e d t o t h e r i g h t o f 
t h e l a s t b r a c k e t . C a p i t a l l e t t e r s a r e u s e d f o r t h e t r a n s i t i o n s 
i n r e s o nance w i t h t h e f i e l d s , l o w e r case l e t t e r s o t h e r w i s e . 
R e c e n t l y , r e sonance enhanced CARS s p e c t r a o f C 2 i n a d i s c h a r g e 
have been o b t a i n e d under c o n t r o l l e d c o n d i t i o n s by p r e c i s e l y 
t u n i n g t h e " l a s e r " and " S t o k e s " f r e q u e n c i e s i n t o r e s o n a n c e w i t h 
Swan band a b s o r p t i o n l i n e s and have been i n t e r p r e t e d unambigously 
[ 5 4 ] . 

P o r t h a t I n t e r p r e t a t i o n , we had t o o b t a i n t h e s p e c t r a l 
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p o s i t i o n s o f j t h e Swan e m i s s i o n l i n e s t o a p r e c i s i o n o f "better 
t h a n 0.01 cm 1 u s i n g F o u r i e r t r a n s f o r m s p e c t r o s c o p y ; t h i s 
work was c a r r i e d o u t i n c o l l a b o r a t i o n w i t h P. Luc and C. Amiot 
a t CNRS [ 5 5 ] . 

vV2( 
J + 1 . 
J . 1 : 

_n 

i n ' 

a) 

"3 

J+2. 
J : 

b) c) 

F i g . 21 : Energy l e v e l diagrams r e p r e s e n t i n g t h e s t a t e s c o n t r i b u -
t i n g t o resonance-enhanced CARS i n a d i a t o m i c m o l e c u l e 

a) o) enhanced f u n d a m e n t a l (Av = 1) v i b r a t i o n a l t r a n -
na 

s i t i o n ; 
b) double e l e c t r o n i c r e s o n a n c e w i t h wi = 00 and wo = 

A na ^ 
n f a 

c) 0) . enhanced v i b r a t i o n a l t r a n s i t i o n . 
n f a 

We f i r s t u n d e r t o o k t h e r e c o r d i n g o f t h e e m i s s i o n spectrum 
o f C 2. A s t a b l e microwave d i s c h a r g e s o u r c e f o r t h e Swan band w a s ^ 
d e v e l o p e d f o r t h a t purpose. W i t h a s p e c t r a l r e s o l u t i o n o f 0.07cm , 
t h e c h a r a c t e r i s t i c t r i p l e t S p l i t t i n g and t h e s t a g g e r i n g o f t h e 
t r i p l e t components caused by t h e A d o u b l i n g a r e c l e a r l y v i s i b l e 
i n t h e s p e c t r a . The l a t t e r s t u d y has p r o v i d e d a t h o r o u g h and a c 
c u r a t e s e t o f e m i s s i o n f r e q u e n c i e s t o g e t h e r w i t h t h e a p p r o p r i a t e 
s e t o f s p e c t r o s c o p i c c o n s t a n t s w h i c h were n o t a v a i l a b l e f r o m 
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e a r l i e r work [ 5 6 ] . I f v , J and ü a r e r e s p e c t i v e l y t h e v i b r a t i o n a l , 
r o t a t i o n a l and s p i n quantum numbers, an a p r i o r i c a i c u l a t i o n shows 
t h a t a n e a r l y t r i p l e r e s o n a n c e i s a c h i e v e d f o r one t y p e o f r e s o 
nance CAES l i n e w h i c h i s ( i n t h e n o t a t i o n o r r e f . 24 ) : 

[Q f i ( 1 - 0 ) , Rfi ( 0 - 0 ) , P f i ( 1 - 0 ) ] J w i t h J = 18, 19 and 20, f o r 

ü = 3, 2 and 1 r e s p e c t i v e l y . 

These C 2 CARS l i n e s have been s e a r c h e d f o r and o b s e r v e d 
by means o f a microwave d i s c h a r g e i n a f l o w i n g m i x t u r e o f 3% a c e -
t y l e n e i n He a t 40mb t o t a l p r e s s u r e . The " l a s e r " and " S t o k e s " 
beams a r e f o c u s e d i n t o t h e d i s c h a r g e by a 30 cm f o c a l l e n g t h l e n s . 
The a n t i - S t o k e s s i g n a l i s f i l t e r e d by a monochromator and d e t e c t e d 
by a p h o t o m u l t i p l i e r . F l u o r e s c e n c e i n I o d i n e was u s e d t o c a l i b r a t e 
t h e l a s e r f r e q u e n c y w ; f i n a l a c c u r a c y i s about 0.05 cm"-1. The 

L , 
spectrum o f f i g u r e 22 has been r e c o r d e d w i t h u)T - 19^+93-85± 0.05cm . 

Li 
18 1920 
m 

2p 1̂  18 

20^18 

II 

1610 1612 1614 1616 

F i g . 22 : Resonance CARS spectrum o f C i n a d i s c h a r g e . 
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Because o f t h e h i g h v i b r a t i o n a l t e m p e r a t u r e , a d d i t i o n a l 
c o n t r i b u t i o n s a r e i n v o l v e d i n t h e r e s o n a n t CARS s u s c e p t i b i l i t y . 
These a r e a s s o c i a t e d w i t h t h e terms p r o p o r t i o n a l t o p ^ ' o f Eq. (J5). 

Thus our CARS s p e c t r a p r e s e n t p r e v i o u s l y unobserved c h a r a c t e r i s t i c s , 
p a r t i c u l a r l y w i t h r e g a r d t o s p e c t r a l c o n t e n t . Resonance CARS l i n e s 
o f t h e t y p e [ ( Q x ( 1 - 0 ) , R x ( 0 - 1 ) , P 2 ( 1 - 0 ) ) ] 2 0 , [ ( Q 2 ( 1 - 0 ) , R 2 

( 0 - 0 ) , P 2 ( 1 - 0 ) ) ] 19 and [ (Q 3 ( 1 - 0 ) , R 3 ( 0 - 0 ) , P 3 ( 1 - 0 ) ) ] 18 a r e 
seen. D i f f e r e n t f e a t u r e s o f t h e t y p e [(Qi ( 1 - 0 ) , R j ( 0 - 1 ) , Pi 
( 1 - 0 ) ] 2 0 , [ ( Q 2 ( 1 - 0 ) , R 2 ( 0 - 1 ) , P 2 ( 1 - 0 ) ) ] 19 a n d ' [ ( Q 3 ( 1 - 0 ) , 
R 3 ( 0 - 1 ) , P 3 ( 1 - 0 ) ) ] 18 a r e p r o b a b l y m ixed t o t h e above ones. A l l 
t h e s e l i n e s a r e lumped t o g e t h e r i n t h e p r o f i l e o f F i g . 2 2 . T h e i r 
w i d t h s a r e about 0 . 1 2 cm- 1 and c o n t a i n D o p p l e r and c o l l i s i o n a l 
c o n t r i b u t i o n s . 

2 . Resonance CARS i n t h e D o p p l e r regime 

Resonance CARS i n d i l u t e samples, where t h e D o p p l e r e f 
f e c t i s t h e main cause o f l i n e b r o a d e n i n g , i s a p r o b l e m o f c o n s i -
d e r a b l e i n t e r e s t . An i n t u i t i v e , b u t f a l l a c i o u s argument, l e a d s t o 
t h e e r r oneous c o n c l u s i o n t h a t resonance CARS l i n e s s h o u l d be 
D o p p l e r - f r e e . We t a k e , f o r example, a l a s e r - e n h a n c e d Raman r e s o 
nance ( F i g . 2 1 a ) . One p a r t i c u l a r v e l o c i t y group i n t h e D o p p l e r -
broadened co a b s o r p t i o n c o n t o u r i s p r e c i s e l y r e s o n a n t ; we c a l l na 
v i t s v e l o c i t y component a l o n g t h e wave v e c t o r a x i s v = c(w -ca^/tüj. 
One e x p e c t s t h i s group t o g i v e a dominant c o n t r i b u t i o n i n n a 

t h e CARS spectrum as wj - a>2 i s b e i n g swept p a s t CD , t h u s g i v i n g 
D a 

a D o p p l e r - f r e e r e s o n a n c e l i n e , w h i c h i s s h i f t e d f r om t h e Raman r e s o 
nance l i n e c e n t e r by t h e amount oo. v / c . T h i s simple-minded argument 

b a 

a c t u a l l y t u r n s out t o be wrong, because we have n e g l e c t e d t h e 
i n f l u e n c e o f a d j a c e n t v e l o c i t y groups w h i c h , i n t h i s c a s e , i n t e r f e r e 
d e s t r u c t i v e l y w i t h t h e main group [ 2 3 ] . 

The c o r r e c t approach i s t o r e c a s t Eq. 15 i n t o i t s 
D o p p l e r form. The m o l e c u l e s i n t h e above-mentioned v e l o c i t y group 
see t h e l a s e r and a n t i - S t o k e s f r e q u e n c i e s w i t h a Dopp l e r s h i f t 
-k^ v, where k^ i s t h e wave v e c t o r . T h e i r e l e m e n t a r y c o n t r i b u t i o n 
t o t h e s u s c e p t i b i l i t y i s shown t o be 

p ( o ) 1 
A r %

 Ä 3 b aj. - 0)i -f 0)2 + (ki - k 2 ) v - il\ oa ba 

x E "an- V b ( 27) 
n' 0) , - 0)3 + k 3 v - ir , n'a 0 9 n'a 
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( 0 ) 

where we have n e g l e c t e d t h e p̂ ,_ c o n t r i h u t i o n . The n e t s u s c e p t i b i -
DD 

l i t y i s f i n a l l y o b t a i n e d b y i n t e g r a t i n g o v e r t h e v e l o c i t y d i s t r i 
b u t i o n f u n c t i o n F (v) : 

X R = CN F ( u ) X
r

 { V ) ä V
 ( 2 8 ) 

E q u a t i o n 2 7 can be i n t e g r a t e d n u m e r i c a l l y . A c l o s e d 
form S o l u t i o n i n terms o f complex e r r o r f u n e t i o n s i s a l s o e a s i l y 
d e r i v e d i f F (v) i s t a k e n as a G a u s s i a n . I n t h i s manner, i t i s 
p o s s i b l e t o show t h a t t h e o(0) t e r m i n Eq. (15) i n d e e d has t h e füll 

aa 
D o p p l e r w i d t h , whereas t h e P - J ^ t e r m i s D o p p l e r f r e e . T h e r e f o r e , 
t h e l a t t e r may e v e n t u a l l y g i v e r i s e t o t h e s t r o n g e s t l i n e s i n t h e 
spectrum under c e r t a i n thermodynamic c o n d i t i o n s , a l t h o u g h 
DL°) < o ( ° ) . A few o f t h e o t h e r s u s c e p t i b i l i t y terms i n CARS a r e 

OD a a 
a l s o D o p p l e r f r e e ; some c o n t a i n a t l e a s t one a n t i - r e s o n a n c e and 
s h o u l d be s m a l l ; o t h e r s c o n t a i n a res o n a n c e o f t h e t y p e Ü) . - Ü)I + w o , w h i c h under c e r t a i n c o n d i t i o n s on t h e c o l l i s i o n n 1 n 1 z 

r a t e s can be q u i t e l a r g e [17^24] (see d i s c u s s i o n a t t h e end o f 
2B). 

I n r e s o n a n t CSRS, t h e Raman-resonant t e r m w h i c h domi-
n a t e s i n t h e c o l l i s i o n regime i s D o p p l e r - f r e e . We have a l s o i n 
v e s t i g a t e d t h e D o p p l e r n a t u r e o f t h e s u s c e p t i b i l i t y terms i n 
S t i m u l a t e d Raman G a i n S p e c t r o s c o p y (SRGS) under a v a r i e t y o f ex
p e r i m e n t a l s i t u a t i o n s (co o r c o u n t e r - p r o p a g a t i n g l a s e r waves, and 
St o k e s o r i n v e r s e Raman g a i n measurements). Depending on t h e s e 
c o n d i t i o n s , a l a r g e number o f terms can become D o p p l e r - f r e e 
( r e f . 2 3 , addendum). Note t h a t a p a r t i a l d i s c u s s i o n o f t h i s 
same p r o b l e m had a l r e a d y been g i v e n by Hansen and Toschek [571 • 
I n s h o r t , we c o n c l u d e f r o m t h i s a n a l y s i s t h a t CSRS and SRGS i n 
p r i n c i p l e a r e b e t t e r s u i t e d t h a n CARS f o r D o p p l e r - f r e e s p e c 
t r o s c o p y ; however, we must b e a r i n mind t h a t t h e y a r e prone t o 
f l u o r e s c e n c e i n t e r f e r e n c e . 

5, CONCLUSION 

We have examined i n d e t a i l t h e t h e o r y o f CARS, we have 
p r e s e n t e d t h e key i n s t r u m e n t a l r e q u i r e m e n t s and have r e v i e w e d 
some e x p e r i m e n t a l r e s u l t s o b t a i n e d t o d a t e . I n b r i e f , CARS : 

1) g i v e s t h e same s p e c t r o s c o p i c i n f o r m a t i o n as spon
taneous Raman s c a t t e r i n g , 

2 ) i s i n s e n s i t i v e t o f l u o r e s c e n c e i n t e r f e r e n c e i n r e s o 
nance Raman work, 
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3) g i v e s e x c e l l e n t s p a t i a l r e s o l u t i o n (1mm), 
h) can g i v e good t i m e r e s o l u t i o n (10 ns) by s a c r i f i c i n g 

some d e t e c t i v i t y , 
5) i s c a p a b l e o f e x c e l l e n t s p e c t r a l r e s o l u t i o n 

( 0 . 0 3 cm"*1 on o r d i n a r y s e t - u p s , 10~3cm""1 i n s p e c i a l a p p l i c a t i o n s 
u s i n g cw s o u r c e s , 

6 ) i s e x t r e m e l y l u m i n o u s . 

CARS have a few d i s a d v a n t a g e s : 
1) t h e major d i s a d v a n t a g e s i s the* p r e s e n c e o f t h e non

r e s o n a n t background, w h i c h l i m i t s t h e d e t e c t i v i t y a t a v a l u e o f 
10 ppm t o \% depending on thermodynamic c o n d i t i o n s and s p e c i e s 
s t u d i e d , 

2) i t i s s e n s i t i v e t o l a s e r i n s t a b i l i t i e s , 
3) i t i s s u b j e c t t o S a t u r a t i o n a t t h e h i g h e r power 

l e v e l s (1 MW o r more). 
F o r t h e s e r e a s o n s , CARS w i l l o f t e n be p r e f e r r e d t o normal Raman 
S c a t t e r i n g f o r t h e f o l l o w i n g measurements : 

1) s t u d y o f r e a c t i v e media, p l a s m a s , gas l a s e r a m p l i -
f i e r s , e t c . . . , 

2) a n a l y s i s o f media c o n t a i n i n g p a r t i c u l a t e m a t t e r 
( e . g . s o o t i n g f l a m e s ) o r i n v e s t i g a t i o n o f f l o w s n e a r s o l i d 
o b s t a c l e s (as c l o s e as 50um t o t h e s u r f a c e ) , 

3) h i g h r e s o l u t i o n s p e c t r o s c o p y , 
k) resonance-enhanced Raman s p e c t r o s c o p y o f l i q u i d s 

and g a s e s . 

Due t o t h e c o s t o f a s t a t e o f t h e a r t CARS s e t - u p 
(200 0 0 0 t o 300 000$ f o r f l a m e d i a g n o s t i c s ) , t h e d e c i s i o n t o 
p r e f e r CARS t o normal Raman s h o u l d be c a r e f u l l y weighed. However, 
fu n d a m e n t a l r e s e a r c h i n a l l t h e s e a r e a s w i l l r e m a i n one o f t h e 
most a c t i v e b ranches o f m o l e c u l a r s p e c t r o s c o p y . 
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HIGH RESOLUTION CARS 

J . MORET-BAILLY 

L a b o r a t o i r e de Spectronomie m o l e c u l a i r e 
de l ' U n i v e r s i t e de DIJON 
DIJON - FRANCE 

1. INTRODUCTION 

S t a n d a r d s p e c t r o s c o p y o f s t a b l e m o l e c u l e s uses t r a n s i t i o n s 
i n d u c e d by t h e e l e c t r i c d i p o l e moment. I n t h e s e a r c h f o r a h i g h 
r e s o l u t i o n i n g a s e s , a l i m i t a t i o n was, f o r a l o n g t i m e , the 
D o p p l e r w i d t h o f t h e l i n e s , o f the o r d e r o f 100 MHz ; t h i s i s 
th e l i m i t o f g r a t i n g o r F o u r i e r t r a n s f o r m s p e c t r o m e t e r s w h i c h 
reim i n t h e most u s u a l and p r o d u c t i v e ones. 

The use o f l a s e r s i n d u c e d l a r g e improvements i n Raman spe c -
t r o m e t r y , a l l o w i n g t o r e a c h a Doppler l i m i t e d r e s o l u t i o n , m o s t l y 
by s t i m u l a t e d Raman s c a t t e r i n g (SRS) and c o h e r e n t a n t i - s t o k e s 
Raman s p e c t r o s c o p y (CARS). 

The r e s o l u t i o n o f e l e c t r i c d i p o l e s p e c t r o s c o p y has been 
i n c r e a s e d by s e v e r a l O r d e r s o f n a g n i t u d e u s i n g a n o n - l i n e a r 
p r o c e s s : s a t u r a t e d a b s o r p t i o n . I t i s t e m p t i n g t o t r y t o r e a c h 
s i m i l a r r e s u l t s i n Raman s p e c t r o s c o p y ; t h i s has been shown t o 
be p o s s i b l e by SRS i n t h e e a s i e s t c a s e , t h a t i s f o r t h e d e u t e 
r i u m m o l e c u l e (1) . The m i n problems a r e : 

- To g e t a s u f f i c i e n t s e n s i t i v i t y i n SRS o r CARS, one needs t o 
use p u l s e d l a s e r s ; b u t i t i s d i f f i c u l t t o o b t a i n .sharp and 
s t a b l e l i n e s from t h e s e l a s e r s . 

- I n many sub-Doppler e x p e r i m e n t s , the c l a s s o f m o l e c u l e s , t h e 
r a d i a l v e l o c i t y o f wh i c h i s n e g l i g i b l e , i s s e l e c t e d by a S a t u 
r a t i o n ; s o , the p r o p o r t i o n o f u s e f u l m o l e c u l e s i s low ; 
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s i m u l t a n o u s l y , t h e p r e s s u r e must be l o w e r e d t o g e t a n a r r o w 
c o l l i s i o n a l l i n e w i d t h . S h a l l we r e a c h a s u f f i c i e n t s e n s i t i v i t y ? 

- U s i n g CARS o r SRS, t h e m i x t u r e o f two l i g h t beams i n t h e 
s t u d i e d gas i s c r i t i c a l ; how i s i t p o s s i b l e t o g e t r i d o f t h e 
i n s t a b i l i t y o f t h e l a s e r s t o measure the l i g h t i n f l u e n c e o f t h e 
S a t u r a t i o n ? 

I w i l l s t u d y t h e s e t h r e e problems. 

2. NARROW-LINEWIDTH PULSED LASERS 

We need, a t l e a s t , a t u n a b l e f r e q u e n c y l a s e r . I t must be 
p o w e r f u l , the energy o f t h e p u l s e s must be o f t h e o r d e r o f a 
f r a c t i o n o f J o u l e . 

Non t u n a b l e l a s e r s 

The l a s e r must be : 

- S i n g l e mode t r a n s v e r s e ; t h i s c o n d i t i o n i s n e c e s s a r y , b o t h 
f o r a good f r e q u e n c y c o n t r o l and f o r a r e l i a b l e use o f t h e 
e m i t t e d l i g h t beam w h i c h must be w e l l mixed w i t h t h e beam o f 
a n o t h e r l a s e r . 

- S i n g l e mode l o n g i t u d i n a l l y : i n d e e d , we want a c o h e r e n c e l e n g t h 
o f a few m e t e r s , t h a t i s l a r g e r than t h e d i s t a n c e between t h e 
modes o f a r e g u l a r - s i z e d l a s e r . 

- S t a b l e ; t h e o p t i c a l l e n g t h o f t h e c a v i t y must be p r e c i s e l y 
tuned. 

L e t us l o o k a t t h e s e problems i n the r e v e r s e d o r d e r : 

a) The g e o m e t r i c a l l e n g t h o f a c a v i t y may be s t a b l e i f i t i s 
b u i l t f r om m a t e r i a l s such a s i n v a r . I f t h e l a s e r i s n o t under 
vacuum, w h i c h i s v e r y i n c o n v e n i e n t , t h e o p t i c a l l e n g t h o f t h e 
l a s e r depends on t h e t e m p e r a t u r e and t h e p r e s s u r e o f t h e atmos-
phere. The a m p l i f i c a t i n g medium o f t h e l a s e r i s never v e r y s t a b l e 
so t h a t a s t a t i c s t a b i l i z a t i o n o f t h e o p t i c a l l e n g t h o f t h e 
c a v i t y i s i m p o s s i b l e . We may o n l y hope t h a t t h e change o f t h e 
r e f r a c t i v e i n d e x o f t h i s medium be low enough d u r i n g a l a s e r 
p u l s e t o o b t a i n a s h a r p l i n e . A f t e r a p u l s e , the a m p l i f i c a t i n g 
medium must r e c o v e r i t s i n i t i a l s t a t e b e f o r e the n e x t s h o t ; 
i f t h e r e c o v e r y i s f a s t enough, t h e e v o l u t i o n o f t h e remainder 
o f the l a s e r may be weak between two s h o t s , s o t h a t a f e e d - b a c k 
s t a b i l i z a t i o n o f t h e f r e q u e n c y i s p o s s i b l e . Thus, t h e s l o w 
c o o l i n g o f t h e s o l i d l a s e r c r y s t a l s a p p e a r s a s a f u n d a m e n t a l 
l i m i t a t i o n o f the use o f t h e s e l a s e r s i n v e r y h i g h r e s o l u t i o n 
s p e c t r o s c o p y . 
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b) We suppose now t h a t t h e o p t i c a l l e n g t h o f the c a v i t y i s w e l l 
tuned ; i t remains t o s e l e c t t h e r i g h t l o n g i t u d i n a l mode ; t h i s 
i s n o t e a s y i f t h e g a i n bandwidth o f the l a s e r i s l a r g e because 
t h e s e t t i n g o f mode s e l e c t o r s i s d i f f i c u l t i n p u l s e d l a s e r s , 
and i t i n d u c e s a g r e a t l o s s o f energy ; t h i s i s the second 
i n c o n v e n i e n t o f s o l i d State l a s e r s . So a gas l a s e r a p p e a r s more 
c o n v e n i e n t , b u t t h e f o l l o w i n g c o n d i t i o n s must be f u l f i l l e d : 

- A low p r e s s u r e f o r a s h a r p c o l l i s i o n a l bandwidth. B u t , c o n s e -
q u e n t l y , t h e d e n s i t y o f e nergy i s low. 

- The e f f i c i e n c y o f t h e l a s e r must be h i g h t o g e t l i t t l e p e r t u r 
b a t i o n s i n the l a s e r medium d u r i n g the pumping. 

- The l i n e w i d t h must n o t be s t r e t c h e d by Zeeman, S t a r k . . . e f f e c t s . 

T h e r e i s u n h a p p i l y no l a s e r e q u i v a l e n t t o the C 0 2 l a s e r i n 
the v i s i b l e o r near i n f r a r e d . I t seems t o me t h a t the l a s e r 
w h i c h uses t h e a t o m i c i o d i n e made by p h o t o l y s e o f an o r g a n i c 
Compound s h o u l d be t h e most c o n v e n i e n t (2) . 

c) To g e t a t r a n s v e r s e monomode l a s e r , unwished modes must be 
damped. T h i s i s d i f f i c u l t f o r a low p r e s s u r e gas l a s e r , such a s 
t h e i o d i n e l a s e r : a s t h e volume o f gas i s l a r g e , t h e d i a m e t e r 
o f t h e p i p e w h i c h c o n t a i n s i t i s l a r g e t o o , so t h a t t h e geometry 
o f t h e system i s a l m o s t t h e same f o r many modes. I t i s d i f f i c u l t 
t o i n t r o d u c e a t e l e s c o p e i n t h e c a v i t y o f t h e l a s e r ; s o , i t 
seems e a s i e r t o use a r i n g l a s e r geometry. 

T u n a b l e l a s e r s 

Dye l a s e r s a r e the most used t u n a b l e l a s e r s i n t h e v i s i b l e . 
As i t i s v e r y d i f f i c u l t t o b u i l d a p u l s e d l a s e r s t a b l e s p a c i a l l y , 
i n f r e q u e n c y and i n t e n s i t y , i t i s needed t o a m p l i f y a c o n t i n u o u s 
wave l a s e r . The a m p l i f i c a t i o n o f a beam i n a s m a l l c e l l o f dye 
pumped by a l a s e r i s e a s i l y done ; f o r good r e s u l t s , t h e beam 
o f t h e pumping l a s e r must be o p t i c a l l y good ; s o , a Nd-YAG l a s e r , 
w i t h f r e q u e n c y d o u b l i n g , i s v e r y c o n v e n i e n t . B u t the p u l s e s o f 
t h e s e l a s e r s a r e u s u a l l y s h o r t (- 20 ns) s o t h a t the s h a r p n e s s 
o f t h e l i n e s i s l i m i t e d . These l a s e r s a r e v e r y e x p a n s i v e t o o i f 
some power i s needed. 

I n th e i n j e c t i o n dye p u l s e d l a s e r , t h e s e l e c t i o n o f a mode 
r e s u l t s p a r t l y from t h e i n i t i a l p r e s e n c e o f a s u f f i c i e n t energy 
d e n s i t y c r e a t e d by a cw l a s e r . The cw l a s e r and the c a v i t y l e n g t h 
must be tuned so t h a t t h e r e i s no f r e q u e n c y s h i f t d u r i n g the 
p u l s e . To g e t the t u n e , t h e l e n g t h o f t h e c a v i t y i s g e n e r a l l y 
m o d u lated and the s h o t i s s t a r t e d a t the c o n v e n i e n t t i m e . F o r 
CARS s p e c t r o s c o p y , we need s i m u l t a n e o u s p u l s e s o f t h e two l a s e r s ' 
and a more s o p h i s t i c a t e d t u n i n g System i s necessary. 
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The dye i s e x c i t e d by f l a s h e s . The d u r a t i o n o f a p u l s e i s o f t h e 
o r d e r o f 1 ys so t h a t t h e l i n e s may be Sharp. 

3. INTENSITIES OF CARS LINES 

To i n c r e a s e t h e r e s o l u t i o n o f a gas s p e c t r u m , the p r e s s u r e 
must be l o w e r e d . I t i s i m p o r t a n t t h a t t h e o b s e r v e d CARS i n t e n s i t y 
does n o t d e c r e a s e t o o f a s t v e r s u s the p r e s s u r e . An e l e m e n t a r y 
t h e o r y l e a d s t o d i s t u r b i n g r e s u l t s : 

I n a b s o r p t i o n o r c l a s s i c a l Raman s p e c t r o s c o p y , the l i n e s h a p e s 
(of s i m p l e t r a n s i t i o n s ) a r e s i m p l e a n d e a s y t o compute i n two 
f i e l d s o f p r e s s u r e : p r e s s u r e b r o a d e n i n g and D o p p l e r b r o a d e n i n g . 
I n t h e f i r s t c a s e , t h e l i n e w i d t h i s r o u g h l y p r o p o r t i o n a l t o t h e 
p r e s s u r e , s o t h a t , u s i n g monochromatic l a s e r s , t h e number o f 
e x c i t e d m o l e c u l e s does n o t depend on t h e p r e s s u r e ; t h e p o l a 
r i z a t i o n w h i c h g i v e s a CARS s i g n a l (CARS p o l a r i z a t i o n ) and t h e 
CARS i n t e n s i t y a r e , s o , ind e p e n d a n t o f t h e p r e s s u r e . 
I n t h e second c a s e , t h e l i n e w i d t h does n o t depend on t h e p r e s s u r e 
we may t h i n k t h a t a c o n s t a n t p r o p o r t i o n o f t h e m o l e c u l e s i s 
tuned and c r e a t e s a CARS p o l a r i z a t i o n a n d , s o , a CARS a m p l i t u d e 
p r o p o r t i o n a l t o t h e p r e s s u r e , i . e . a n i n t e n s i t y p r o p o r t i o n a l t o 
th e s q u a r e o f t h e p r e s s u r e . H a p p i l y , t h e e x p e r i m e n t shows t h a t 
t h i s answer i s wrong because i t i m p l i c i t l y assumes t h a t one 
may c o n v o l u t e D o p p l e r and c o l l i s i o n a l l i n e w i d t h s i n a n o n - l i n e a r 
p r o c e s s I 

The e x p e r i m e n t shows t h a t i f t h e l a s e r s a r e a l m o s t monochro
m a t i c t h e CARS s c a t t e r e d i n t e n s i t y i s , i n t h e Do p p l e r r e g i o n 
aLnnost p r o p o r t i o n a l t o t h e p r e s s u r e . The d i p o l e i n d u c e d i n a 
tuned m o l e c u l e depends on t h e p r e s s u r e : i n d e e d the a m p l i t u d e 
o f a n o s c i l l a t o r i n c r e a s e s w i t h t i m e u n t i l a c o l l i s i o n s t o p s 
i t o r u n t i l a change o f phase (due t o a n a p p r o x i m a t e t u n i n g ) 
d e c r e a s e s i t ; i f t h e c o l l i s i o n s a r e n o t f r e q u e n t t h e mean 
v a l u e o f t h e d i p o l e i s l a r g e r . An a p p r o x i m a t e c o m p u t a t i o n l e a d s 
t o t h e l i n e a r r u l e ( 3 ) . 

4. SATURATION IN CARS PROCESS 

When two l a s e r s o f p u l s a t i o n s w andu) s e x c i t e a g a s , many 
phenomena appear ; i n p a r t i c u l a r , ^ beyond CARS, m o l e c u l e s 
a r e pumped t h r o u g h s t i m u l a t e d Raman. T h i s pumping i s p r o p o r t i o n a l 
t o t h e i n t e n s i t y o f each l a s e r and t o t h e d i f f e r e n c e o f popu-
l a t i o n s ; i t l e a d s t o make t h e p o p u l a t i o n s o f t h e upper and 
lower l e v e l s e q u a l and c o n s e q u e n t l y t o d e c r e a s e the CARS s i g n a l . 
So, we o b t a i n a S a t u r a t i o n o f t h e CARS s i g n a l w h i c h i s e a s i l y 
o b s e r v e d u s i n g p o w e r f u l s o u r c e s . 

L e t us show t h a t t h i s S a t u r a t i o n may be used t o do a D o p p l e r -
f r e e CARS s p e c t r o s c o p y . 
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Two monochrcmatic p l a n e waves p r o p a g a t i n g a l o n g t h e x a x i s 
a r e n o r m a l l y r e f l e c t e d by a m i r r o r . The f i e l d s Ep a n d E s

 a ^ e 

g i v e n v e r s u s t h e a m p l i t u d e and E O by 

= 2 E s i n u) t c o s 
OJ x 
P 

OJ X 

F = 2 E s i n Ü> t c o s 
L s s s c 

L e t us assume f i r s t t h a t t h e m o l e c u l e s a r e s t e a d y and t h a t 
t h e p u l s a t i o n s o f an i s o l a t e d Raman t r a n s i t i o n i s |O J - u> |. The 
p o l a r i z a t i o n o f t h e m o l e c u l e s i s : p 

P = a(1 - 2b l E p E / ) Ep 2 E s 

where b i s a c o e f f i c i e n t c o n n e c t e d t o t h e S a t u r a t i o n ; w r i t i n g 
t h i s f o r m u l a , we suppose t h a t t h e Raman pumping i s low ; t h e 
"two" b e f o r e b t a k e s i n t o a c c o u n t t h e pumping by t h e f o r w a r d 
and backward waves. From t h e p o l a r i z a t i o n P, we e x t r a c t t h e 
CARS component a t t h e p u l s a t i o n w, = 2 CD - OJ : 

= 2a F 2 E (1 - 32b F 2 E 2 c o s 2 OJ — c o s 2 OJ — ) d i? s \ L-p L s p c s c / 

OJ X OJ X 

s i n (2OJ - OJ ) t c o s 2 — - — — c o s 
v p s c c 

I f t h e p o l a r i z e d medium between h x and h 2 i s homogeneous, 
t h e CARS f i e l d , f o r x l a r g e , i s g i v e n by 

Ed = J_ h ; j h i
 2 a f V Es0 - 3 2 b Ep 2 E s

2 c o s * _ £ 

OJ X K O J X O J X ^ (Ü, X 
9 s \ , p s / . d D S 2 • ) c o s 2 — c o s — ( s i n Ü J t c o s • — c / c c \ d c 

w d X \ c o s OJ , t s i n ) dx d c / 
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where f i s a c o e f f i c i e n t c o n n e c t e d w i t h t h e geometry o f the 
system. The f i r s t i n t e g r a l i s r e l a t e d t o t h e a m p l i t u d e r e f l e c t e d 
on t h e m i r r o r . The term c o n t a i n i n g c o s w^t may be c a n c e l l e d 
because we have an even i n t e g r a l o f a n odd f u n c t i o n . As hx~hz 
i s l a r g e compared t o t h e w a v e l e n g t h s t h e o n l y terms g i v i n g a 
s i g n i f i c a n t c o n t r i b u t i o n a r e t h o s e w h i c h have a non-zero mean 
v a l u e ( i n x ) . So, t h e f i e l d may be w r i t t e n 

where g i s a c o n s t a n t . 

L e t us c o n s i d e r now t h e t h e r m a l v e l o c i t y o f t h e m o l e c u l e s 
i f |u)p - O J s | i s e q u a l t o t h e Raman t r a n s i t i o n p u l s a t i o n , the 

p r e c e d i n g c o m p u t a t i o n may be a p p l i e d t o t h e m o l e c u l e s t h e speed 
component o f w h i c h a l o n g Ox ( r a d i a l speed) may be n e g l e c t e d 
( t h a t i s when the component o f t h e d i s p l a c e m e n t between two 

c o l l i s i o n s i s l e s s t h a n t h e w a v e l e n g t h — 7 T C - • ) . B u t i f the 

D o p p l e r e f f e c t i s needed f o r t h e r e s o n a n c e , t h e a c t i v e m o l e c u l e s 
a r e o n l y e x c i t e d by one o f t h e p r o g r e s s i v e waves : t h e f a c t o r 2 
which we i n t r o d u c e d b e f o r e b must be s u p p r e s s e d . 
So, t h e D o p p l e r shape o f t h e CARS l i n e has a d i p , t h e w i d t h o f 
which i s a c o l l i s i o n a l w i d t h (or t h e n a t u r a l w i d t h i f the 
p r e s s u r e i s v e r y l o w ) . 

I t i s easy t o o b s e r v e a CARS s i g n a l because i t s w a v e l e n g t h 
i s d i f f e r e n t from t h e w a v e l e n g t h s o f the two l a s e r s . B u t i t 
i s d i f f i c u l t t o mix two l a s e r beams, and t h e m i x t u r e i s e a s i l y 
d i s t u r b e d by v e r y s m a l l changes i n a p u l s e d l a s e r o r i n an 
a m p l i f i e r o r by t h e r m a l changes i n t h e sample ; s o , t h e CARS 
s i g n a l i s n o i s y and i t seems d i f f i c u l t t o e x t r a c t a s m a l l 
D o p p l e r - f r e e s i g n a l f r om t h e remainder o f t h e CARS s i g n a l . 
H a p p i l y , i t i s easy t o f i n d methods w h i c h a l l o w t o g e t the p u r e 
D o p p l e r - f r e e s i g n a l . We propose t h e f o l l o w i n g method : 
we suppose, t o s i m p l i f y , t h a t t h e t h r e e beams w i t h p u l s a t i o n s 
OJ , tu , and OJ, have t h e same p o l a r i z a t i o n ; we i n t r o d u c e a s e c o n d s' p d ^ 
system o f Standing waves e q u i v a l e n t t o t h e preceding, b u t w h i c h 
may be d i s t i n g u i s h e d by t h e p o l a r i z a t i o n . The two Systems a r e 
s h i f t e d by a h a l f f r i n g e by a phase change o f TT when t h e r e f l e -
x i o n o f one o f t h e p o l a r i z a t i o n s t a k e s p l a c e . 



P polarizer 

Ls+Lp 

( m~ 
C 1 

F i g u r e 1 ; E x p e r i m e n t for :;acui:ated ( D o p p l e r - f r e e ) CARS S p e c t r o s c o p y 

L + L : common i n c i d e n t beam o f t h e two s o u r c e - l a s e r s ( p u l s a t i o n s OJ , OJ ' s p s i> 

Mx M 2 : Monochromators f i l t e r i n g t h e CARS f r e q u e n c y OJ^ 

P : P o l a r i z e r ( i f n e c e s s a r y ) 
S : Sample (gas c e l l ) 
L : Lens 

F : G l a s s p r i s m 
G : G l a n p r i s m 

CjC-j: P h o t o m u l t i p l i e r s 

o 

w 
o 
c H 
i—I O 
o 
> 
CO 

The f o u r r e f l e x i o n s i n t h e p r i s m F i n t r o d u c e a phase s h i f t o f TT between the two p o l a r i z a t i o n s i f i t s 
r e f r a c t i v e i n d e x i s 1 ,554 and i f i t s a n g l e s a r e TT/2, TT/4, 3TT/4. One o f t h e c e l l s Cx , C 2 g i v e s a 
D o p p l e r - f r e e s i g n a l , t h e o t h e r t h e regulär s i g n a l , i f P and G a r e c o n v e n i e n t l y r o t a t e d . 
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I f t h e i n t e n s i t y r a t i o for t h e two p o l a r i z a t i o n s i s large, 
t h e Saturation may be neglected f o r one o f t h e CARS Signals : 
s o , a p o l a r i z e r may p r o d u c e a c a n c e l l a t i o n o f t h e D o p p l e r -
s h i f t e d Signals. A straightforward computation g i v e s t h e b e s t 
p o l a r i z a t i o n angles, and t h e precise tuning may be s e t using 
low power l a s e r p u l s e s . F i g u r e 1 i s t h e drawing o f a simple 
experimental apparatus. 

5. CONCLUSION : COMPARISON OF CARS AND SRS SPECTROSCOPY;. 

B o t h techniques g i v e s p e c t r a using Standard cw l a s e r s (power 
o f t h e order o f 1 W) (4) ( 5 ) . The detection o f t h e s i g n a l i s 
sophisticated i n both c a s e s , but, however the s i g n a l i s so low 
that t h e resolution i s l i m i t e d by pressure broadening, n o t by 
D o p p l e r broadening or by t h e i n s t a b i l i t y o f the l a s e r s . So, i t 
a p p e a r s that t h e methods a r e somewhat e q u i v a l e n t i n t h e c a s e o f 
strong Raman t r a n s i t i o n s . 

The use of p u l s e d l a s e r s l e a d s t o a much more s e n s i t i v e 
spectroscopy. So b e t t e r r e s u l t s w i l l be obtained, but probably 
i n d i f f e r e n t areas because i t seems to me that the two methods 
have d i f f e r e n t advantages and i n c o n v e n i e n t s : 

a) leaving constant the average power, the use of pulsed l a s e r s 
increases CARS s i g n a l ; on the contrary, i t allows only a better 
detection o f SRS s i g n a l . 

b) t h e i n t e n s i t i e s o f SRS Signals are proportional to the Raman 
i n t e n s i t i e s ( t h o s e in regulär Raman scattering). CARS Signals 
are proportional to the square of these i n t e n s i t i e s : SRS appears 
better for the study o f weak l i n e s . 

F o r r e l a t i v e l y strong l i n e s , CARS i s very manageable and the 
only problem to obtain an useful D o p p l e r - f r e e s p e c t r o s c o p y i s 
to have convenient l a s e r s . Indeed, the Saturation i s very com
monly observed i n CARS and the Observation of D o p p l e r - f r e e 
spectra does not need t h r e e sources as the Observation o f SRS 
S a t u r a t i o n . I have t r i e d t o explain why J.P. BOQUILLON (6) and 
H. BERGER develop respectively CARS and SRS e x p e r i m e n t s i n my 
lab. I am sure that within a few years, many labs w i l l obtain 
sub-Doppler spectra ! 
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1. INTRODUCTION 

Even though CARS i s a r e l a t i v e l y new t e c h n i q u e , i t s advan
tag e s over c o n v e n t i o n a l Raman s p e c t r o s c o p y have been d e s c r i b e d 
on many o c c a s i o n s [ 1 - 4 ] . These v i r t u e s , i t i s c l a i m e d , make i t a 
p a r t i c u l a r l y p o w e r f u l method f o r a v a r i e t y of c h e m i c a l a p p l i c a t i o n s . 
I n s p i t e of the p r o m i s i n g c a p a b i l i t i e s , however, r e l a t i v e l y few 
r e p o r t s have appeared i n the l i t e r a t u r e u t i l i z i n g CARS f o r s t u d y -
i n g c h e m i c a l phenomena i n the gas phase. Of th o s e t h a t have been 
p u b l i s h e d most c o n c e r n v a r i o u s d i a g n o s t i c s of processes o c c u r i n g 
i n plasmas or d u r i n g c o m b u s t i o n , and the r e s o l u t i o n of pure 
r o t a t i o n a l o r r o t a t i o n - V i b r a t i o n t r a n s i t i o n s i n s m a l l m o l e c u l e s . 
As f a r as we a r e aware, t h e r e have been v i r t u a l l y no a p p l i c a t i o n s 
of CARS to the c l a s s i c a l c h e m i c a l problem of c o n f o r m a t i o n a l ana
l y s i s . Yet two f e a t u r e s of CARS i n p a r t i c u l a r c o u l d be e x p l o i t e d 
a d v a n t a g e o u s l y f o r t h a t p u r p o s e , namely the i n t e n s i t y enhancement 
and the h i g h e r r e s o l u t i o n c a p a b i l i t y . The l a t t e r a s p e c t g a i n s 
s p e c i a l importance when viewed w i t h t h e r e c e n t developments i n 
th e domain of i n f r a r e d s p e c t r o s c o p y , where e q u a l o r b e t t e r r e s o 
l u t i o n and d e t e c t i o n of lower s i g n a l l e v e l s a r e becoming a v a i l a b l e 
r o u t i n e l y t hrough the t e c h n i q u e of FT i n t e r f e r o m e t r y . One r e a s o n , 
and p o s s i b l y the major one we s u s p e c t , f o r the d e l a y i n r e a l i z i n g 
CARS' promise i s the f a c t t h a t i t s t i l l i s v e r y much the s p e c i a -
l i s t ' s t o o l . 

One a r e a of c o n f o r m a t i o n a n a l y s i s w h ich i n the p a s t has 
g e n e r a t e d c o n s i d e r a b l e i n t e r e s t from the i n f r a r e d and Raman spec-
t r o s c o p i s t s i s the study of the s k e l e t a l d e f o r m a t i o n s of f o u r - , 
f i v e - , and six-membered r i n g Compounds. Examples of t h i s i n t e n s i v e 
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a c t i v i t y a r e g i v e n i n a n o t h e r s e c t i o n i n t h i s book [ 5 ] . The v i 
b r a t i o n s g e n e r a l l y a r e p i c t u r e d as slow ponderous moti o n s t h a t 
r e q u i r e r e l a t i v e l y l i t t l e e x c i t a t i o n energy. Because of the t y p e 
of i n t r a m o l e c u l a r f o r c e s t h a t come i n t o p l a y , namely a b a l a n c e 
of t o r s i o n s about s i n g l e bonds and the s t r a i n of r e s t r i c t i n g the 
s k e l e t a l bond a n g l e s , the v i b r a t i o n s u s u a l l y a l s o a r e anharmonic 
i n n a t u r e . As a r e s u l t one observes sequences of t r a n s i t i o n s e i t h e r 
between about 50 t o 300 cm-1 o r as c o m b i n a t i o n s w i t h o t h e r modes 
of Vibration from t h e r m a l l y populated energy l e v e l s . The s p a c i n g 
of the t r a n s i t i o n s may v a r y from <0.1 t o 100 o r more cm" 1, de-
pending l a r g e l y upon the a n h a r m o n i c i t y o f the V i b r a t i o n . The 
c h e m i c a l i n t e r e s t i n the s t r u c t u r a l and dynamic a s p e c t s of t h e 
phenomenon has a l o n g and e x c i t i n g h i s t o r y . As f a r as these r i n g 
Compounds a r e c o n c e r n e d , i t i s i m p o r t a n t t o know whether one o r 
more s t a b l e c o n f o r m a t i o n s can e x i s t i n normal c i r c u m s t a n c e s , 
what t h e i r m o l e c u l a r s t r u c t u r e would be, and what energy may be 
r e q u i r e d t o go from one t o a n o t h e r c o n f o r m a t i o n . I n f a v o u r a b l e 
c a s e s one c o u l d hope t o l e a r n about the r e l a t i v e f o r c e s t h a t d e t e r 
mine the s t r u c t u r e s and the dynamic p a t h v i a which the s t r u c t u r e s are 
c o n v e r t e d from one t o a n o t h e r . A l l t h e s e g o a l s , of c o u r s e , can 
be c i t e d f o r c o n f o r m a t i o n a l a n a l y s i s i n g e n e r a l , and a number of 
p h y s i c a l - c h e m i c a l methods have been and s t i l l a r e b e i n g used f o r 
t h a t purpose. I n f r a r e d and Raman s p e c t r o s c o p y , however, occupy 
a s p e c i a l p l a c e as an a n a l y t i c a l t o o l i n the r e s p e c t t h a t the 
sequences r e s u l t i n g from the s k e l e t a l d e f o r m a t i o n s i n most c a s e s 
show up r a t h e r p r o m i n e n t l y . Indeed, vapour phase i n f r a r e d and 
Raman s p e c t r o s c o p y remain the most d i r e c t way of g a i n i n g the 
d e s i r e d i n f o r m a t i o n f o r t h e s e r i n g Compounds i n the gaseous phase. 

F i n a l l y , one needs t o ask how CARS i n p a r t i c u l a r c o u l d 
c o n t r i b u t e . As w i l l be seen, r e s o l u t i o n f r e q u e n t l y l i m i t s o n e 1 s 
a b i l i t y t o e s t a b l i s h the more s u b t l e a s p e c t s of the s k e l e t a l de
f o r m a t i o n s . I t Stands t o r e a s o n , t h e r e f o r e , t h a t a t l e a s t the 
hope would l i n g e r t h a t CARS might p r o v i d e the d e s i r e d and n e c e s 
s a r y i n f o r m a t i o n , complementary t o i n f r a r e d . 

To the b e s t of our knowledge, our r e c e n t work on the f o u r -
membered r i n g Compound t r i m e t h y l e n e o x i d e ( a l s o known as oxetan) 
at the moment c o n s t i t u t e s the o n l y a p p l i c a t i o n of CARS t o t h e 
c o n f o r m a t i o n a l a n a l y s i s of c y c l i c Systems. I n t h i s a r t i c l e , 
t h e r e f o r e , a f t e r a v e r y b r i e f r e v i e w of p r e v i o u s work we w i l l 
b r i n g i n t o f o c u s the n e c e s s a r y i n t e n s i t y c o n s i d e r a t i o n s and then 
d e s c r i b e examples of the r e s u l t s we o b t a i n e d , c o n c l u d i n g w i t h 
our thoughts about the f u t u r e of CARSfor t h i s k i n d of a p p l i c a t i o n s . 

2 . BRIEF REVIEW OF RING PUCKERING 

The name r i n g p u c k e r i n g has been c o i n e d t o d e s c r i b e the 
o u t - o f - p l a n e d e f o r m a t i o n of a four-membered r i n g Compound. 
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Depending on the r e l a t i v e magnitudes of t h e i n t r a m o l e c u l a r f o r c e s , 
t h e r i n g s k e l e t o n e i t h e r w i l l be p l a n a r , o r more o r l e s s p u c k e r e d . 
I n t h e l a t t e r e v e n t , and f o r m o l e c u l e s w h i c h a r e Symmetrie about 
t h e i r m o l e c u l a r p l a n e , t h e r e e x i s t two e q u i v a l e n t c o n f o r m a t i o n s 
separated by a b a r r i e r t o i n v e r s i o n . A l t h o u g h i t was suggested a l -
r e a d y i n 1945 t h a t t h i s i n v e r s i o n V i b r a t i o n s h o u l d have a f o u r t h 
power dependence on a s u i t a b l e c o o r d i n a t e , l a t e r s p e c t r o s c o p i c 
i n v e s t i g a t i o n s e s t a b l i s h e d t h a t a q u a d r a t i c - q u a r t i c p o t e n t i a l 
f u n c t i o n b e s t d e s c r i b e s the m o l e c u l a r m o t i o n . The s i m p l e s t and 
g e n e r a l l y most s u c c e s s f u l model, t h e r e f o r e , has as i t s b a s i s t h e 
f u n c t i o n 

V(X) = a x 4 + b X 2 , (1) 

X b e i n g a s u i t a b l e v a r i a b l e t h a t d e s c r i b e s the m o t i o n . I n the 
c a s e of a puckered r i n g , "b" i s a n e g a t i v e q u a n t i t y and i t s 
magnitude r e l a t i v e t o " a n determines t h e h e i g h t of t h e i n v e r s i o n 
b a r r i e r ( e q u a l t o b 2 / 4 a ) . The f u n c t i o n then i s s a i d t o d e s c r i b e 
a d o u b l e minimum S i t u a t i o n . 

F o r t r i m e t h y l e n e o x i d e , CH 2CH2CH 20 ( a b b r e v i a t e d as TMO 
f r o m h e r e o n ) , the s p e c t r o s c o p i c r e s u l t s e s t a b l i s h e d a n e a r 
p l a n a r r i n g w i t h an i n v e r s i o n b a r r i e r below t h e z e r o p o i n t v i 
b r a t i o n a l l e v e l . The S i t u a t i o n i s g r a p h i c a l l y d e p i c t e d i n F i g u r e 
1. The p u c k e r i n g p o t e n t i a l f u n c t i o n i s drawn f o r the c o n d i t i o n 
when a l l o t h e r modes of V i b r a t i o n a r e i n t h e i r ground s t a t e 
( i . e . a l l v " = 0 ) , and w i t h one p a r t i c u l a r mode i n i t s f i r s t 
e x c i t e d s t a t e ( v ! = 1 ) . The p u c k e r i n g energy l e v e l s i n each c a s e 
a r e d e s i g n a t e d by v" and v f , r e s p e c t i v e l y . A l s o shown a r e the 
p u r e p u c k e r i n g t r a n i i t i o n s ^ t h a t a r e o b s e r v e d i n the c o n v e n t i o n a l 
Raman spectrum ( i . e . Av = 0 and Av = 2 ) , and p o s s i b l e combi
n a t i o n t r a n s i t i o n s w i t h t h e second^mode as one might o b s e r v e 
by e i t h e r i n f r a r e d o r Raman methods, depending on s e l e c t i o n 
r u l e s ( i n t h i s c a s e , Av = 1, AVp = 0 ) . 

The d i s c u s s i o n thus f a r i s n e c e s s a r i l y s i m p l e and b r i e f . 
I n o r d e r t o be a b l e t o a p p r e c i a t e c o m p l i c a t i o n s t h a t w i l l appear 
l a t e r i n the a r t i c l e , some more s u b t l e p o i n t s s h o u l d be n o t e d . 
One i s t h a t r o t a t i o n a l t r a n s i t i o n s a lways aecompany v i b r a t i o n a l 
t r a n s i t i o n s . A l t h o u g h the s e l e c t i o n r u l e s a r e q u i t e s p e c i f i c , 
t h e e f f e c t i v e r o t a t i o n a l c o n s t a n t s i n t h e d i f f e r e n t v i b r a t i o n a l 
s t a t e s may i n f a c t d i f f e r , so much so t h a t the combined t r a n s i t i e n s 
may d i s t o r t the band c o n t o u r s t h a t one would n o r m a l l y e x p e c t . 
The second p o i n t i s t h a t the r i n g p u c k e r i n g c o o r d i n a t e w h i ch 
f o r m u l a t e s t h e p o t e n t i a l i n E q u a t i o n (1) may be too s i m p l e . W h i l e 
f o r r e a s o n s of s i m p l i c i t y i t i s u s u a l l y p i c t u r e d as a d i s p l a c e -
ment of the s k e l e t a l atoms out of t h e m o l e c u l a r p l a n e , t h e CH^ 
g roups t h e r e b y m a i n t a i n i n g l o c a l C 2 v symmetry, t h e r e a l c o o r d i n a t e 
o f c o u r s e c o u l d be a c o m b i n a t i o n of m o t i o n s of the heavy atoms 
and the hydrogen atoms i n an u n d e t e r m i n e d way. A number of 
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F i g . 1 Schematic of p u c k e r i n g p o t e n t i a l f u n e t i o n s and energy 
l e v e l s of TMO f o r t h e ground S t a t e of a l l o t h e r v i b r a t i o n s 
(v F !=0) and the f i r s t e x c i t e d S t a t e of a second mode (v' = 1); 
Vp and Vp d e s i g n a t e the p u c k e r i n g quantum numbers i n the two 
s t a t e s , r e s p e c t i v e l y ; t h e pure p u c k e r i n g Raman t r a n s i t i o n s 
(Av =2) and Av =0 c o m b i n a t i o n t r a n s i t i o n s a r e a l s o shown. 

P P 
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r e f i n e m e n t s have been atte m p t e d with v a r y i n g degrees of success. 
F o r the e x c i t e d s t a t e i n an o t h e r mode i t i s customary t o r e f e r 
t o the p o t e n t i a l as an e f f e c t i v e f u n c t i o n , i n d i c a t i n g t h a t one 
i s not c e r t a i n t o what e x t e n t the p u c k e r i n g Vibration c o u p l e s 
w i t h any one o r more of the o t h e r v i b r a t i o n s . I n g e n e r a l one 
can judge the v e r a c i t y of the a p p r o x i m a t i o n s made by the model 
i n i n d i v i d u a l c a s e s by how c l o s e one can c a l c u l a t e the p u c k e r i n g 
t r a n s i t i o n s w i t h a o n e - d i m e n s i o n a l H a m i l t o n i a n t h a t i n c o r p o r a t e s 
the p o t e n t i a l f u n c t i o n (1) i n the u s u a l quantum m e c h a n i c a l way. 
F i n a l l y , the reduced mass f o r the puckering m o t i o n which e n t e r s 
i n t o t h e c o m p u t a t i o n t h r o u g h the k i n e t i c energy p a r t of the 
H a m i l t o n i a n i s assumed to remain constant during the Vibration. 
T h i s need not be the case and improvements have been demonstrated 
when some f u n c t i o n a l dependence of the reduced mass i s i n c l u d e d . 

Over the p a s t few y e a r s a number of e x c e l l e n t r e v i e w s have 
been w r i t t e n , to w h ich the r e a d e r i s r e f e r r e d f o r a l e s s c u r s o r y 
i n t r o d u c t i o n and more d e t a i l e d i n f o r m a t i o n [ 6 - 1 1 ] . The f o r e g o i n g 
b r i e f d i s c u s s i o n i s i n t e n d e d to s e t the s t a g e f o r the i n t e r -
p r e t a t i o n of the r e s u l t s t h a t f o l l o w . 

3. SELECTION RULES AND INTENSITIES 

In t h i s s e c t i o n we s h a l l f i r s t r e v i e w the g e n e r a l Raman 
s e l e c t i o n r u l e s p a r t i c u l a r l y as they a r e a f f e c t e d by the p u c k e r i n g 
V i b r a t i o n . We w i l l then c o n s i d e r the f a c t o r s t h a t d i c t a t e the 
i n t e n s i t i e s so t h a t we may be a b l e t o p r e d i c t q u a l i t a t i v e l y the 
r e l a t i v e CARS i n t e n s i t i e s t h a t would be e x p e c t e d . A l l the i n f o r 
m a t i o n needed t o f o r m u l a t e the f i r s t p a r t , namely the s e l e c t i o n 
r u l e , i s c o n t a i n e d i n H e r z b e r g [ 1 2 ] , a l t h o u g h w i t h r e s p e c t t o the 
p u c k e r i n g motion i t was f i r s t thought out c l e a r l y i n Ref. 13 t o 
w h i c h the r e a d e r i s r e f e r r e d i f the f o l l o w i n g d i s c u s s i o n i s not 
s u f f i c i e n t l y c l e a r . 

A c c o r d i n g t o P l a c z e k T s c l a s s i c a l Raman t h e o r y [14] v i b r a t i o n 
a l Raman s c a t t e r i n g becomes o b s e r v a b l e when a change of the 
p o l a r i z a b i l i t y , a ^ j , accompanies the Vibration (a-[j b e i n g an 
element i n the m o l e c u l a r p o l a r i z a b i l i t y t e n s o r ) . S i n c e i t i s 
found t h a t the O l — T s need not be l i n e a r f u n e t i o n s of the v i b r a 
t i o n a l c o o r d i n a t e s , one c u s t o m a r i l y expands the t e n s o r elements 
i n a T a y l o r s e r i e s about a s u i t a b l e r e f e r e n c e c o n f i g u r a t i o n of 
the m o l e c u l e which in the p u c k e r i n g case i s u s u a l l y t a k e n to be 
the p l a n a r form. In the f o l l o w i n g e x p r e s s i o n we s e p a r a t e the 
p u c k e r i n g c o o r d i n a t e , X, from the o t h e r normal modes: 

a . . = a?, + 
o 

/3a. . d2a. . 
L I 

3x 2 o 
X 2 + 
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/93 OL \ 

X 2 Q s +
r ^ 9 X 9 Q r 9 Q s j o XQ rQ g + h i g h e r terms (2) 

/9 3a. . 
V LL_ 
L\ 9X 2 3Q 

The summations e x t e n d o v e r a l l normal c o o r d i n a t e s r , s = 1 t o 
3N - 7, exc e p t the p u c k e r i n g c o o r d i n a t e , X. 

In i t s p l a n a r f o r m TMO b e l o n g s t o the C 2 v (mm2) symmetry 
p o i n t group. W i t h i n t h a t group the p o l a r i z a b i l i t y elements span 
the f o l l o w i n g symmetry s p e c i e s : 

1 a , a , a xx yy z z 
z,A i 

A 0: a 2 x y 
B,: a 
1 x z 

B 0: a 
2 yz 

x,B 

S i n c e the e x p a n s i o n s cannot a l t e r the o v e r a l l symmetry of each 
p o l a r i z a b i l i t y e l e m e n t , o n l y c e r t a i n terms a r e p e r m i t t e d . For 
example, the symmetry a l l o w e d terms f o r a.. ( i = x,y, o r z ) , 
remembering t h a t t h e p u c k e r i n g c o o r d i n a t e 1 o " e l o n g s to B^ 9 a r e : 

I 9a.. \ 

(same 
symmetries) 

9 2a. . 
i i 

9X 2 

/ 9 2a. .\ 
XQ + s 

, 9 2a.. \ /9 3a.. \ 

i (v4 Q A •JH) 
V 

X 2Q 

/9 3a.. \ / a 3 c t ü \ 
l 

r ( A 

h i g h e r terms 

r ( A ? , 
s ( B p 

XQ Q + 

(3) 

The l e a d i n g term of E q u a t i o n (2) i s n o t i n c l u d e d i n t h i s e x p r e s -
s i o n s i n c e , b e i n g r e s p o n s i b l e f o r R a y l e i g h s c a t t e r i n g o n l y , i t 
does not c o n t r i b u t e t o t h e Raman i n t e n s i t i e s . The e x p a n s i o n s of 
the r e m a i n i n g p o l a r i z a b i l i t y t e n s o r elements can be w r i t t e n 
c o r r e s p o n d i n g l y . 
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I n o r d e r t o d e t e r m i n e the quantum m e c h a n i c a l s e l e c t i o n 
r u l e s we f i r s t w r i t e t he c o r r e s p o n d i n g t r a n s i t i o n moments. 
For example f o r ct. . : 

11 9a \ 
<••••la.iH.-v> =s i | [ ^ i i - ) o <̂ |QX'><̂|<o">] 

/9 2a..\ 
+ (-§xrL 1 <4>* Ix̂  | •»><•• | •••> 

Ît̂ i <*i|Q.,*ä><*,ixi*n>] 
+ 1 [ ( ^ Q ^ ) . < * r l < J r l * r > < * ; l Q . I * : > < * , l * , , > ] 

( r , s same symmetries) 

s ( B J ) 

+ same term f o r ̂ i^^ a n c * S ^ B 2 ^ 

+ h i g h e r terms (4) 

The T s and <})Ts i n t h i s e x p r e s s i o n r e p r e s e n t t h e w a v e f u n c t i o n s 
f o r the normal modes r or s, and f o r the p u c k e r i n g V i b r a t i o n , 
r e s p e c t i v e l y . Moreover, t h e f a c t o r i z a t i o n of t h e i n t e g r a l s assumes 
t h a t the v i b r a t i o n s a r e independent of one a n o t h e r . W h i l e t h i s 
may not be s t r i c t l y c o r r e c t , t he e r r o r i s l i k e l y t o be s m a l l 
p a r t i c u l a r l y i n our p r e s e n t example, and we may s t i l l p r o ceed 
to d e m o n s t r a t e t h e p r i n c i p l e i n v o l v e d . 

The n e x t f a c t o r t o c o n s i d e r i s the a n h a r m o n i c i t y of t h e 
p u c k e r i n g m o t i o n . The w a v e f u n c t i o n s (J)* and (J)n then must be a l s o 
anharmonic. They a r e formed by summing an a p p r o p r i a t e number of 
harmonic o s c i l l a t o r f u n e t i o n s . The end r e s u l t i s t h a t the i n t e 
g r a l «J)1 |x|<(>"> has f i n i t e v a l u e s f o r Av = ±1 and «f)1 |x2 |<|)'f> 
f o r Av = 0, ±2, whereas o n l y A v p = ±1 ^would be p o s s i b l e i f 
X w e r e ^ p u r e l y harmonic [ 1 3 ] . 

The t r a n s i t i o n moments f o r the o f f - d i a g o n a l elements of t h e 
p o l a r i z a b i l i t y a r e w r i t t e n i n the same f a s h i o n as above f o r a.., 
a l t h o u g h of c o u r s e they w i l l c o n t a i n d i f f e r e n t terms based on 
symmetry. We w i l l not c o n s i d e r t h e i r e x p a n s i o n e x p l i c i t l y h ere 
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f o r the f o l l o w i n g r e a s o n . I n a d d i t i o n t o the v i b r a t i o n a l s e l e c t i o n 
r u l e s one needs t o c o n s i d e r a l s o t h o s e f o r the r o t a t i o n a l t r a n 
s i t i o n s . W i t h o u t f u r t h e r d i s c u s s i o n we s h a l l s i m p l y S t a t e (see 
[12] f o r d e t a i l s ) t h a t o n l y r o t a t i o n a l l e v e l s of the same symme
t r y and the same r o t a t i o n a l quantum number J can comb i n e f o r 
th e t o t a l l y Symmetrie p o l a r i z a b i l i t y elements ( i n a g i v e n symme
t r y p o i n t g r o u p ) . T h i s means t h a t the Raman l i n e s f o r our ot. . 
components w i l l be prominent r o t a t i o n - v i b r a t i o n band c o n t o u r s 
of many c l o s e l y spaced Q-branches c l u s t e r e d about the band o r i g i n , 
w i t h t he p r o v i s o t h a t t he r o t a t i o n a l c o n s t a n t s f o r the two s t a t e s 
n o t be too d i f f e r e n t and o t h e r p e r t u r b i n g resonances do n o t o c c u r . 
The s e l e c t i o n r u l e s f o r the o f f - d i a g o n a l t e n s o r elements i n g e n e r a l 
w i l l l e a d t o broad and hence l e s s prominent f e a t u r e s i n t h e Raman 
spectrum. I n p r a c t i c e , t h e r e f o r e , we can hope t o f i n d t he r o t a 
t i o n - v i b r a t i o n t r a n s i t i o n s f o r a.. but not f o r a... 

11 i j 

We can now summarize the i n f o r m a t i o n t h a t can be g l e a n e d 
f r o m the E q u a t i o n ( 4 ) . Namely, we can expect t o see t h e 
f o l l o w i n g Raman Q-branches, a l o n e from the p o i n t of v i e w o f 
b e i n g a l l o w e d : 

1. term: The A 

2. 

3. 

^ f u n d a m e n t a l s , modulated by a Franck-Condon type 
i n t e g r a l <(j)f | (J)"> ; the l a t t e r a l l o w s A v p = 0 t r a n s i t i o n s 
so t h a t sequences w i l l appear i f the p u c k e r i n g sepa-
r a t i o n s i n the ground and e x c i t e d s t a t e s of the A 

term: 

term: 

2, i n the 
fundamental d i f f e r . 
Pure p u c k e r i n g t r a n s i t i o n s f o r which Avp = 
ground o r e x c i t e d S t a t e of any o t h e r mode. 
P u c k e r i n g sequences f o r which Av = ±1, f o r f u n d a 
m e n t a l s . 

term: Combinations of any two v i b r a t i o n s ( e x c e p t p u c k e r i n g ) 
of the same symmetry w i t h Av = ±1 f o r each,or t h e f i r s t 
o v e r t o n e of any V i b r a t i o n ( e x c e p t p u c k e r i n g ) , a l l 
modulated by <(J)! |(J)n> as i n the f i r s t term. 
P u c k e r i n g sequences f o r which Avp = ±2, f o r A^ f u n d a 
m e n t a l s ; n o t e t h a t t h i s term i n p r i n c i p l e can a l s o 
c o n t r i b u t e t o the Avp = 0 c o m b i n a t i o n s of the f i r s t 
t erm, depending on the r e l a t i v e magnitudes of t h e c o 
e f f i c i e n t and, of c o u r s e , the r e l a t i v e v a l u e of the 
i n t e g r a l <(j)' |x 2 |cf)M> f o r A v p = 0 and ±2. 

6. term: P u c k e r i n g sequences f o r which Av = ±1, f o r combinations 

5. term: 

of A^ and B i f u n d a m e n t a l s . 
term: Same as i n the s i x t h term, e x c e pt f o r 

m e n t a l s . 
A^ and funda-

Fo r a l l the terms e x c e p t the second, one must r e c a l l t h a t the 
w a v e f u n c t i o n s (J> 1 and <J>11 d e s c r i b e the p u c k e r i n g motion i n two 
d i f f e r e n t s t a t e s of a n o t h e r mode. A s u b s t a n t i a l l y d i f f e r e n t 
e f f e c t i v e p u c k e r i n g p o t e n t i a l i n the e x c i t e d s t a t e f o r whatever 
r e a s o n , t h e r e f o r e , can have a s i g n i f i c a n t e f f e c t on the i n t e n s i t i e s . 



T a b l e 1 C^ v Symmetry a l l o w e d e x p a n s i o n c o e f f i c i e n t s of p o l a r i z a b i l i t y t e n s o r elements 

^ o e f f i c i e n t 

Elernen 
3a. . 3a. . 

i j 
3 2 a. . 3 2 a. . 3 2 a. . 3 3 a. . 3 3 a. . 

3X 3Q x s 3X2 3X3Qg 3Qr3Qs 3X3 3X2 3Qg 

No A ^ f u n d t l s Av =2 
P 

B ^ u n d t l s Qr ^nd Qs 
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No A^ f u n d t l s 

Av =0 P Av =±1 
P 

symmetries 
Av =0 

P 

Av =0,±2 
P 

Av =1 P B ^ u n d t l s 

Av =0 P 

No A ^ f u n d t l s 

Av =±1 P 

A 1+B 1 o r 
A 2 + B 2 

f u n d t l s 
Av =0 P 

Av = 1 P B ^ u n d t l 

Av p=0,±2 

No A 2 f u n d t l s No B 2 f u n d t l s A..+A« or 
V B 2 f u n d t l s 
Av =0 P 

No A 2 f u n d t l 

Av p=0 Av =±1 
P 

A..+A« or 
V B 2 f u n d t l s 
Av =0 P 

Av =0,±2 
P 

No B ^ u n d t l s No A ^ f u n d t l s A +B 2 o r 
A 2 + B 1 f u n d t l s 
Av =0 

No B ^ u n d t l 

Av =0 P Av =±1 P 

A +B 2 o r 
A 2 + B 1 f u n d t l s 
Av =0 

Av =0,±2 
P 
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V B 2 f u n d t l s 
Av =±1 P 
Q and Q r x s same 
symmetries 
Av =±1 P 
A 1+B 2 or 
V B 1 f u n d t l s 
Av =±1 

P 
A +A ? o r 
B 1 + B 
f u n d t l s 
Av =±1 P 

00 
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The c o e f f i c i e n t s of the symmetry a l l o w e d components of the 
t r a n s i t i o n moments f o r a l l the p o l a r i z a b i l i t y elements a r e summa-
r i z e d i n T a b l e 1. As i s w e l l known, t h e s e components e n t e r i n t o 
the normal Raman i n t e n s i t y as the squared magnitude. F o r CARS 
the S i t u a t i o n i s somewhat d i f f e r e n t . The d e r i v a t i o n o f t h e ex-
p r e s s i o n f o r CARS i s o u t l i n e d i n a n o t h e r s e c t i o n of t h i s book 
[15] . F o r the p r e s e n t purposes i t w i l l s u f f i c e t o quote o n l y the 
p e r t i n e n t f a c t o r s . Namely, the power of the g e n e r a t e d CARS s i g n a l 
i s p r o p o r t i o n a l t o 

P C A R S * ( N A ) 2 t a i j ] 4 > ( 5 ) 

where [a..] i s the a p p r o p r i a t e t r a n s i t i o n moment and N i s the 
molecular^number d e n s i t y . The p r o d u c t NA g i v e s the av e r a g e d i f f e 
r e nce i n p o p u l a t i o n between the two s t a t e s i n v o l v e d i n a t r a n s i 
t i o n . The comparable r e l a t i o n f o r the normal Raman e f f e c t i s the 
Raman i n t e n s i t y 

I R A M A N a N [ a i j ] 2 - ( 6 ) 

The f o u r t h power dependence i n the t r a n s i t i o n moment i n CARS 
l e a d s t o the w e l l documented O b s e r v a t i o n t h a t s t r o n g l i n e s appear 
t o be s t r o n g e r than t h e i r weaker n e i g h b o u r s , as compared t o the 
c o n v e n t i o n a l Raman spectrum. By the same token^ a l r e a d y prominent 
l i n e s i n the l a t t e r w i l l be even more enhanced. The f a c t o r NA i n 
CARS l i k e l y would s e r i o u s l y d i m i n i s h the i n t e n s i t y of pure pucke
r i n g t r a n s i t i o n s s i n c e e x c i t e d p u c k e r i n g s t a t e s a r e a p p r e c i a b l y 
t h e r m a l l y p o p u l a t e d , but w i l l v i r t u a l l y have no e f f e c t on the 
c o m b i n a t i o n sequences w i t h h i g h e r energy v i b r a t i o n s . 

The o n l y r e m a i n i n g q u e s t i o n i n t h i s b r i e f s u r v e y i s the one 
c o n c e r n i n g the s e l e c t i o n r u l e s . F o r t u n a t e l y , as was shown i n an 
e x p l i c i t f a s h i o n [ 1 6 ] , t h e y a r e e x a c t l y the same as f o r the 
c o n v e n t i o n a l Raman e f f e c t . We can t h e r e f o r e use the f o r e g o i n g 
o u t l i n e as a h e l p f u l g u i d e . 

4. LINEAR RAMAN AND CARS SPECTRA AND THEIR INTERPRETATION 

Of the 24 normal v i b r a t i o n s of TMO, 8 span the A^ symmetry 
s p e c i e s i n t h e p o i n t g r oup. The modes of i n t e r e s t i n p a r t i 
c u l a r a r e the in-phase Symmetrie C-H s t r e t c h i n g v i b r a t i o n s of 
the two a-CH 2 groups ( d e s i g n a t e d as the same mode f o r the 
s i n g l e ß-CH 2 group ( v 2 ) , t h e r i n g b r e a t h i n g mode where a l l s k e l e 
t a l bonds a r e p i c t u r e d t o s t r e t c h i n phase ( v ^ ) , and the ß-CH 2 

s c i s s o r i n g mode (v^) (see F i g u r e 2 ) . Except f o r the l a s t mentioned, 
they a l l e x h i b i t s t r o n g Raman l i n e s ; i n f a c t they a r e the most 
prominent l i n e s i n the c o n v e n t i o n a l Raman spectrum. The ß*~CH2 

s c i s s o r i n g mode w i l l be mentioned o n l y i n c i d e n t a l l y i n connec-
t i o n w i t h v,. As r e p r e s e n t a t i v e examples we s e l e c t the s p e c t r a of 



CHEMICAL APPLICATIONS OF CARS 345 

F i g . 2 P i c t o r i a l r e p r e s e n t a t i o n of the ap p r o x i m a t e c o o r d i n a t e s 
f o r V 1 ( i n - p h a s e a-CH 2 Symmetrie s t r e t c h ) , V 2 (ß-CH 2 Symmetrie 
s t r e t c h ) , v , (ß-CH 9 s c i s s o r ) , and V 1 f t ( r i n g p u c k e r i n g ) . 

t h e h ydrogenated p a r e n t Compound, n TMO, and the Compounds deu-
t e r a t e d i n the ß p o s i t i o n , ß-d 2 TMO, and the a p o s i t i o n s , a,a f-d4 
TMO. Survey s p e c t r a f o r n and ß-d 2 TMO a r e r e p r o d u c e d i n F i g u r e 3, 
where the s t r o n g l i n e s f o r V 1 , V 2 and (near 2900, 2980, and 
1000 cm~1, r e s p e c t i v e l y ) a r e c l e a r l y seen [ 1 7 ] . The s p e c t r a a l s o 
show v e r y d i s t i n c t l y t h e pure p u c k e r i n g t r a n s i t i o n s a t low wave
numbers [18] . 

W h i l e the l i n e a r Raman l i n e s i n the CH s t r e t c h i n g r e g i o n have 
been p u b l i s h e d p r e v i o u s l y [19] , t h o s e i n the r i n g b r e a t h i n g r e g i o n 
have n o t [2 0 ] . The CARS s p e c t r a were r e c o r d e d r e c e n t l y [ 2 1 ] . The 
e x p e r i m e n t a l set-up i s d e s c r i b e d i n a n o t h e r a r t i c l e i n t h i s book 
[ 2 2 ] . The i n f r a r e d p o s i t i o n s r e p o r t e d h e r e c o n s t i t u t e r e c e n t 
more a c c u r a t e measurements w i t h a N i c o l e t 8000 i n t e r f e r o m e t e r [ 2 3 ] . 

I n F i g u r e 4 the c o n v e n t i o n a l Raman s p e c t r a of f o r n and 
ß-d 2 TMO a r e d i s p l a y e d . The c o r r e s p o n d i n g CARS s p e c t r a a r e shown 
i n F i g u r e 5. A l t h o u g h q u a l i t a t i v e l y t h e l i n e a r Raman and the CARS 
s p e c t r a a r e s i m i l a r i n the sense t h a t a l l t h e f e a t u r e s a r e p r e s e n t 
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F i g . 3 L i n e a r Raman su r v e y s p e c t r a of normal (upper f i e l d ) and^ 
ß-d^ TMO ( l o w e r f i e l d ) . Vapor p r e s s u r e 33 kPa; s l i t w i d t h 3 cm 

i n b o t h , the r e s o l u t i o n o b v i o u s l y i s much improved i n the l a t t e r . 
C l e a r l y e v i d e n t i s a l s o the apparent i n t e n s i t y decrease of t h e _̂  
weaker l i n e s r e l a t i v e t o t h e s t r o n g e s t one (e.g. 2896 v s . 2894 cm 
i n n TMO) . I n the e a r l i e r work the assignment of the main f e a 
t u r e s was based on the e x t e n s i v e and w e l l s eparated i n f r a r e d 
d i f f e r e n c e a b s o r p t i o n s , i . e . those f o r which A v p = -1 [ 1 9 ] . A l 
though the pure i n f r a r e d fundamental ( v p = v'p = 0) was d i f f i 
c u l t t o l o c a t e p r e c i s e l y , due to the e x t e n s i v e o v e r l a p p i n g of 
the b r o a d r o t a t i o n - v i b r a t i o n c o n t o u r s , i t s expected peak p o s i t i o n 
c o u l d be de t e r m i n e d q u i t e a c c u r a t e l y from the sum of the f i r s t _^ 
pure p u c k e r i n g and the f i r s t d i f f e r e n c e t r a n s i t i o n s (53.5+2840.5cm , 



T a b l e 2 P u c k e r i n g c o m b i n a t i o n s of the a-CH ? Symmetrie s t r e t c h i n g V i b r a t i o n 

Mid IR CARS Mid IR CARS 

T r a n 
s i t i o n 

Peak 
p o s i t i o n 

T r a n 
s i t i o n 

Peak p o s i t i o n 
[cm" 1] 

T r a n 
s i t i o n 

Peak 
P o s i t i o n 

T r a n 
s i t i o n 

Peak p o s i t i o n 
[cm"1] 

v f v" [cm ] v f +• v" P r e d i c t e d Measured v f v " [cm ] v f v" P r e d i c t e d Measured 
P P P P P P P P 

normal TMO - d 2 TMO 

0 1 2841.05 
f2814.12 

0 0 2894 
2903 

.09 

.80* 
2894.49 

I not 
0 

1 2 
\ 2786. 10 

1 1 
2875 .78. 

rmeasured 
Iby CARS 

1 

2 3 2793.35 2 2 2897 .84 < f2898.98 [2898.55 2 

3 4 2778.18 3 3 2896 .11 2896.04 3 
4 5 2767.28 4 4 2896 .19 2896.26 4 
5 6 2756.77 5 5 2895 .24^ not 5 
6 7 2747.68 6 6 2894 .66 measured 

,o r ob- 6 
7 8 2739.60 7 7 2894 .28 s c u r e d by 7 
8 9 2732.17 8 8 2893 .93- main peak 8 

1 2845.58 0 0 
f 2823.40 

2 1 1 
( 2796.35 

3 2801.99 2 2 

4 2787.70 3 3 
5 2778.20 4 4 
6 2768.06 5 5 
7 (2759.80 
/ 12758.80 D D 

8 2752.76 7 7 
9 2745.44 8 8 

2894.87 
2906.56' 

2879.51 

2898.88 

2897.00 
2897.64 

2894.98 
not 
measured 
by CARS 

2898.97 

2897.05 
2897.86 

2896.29 2896.43 
(2895.76 ] not mea-
/ 2894.76 s u r e d o r 
2895.98 ?-obscured 
2 8 9 4 . 9 7 j b y 

J peak 
p r e d i c t e d 
spectrum. 

by summing the a p p r o p r i a t e pure p u c k e r i n g and d i f f e r e n c e t r a n s i t i o n s i n i n f r a r e d 
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F i g . 4 L i n e a r Raman s p e c t r a of i n n TMO (upper f i e l d ) and 
ß-d« TMO ( l o w e r f i e l d ) . Vapor p r e s s u r e : 33 kP a ; s l i t w i d t h s : 
0.5 cm-1 f o r n TMO and 1.2 cm-1 f o r ß-d 0 TMO. 
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F i g . 5 CARS s p e c t r a of i n n TMO (upper f i e l d ) and ß-d2 TMO 
( l o w e r f i e l d ) . Vapor p r e s s u r e 27 k P a ; r e s o l u t i o n 0.05 cnT^. 
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r e s p e c t i v e l y , i n TMO). The assignment of the fundamental t o t h e 
main Raman l i n e (2894.7 cnT 1 i n n TMO) was t h e r e f o r e a s s u r e d . 
The ( v ^ = 1) (v'p = 1) t r a n s i t i o n [24] i s u n d o u b t e d l y s p l i t 
by F e r m i resonance [ 1 9 ] , so t h a t the 1 1 l i n e s ( t h e d o u b l e t 
2876.0/2904.5 cm~ 1 i n n TMO) would not show i n the r e l a t i v e l y 
narrow ränge we i n v e s t i g a t e d by CARS. The 2 «- 2 t r a n s i t i o n was 
a l s o l o c a t e d unambiguously ( a t 2898.8 cnT 1 i n n TMO) by com
p a r i s o n w i t h the i n f r a r e d a b s o r p t i o n s . H i g h e r Avp = 0 t r a n s i 
t i o n s , however, were not r e s o l v e d but were lumped i n t o one 
band (2896.4 cm""1 i n n TMO, the Shoulder a t 2896.8 cm" 1 i n ß-d 2 

TMO). T h e i r assignment i s now c o n f i r m e d by CARS, e s p e c i a l l y f o r 
ß-d 2 TMO where they a r e seen as d i s t i n e t i f weak l i n e s . The 
CARS p o s i t i o n s a r e compared t o p o s i t i o n s p r e d i c t e d from i n f r a 
r e d a b s o r p t i o n s i n T a b l e 2. 

G r a t i f y i n g as i t may seem a t a f i r s t g l a n c e , t h e r e a r e some 
problems. F i r s t , the i n f r a r e d and CARS peak p o s i t i o n s do n o t 
u n i f o r m l y c o r r e s p o n d t o each o t h e r , even i f the assignment i s 
c l e a r . T h i s O b s e r v a t i o n i s not e n t i r e l y u n expected s i n c e t h e 
a pparent maxima of the r o t a t i o n - v i b r a t i o n c o n t o u r s f o r t h e two 
methods may not c o i n c i d e , governed as they a r e by d i f f e r e n t s e 
l e c t i o n r u l e s and the e f f e c t i v e r o t a t i o n a l c o n s t a n t s . Second, 
some bands e x h i b i t an apparent d o u b l e t s t r u c t u r e , as f o r i n s t a n c e 
the 2898 cm~ 1 l i n e of n TMO which c l e a r l y must c o r r e s p o n d t o 
the 2 <- 2 t r a n s i t i o n . I t i s i n t e r e s t i n g to n o t e i n t h i s c a s e 
t h a t the c o r r e s p o n d i n g i n f r a r e d band, 2 3 a t 2793.35 cnT 1 [23], 
a l s o has an irregulär c o n t o u r under h i g h r e s o l u t i o n . One e x p l a -
n a t i o n c o u l d be the o c c u r e n c e of an u n r e s o l v e d resonance w i t h 
a n o t h e r v i b r a t i o n a l energy l e v e l which a g a i n would a f f e c t t h e 
r o t a t i o n a l c o n t o u r s . F i n a l l y , t h e r e a r e a number of l i n e s t h a t 
ar e n o t aecounted f o r , n o t a b l y t o l o w e r wavenumbers of the main 
peak. From the f o r e g o i n g d i s c u s s i o n i t i s c e r t a i n t h a t they cannot 
be p u c k e r i n g c o m b i n a t i o n s on the f u n d a m e n t a l . One t e m p t i n g 
p o s s i b i l i t y i s t h a t t h e s e l i n e s a r e Av = +1 t r a n s i t i o n s f r om the 
f i r s t and second l e v e l s of , d i s p l a c e d t o lower wavenumbers as 
a r e s u l t of the C-H s t r e t c h i n g a n h a r m o n i c i t y . From E q u a t i o n ( 5 ) , 
however, we would e x p e c t the second t r a n s i t i o n t o be weaker by 

t i o n of an energy l e v e l a t 3000 cm ) . I n o r d e r t o become v i s i b l e , 
the c o e f f i c i e n t (d3 GL^j^/dXdQ2) o would have t o compensate by about 
as much. A second e x p l a n a t i o n c o u l d be i s o t o p i c s h i f t s due t o 
1^C w i t h i t s n a t u r a l abundance of 1.1 %. *A f u r t h e r S u g g e s t i o n may 
be c o m b i n a t i o n s of o t h e r f u n d a m e n t a l s , but n o t h i n g more d e f i n i 
t i v e can be a s c e r t a i n e d . 

F i g u r e s 6 and 7 a l l o w a comparison of the l i n e a r Raman 
s p e c t r a of v 2 of n and a , a T - d ^ TMO w i t h the CARS s p e c t r a i n 
the same r e g i o n . There e v i d e n t l y i s q u a l i t a t i v e agreement between 
them. A l l the f e a t u r e s o b s e r v e d w i t h c o n v e n t i o n a l Raman a r e r e 
produced by CARS, a l t h o u g h w i t h d i f f e r e n t a p p a r e n t i n t e n s i t i e s 

the Boltzmann p o p u l a -
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and, of c o u r s e , much improved r e s o l u t i o n . The e a r l i e r I n t e r p r e 
t a t i o n [19] saw the u n r e s o l v e d l i n e s as p u c k e r i n g sequences on 
t h e Y>2 f u n d a m e n t a l , whereby a l l l e v e l s were t o be p e r t u r b e d by 
F e r m i resonance w i t h the c o r r e s p o n d i n g p u c k e r i n g l e v e l s on the 
second e x c i t e d S t a t e of V4 ( t h e CH 2 s c i s s o r i n g mode). The same 
assignment c o u l d be made s t i l l on the b a s i s of t h e CARS s p e c t r a , 
b u t u n f o r t u n a t e l y t h e r e a r e not i n f r a r e d a b s o r p t i o n s of any k i n d 
t h a t c o u l d be i n v o k e d t o e i t h e r c o n f i r m o r a l t e r the I n t e r p r e 
t a t i o n . Here i s an i n s t a n c e , t h e r e f o r e , where CARS u n d o u b t e d l y 
has p r o v i d e d b e t t e r r e s o l v e d s p e c t r a and hence more a c c u r a t e 
peak p o s i t i o n s , but f o r the moment no new i n f o r m a t i o n . 

The t h i r d and l a s t example t o be d i s c u s s e d i s v^, the r i n g 
b r e a t h i n g mode i n n and ß-d 2 TMO. The c o n v e n t i o n a l and CARS 
s p e c t r a a r e compared i n F i g u r e s 8 and 9, r e s p e c t i v e l y . A g a i n 
t h e improved r e s o l u t i o n and the q u a l i t a t i v e agreement a r e c l e a r l y 
seen. The sharp l i n e a t 1033 c m - 1 i n n TMO, a p p a r e n t l y c o n s i s t i n g 
of a t l e a s t two components, i s b e a u t i f u l l y r e s o l v e d by CARS. Un-
f o r t u n a t e l y , the assignment i s not i m m e d i a t e l y o.bvious. A l o n e on 
t h e b a s i s of the CARS spectrum, s e v e r a l p o s s i b i l i t i e s a r e p o s s i b l e . 
Assuming f o r example t h a t t h e r e a r e no r e s o n a n c e s w h i c h would p e r -
t u r b the i n t e n s i t i e s , we may p l a c e the 0 <- 0 t r a n s i t i o n a t 1034.28 
cm" 1, 1 <- 1 a t 1033.18 cm" 1, 2 <- 2 a t 1034.04_cm" 1 , 3 «- 3 a t 
1032.92 cm" 1, e t c . , up t o 6 ^ 6 a t 1031.74 cm 1. At l e a s t such 
a sequence would make sense i f the Boltzmann f a c t o r were the main 
c o n t r i b u t o r . We c o u l d then determine the p u c k e r i n g s e p a r a t i o n s i n 
the e x c i t e d s t a t e of the r i n g b r e a t h i n g mode, remembering t h a t 
the pure p u c k e r i n g l e v e l s a r e known. One way of t e s t i n g an a s s i g n 
ment i s t o f i t a s e t of c a l c u l a t e d s e p a r a t i o n s t o the observed 
ones by means of the o n e - d i m e n s i o n a l H a m i l t o n i a n w i t h a q u a d r a t i c -
q u a r t i c p o t e n t i a l f u n c t i o n mentioned e a r l i e r i n t h i s a r t i c l e . 
A f t e r a l l , the ground S t a t e p u c k e r i n g l e v e l s can be r e p r o d u c e d 
v e r y w e l l w i t h t h i s model, and as l o n g as the p u c k e r i n g mode does 
not c o u p l e w i t h the second V i b r a t i o n , the model s h o u l d work w e l l 
a l s o f o r the e x c i t e d s t a t e , a l l be i t w i t h " e f f e c t i v e " p o t e n t i a l 
c o n s t a n t s s i n c e one has no knowledge of the dynamic form of the 
p u c k e r i n g c o o r d i n a t e i n t h a t s t a t e . I t i s n o t n e c e s s a r y h e r e t o 
o u t l i n e the d e t a i l s of such c a l c u l a t i o n s as the method i s w e l l 
documented [6-11]. Nor, as w i l l become c l e a r l a t e r , i s i t meaning-
f u l t o quote the p o t e n t i a l c o n s t a n t s and the i n v e r s i o n b a r r i e r s 
f o r t h e s e t e s t s . We w i l l a ttempt t o judge the s u c c e s s of t h e 
assignment by the q u a l i t y of t h e f i t of the c a l c u l a t e d t o ob
s e r v e d p u c k e r i n g s e p a r a t i o n s , e x p r e s s e d as the S t a n d a r d d e v i a t i o n , 
ö, of an observed " t r a n s i t i o n " . 

The ground S t a t e s e p a r a t i o n s f i t t e c j l i n t h i s manner up t o the 
s i x t h energy l e v e l y i e l d a o = 0.06 cm , i . e . an e x c e l l e n t f i t . 
The same s e p a r a t i o n s d e t e r m i n e d f o r the e x c i t e d S t a t e as n o t e d 
above a r e not reproduced as w e l l , o now b e i n g worse by f a c t o r of 
10, though s t i l l r e a s o n a b l e . We then t r y a n o t h e r a s s i g n m e n t . 
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F i g . 6 L i n e a r Raman s p e c t r a of V 2 i n n TMO (upper f i e l d ) and 
a 7 a ? " d 4 ™ ° ( l o w e r f i e l d ) . Vapor p r e s s u r e : 33 k P a ; s l i t w i d t h s : 
0.5 cm -1 f o r n TMO and 1.2 cm-1 f o r a,a f-d. TMO. 
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F i g . 7 CARS s p e c t r a of V 2 i n n TMO (upper f i e l d ) and otjOt'-d^ TMO 
( l o w e r f i e l d ) . Vapor p r e s s u r e 27 k P a ; r e s o l u t i o n 0.05 cm~1. 
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F i g . 8 L i n e a r Raman s p e c t r a of V5 i n n TMO (upper f i e l d ) and 
ß-d 2 TMO ( l o w e r f i e l d ) . Vapor p r e s s u r e 33 k P a ; s l i t w i d t h s : 
0.5 cm f o r n TMO and 1.0 cm" 1 f o r 3~d 2 TMO. 
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WAVENUMBER (crrr1) 

F i g . 9 CARS s p e c t r a of V 6 i n n TMO (upper f i e l d ) and ß - do TMO 
(l o w e r f i e l d ) . Vapor p r e s s u r e 27 k P a ; r e s o l u t i o n 0.05 cm"' 
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Namely, we use t h e p o s i t i o n s from h i g h e r t o lower wavenumbers 
i n sequence, w i t h o u t r e g a r d f o r the r e l a t i v e i n t e n s i t i e s and 
b e g i n n i n g w i t h 1034.28 cm" 1 as the 0 0 t r a n s i t i o n . The f i t 
i n t h i s c a s e i s s l i g h t l y i m p roved, namely ö = 0.3 cm" 1. I t i s 
c l e a r t h a t an assignment of t h e CARS l i n e s on t h i s b a s i s i s 
not m e a n i n g f u l . The model s i m p l y i s not s u f f i c i e n t l y s e n s i t i v e 
t o d i s t i n g u i s h between t h e s m a l l d i f f e r e n c e s i n l i n e p o s i t i o n s 
r e s u l t i n g from the h i g h r e s o l u t i o n . 

A l t e r n a t i v e l y and p r e f e r a b l y we must t a k e r e c o u r s e to the 
i n f r a r e d s p e c t r a . W i t h the a i d of the CARS spectrum we can un-
ambiguously a s s i g n a v e r y weak i n f r a r e d a b s o r p t i o n a t 944.60 cm" 1 

as the second d i f f e r e n c e band, i . e . 1 +• 2, which then p l a c e s t h e 
1 «- 1 Raman l i n e a t 1034.28 c i r f 1 . The i n f r a r e d spectrum f u r t h e r 
shows weak but c l e a r sum bands based on the fu n d a m e n t a l . They 
ar e d i s p l a y e d as an example i n F i g u r e 10. U s i n g these a b s o r p t i o n s 
we can f i n a l l y a r r i v e a t p l a u s i b l e assignment f o r the CARS l i n e s . 
I t i s summarized i n T a b l e 3. The agreement i s q u i t e r e m a r k a b l e , 
a l t h o u g h i t i s not w i t h o u t some s a c r i f i c e . We a g a i n f i n d some f e a 
t u r e s f o r which we can o f f e r no e x p l a n a t i o n , and we a g a i n f i n d t h 
apparent d o u b l e t s t r u c t u r e f o r some l i n e s . I n a d d i t i o n , however, 
the i n f r a r e d s pectrum r a i s e s q u e s t i o n s f o r wh i c h t h e r e a r e no 
immediate answers. The f i r s t t h r e e sum bands, whose assignment 
seems f a i r l y c e r t a i n , e x h i b i t pronounced C-type c o n t o u r s as 
symmetry arguments i n f a c t would p r e d i c t f o r n TMO. The f o u r t h 
sum band i s then c o m p l e t e l y a b s e n t , w h i l e f u r t h e r sum bands a r e 
a g a i n p r e s e n t though w i t h much reduced i n t e n s i t y . I t appears as 
though the f i r s t f o u r p u c k e r i n g l e v e l s i n the e x c i t e d s t a t e a r e 
resonance p e r t u r b e d i n some manner. T h i s k i n d of i n t e r a c t i o n i s 
c e r t a i n l y n o t out of the q u e s t i o n . W i t h i n t h e same r e g i o n t h e r e 
ar e a number of f u n d a m e n t a l s , such as a C H 2 r o c k i n g mode (B^) 
near 1140 cm~^ , a C H 2 wagging mode (A>j) near 1340 cm" 1, and a 
CH2 s c i s s o r i n g mode (A^) ne a r 1450 cm" 1 [17] a l l of which t o -
g e t h e r w i t h t h e i r p u c k e r i n g sequences a r e p o t e n t i a l c a n d i d a t e s 
f o r e x a c t l y t h a t k i n d of r e s o n a n c e . W h i l e t h e r e a r e i n d i c a t i o n s 
i n t h e i n f r a r e d s p e c t r a t h a t t h e s e a r e not w e l l behaved, no 
c l e a r c o r r e l a t i o n has emerged thus f a r [ 2 3 ] . 

N e v e r t h e l e s s , we c o u l d a g a i n t e s t t h e a s s i g n m e n t , t o which 
the i n f r a r e d sum bands have l e d us w i t h r e a s o n a b l e c e r t a i n t y , 
w i t h the q u a d r a t i c - q u a r t i c p u c k e r i n g model. The q u a l i t y of the 
f i t i n terms of o b s e r v e d - c a l c u l a t e d v a l u e s i s g i v e n i n Tab l e 4 f o 
n TMO f o r b o t h the and e x c i t e d s t a t e p u c k e r i n g s e p a r a t i o n s . 
I t i s e v i d e n t f o r b o t h c a s e s t h a t the model i s i n c a p a b l e of r e -
p r o d u c i n g t h e o b s e r v e d numbers. A d i s c u s s i o n of t h i s f a i l u r e i s 
postponed u n t i l l a t e r . F o r t h e moment we can say t h a t a resonance 
p e r t u r b a t i o n of the p u c k e r i n g l e v e l s i s c e r t a i n l y p l a u s i b l e , 
w h i c h i n t u r n c o u l d e x p l a i n the c u r i o u s band c o n t o u r s i n the 
Raman spectrum, and the a p p a r e n t i n t e n s i t y enhancement of some 
a b s o r p t i o n s and the absence of t h e 4 «- 3 sum band i n the i n f r a r e d 
spectrum. 



T a b l e 3 P u c k e r i n g c o m b i n a t i o n s of the t o t a l l y Symmetrie r i n g s t r e t c h i n g Vibration 

Mid IR CARS Mid IR CARS 

T r a n  Peak T r a n  Peak p o s i t i o n T r a n - Peak T r a n  Peak p o s i t i o n 
s i t i o n p o s i t i o n s i t i o n [cnf 1] s i t i o n p o s i t i o n s i t i o n [cm"»] I 

P 
v M 

P [cm""1] v' 
P P 

P r e d i c t e d a Measured v ' v " P P [cm""1] v' 
P P 

P r e d i c t e d Measured 

normal TMO 3-d 2 TMO 

1 2 944.60 
0 0 - 1033.18 0 1 935.11 0 0 984.40 984.58 

1 0 1087.43 1 1 1034.39 1034.28 1 0 1033.97 1 1 984.68 984.79 
2 1 1123.80 2 2 1034.12 1034.04 2 1 1067.68 2 2 984.52 } o b s c u r e d 
3 2 1136.37 3 3 1031.88 (1031.94 

11031.74 3 2 1082.45 3 3 985.56 J 
by main 
peak 

(1036.64 
l1036.27 

4 3 1092.82 4 4 983.52 983.90 
5 4 1165.09 5 5 1036.18 (1036.64 

l1036.27 5 4 1104.95 5 5 985.51 no t mea
su r e d 

6 5 1173.98 6 6 1035.51 | not 6 5 1112.05 6 6 983.82 984.19 
7 6 1182.53 7 7 1035.55 J 

measured 

P r e d i c t e d by summing the a p p r o p r i a t e pure p u c k e r i n g and d i f f e r e n c e t r a n s i t i o n s i n t h e i n f r a r e d 
s pectrum. 
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The spectra of the same region in ß-ö^ TMO pose much the 
same problems. The sharp and almost featureless l i n e at 984 cnff 
i n the l i n e a r Raman spectrum (Figure 8) i s hardly resolved by CARS 
(Figure 9). Although an assignment of the features from higher 
to lower wavenumbers i n sequence c e r t a i n l y i s f e a s i b l e , i t s 
correctness i s questionable. Fortunately, infrared spectra prove 
themselves h e l p f u l again in this case. The weak 0 +• 1 absorption 
at 935.11 cm"1 suggest the 0 «- 0 Raman l i n e to be near 984.40 cm"1, 
s l i g h t l y off the peak maximum of the complex CARS band. Clear and 
unambiguous inf r a r e d sum absorptions then place the higher t r a n s i 
tions within that band. Although not a l l the CARS features can be 
assigned thereby without some degree of uncertainty, one can at 
least j u s t i f y the complexity of the Raman l i n e and the f a i l u r e of 
resolving i t by CARS. The assignments are also summarized i n Table 3 

As before we attempt to reproduce the excited S t a t e puckering 
separations. The results of the calculations are l i s t e d in Table 5 



— 1 
T a b l e 4 P u c k e r i n g s e p a r a t i o n s ( i n cm ) i n the f i r s t e x c i t e d s t a t e s of o t h e r v i b r a t i o n s 

i n n TMO, d e r i v e d from i n f r a r e d t r a n s i t i o n s . 

T r a n s i t i o n Ground S t a t e V 4 E x c i t e d 1 S t a t e V. E x c i t e d 
-o-

s t a t e 

v ? 

P 
«- v " 

P Observed Obs.-
C a l c . Observed Obs.-

C a l c . Observed Obs.-
C a l c . 

1 0 53.04 0.05 
•146.47 0.24 

54.25 0.43 

2 1 89.68 -0.03 89.41 -0.91 
3 2 104.49 -0.09 102.76 -1.67 102.25 -3.06 
4 3 117.93 -0.08 118.01 0.85 

i 251.14 2.68 
5 4 128.91 -0.05 127.96 0.32 J 

6 5 138.47 0.03 137.80 -1.41 
7 6 146.98 0.15 147.02 -0.60 

o 
W 

M 
O 
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M n > H 
M O 21 
CO 
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CO 
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VD 
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F i g . 11 Energy l e v e l d i agram of and i n TMO showing 
o b s e r v e d i n f r a r e d t r a n s i t i o n s 

for the , and fundamentals and compared with those for 
the pure puckering t r a n s i t i o n s . I t i s apparent i n a l l cases but 
the l a s t , t h a t some k i n d of resonance interaction could be taking 
place. The fundamental i n p a r t i c u l a r shows large alternating 
deviations from a well behaved puckering Situation. There i s i n 
addition another A^ fundamental, , the ß -CÜ2 scissoring mode 
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(A.|), w h i c h not o n l y absorbs v e r y n e a r t o but a l s o may c o u p l e 
w i t h i t . F o r t u n a t e l y , t h i s mode g i v e s r i s e t o d i s t i n e t i n 
f r a r e d bands w i t h Av^ = 0 and +1 so t h a t an energy l e v e l scheme 
can be r e a d i l y determined. Such a scheme i s s k e t c h e d i n F i g u r e 11, 
where i t i s compared w i t h a s i m i l a r scheme f o r and where the 
observed i n f r a r e d t r a n s i t i o n s a r e a l s o shown. I t a g a i n becomes 
c l e a r t h a t resonance i n t e r a c t i o n between the p u c k e r i n g l e v e l s 
of the two v i b r a t i o n s i s n o t o n l y p l a u s i b l e but a l s o p r o b a b l e . 

B e f o r e c l o s i n g t h i s s e c t i o n i t seems a p p r o p r i a t e t o examine 
the i m p l i c a t i o n s of the above o b s e r v a t i o n s on the p u c k e r i n g 
p o t e n t i a l f u n e t i o n s and the purpose f o r which the c a l c u l a t i o n s 
were used. Some of the c o m p l i c a t i o n s t h a t a r i s e from t h e s e c a l 
c u l a t i o n s were mentioned b r i e f l y i n an i n t r o d u e t o r y s e c t i o n . 
A l t h o u g h i n s t a n c e s have been c i t e d where e f f e c t i v e p u c k e r i n g 
( o r p u c k e r i n g - l i k e ) p o t e n t i a l c o n s t a n t s were de t e r m i n e d r e a s o n -
a b l y s u c c e s s f u l l y f o r the e x c i t e d S t a t e of a n o t h e r mode, they 
u s u a l l y were cases where the second mode i s a n o t h e r low energy 
V i b r a t i o n . On some o c c a s i o n s when i t seemed t h a t the one-dimen-
s i o n a l p u c k e r i n g H a m i l t o n i a n was n o t adequate even f o r the ground 
S t a t e , t w o - d i m e n s i o n a l H a m i l t o n i a n s which d e s c r i b e the two v i 
b r a t i o n s s i m u l t a n e o u s l y were employed. S t i l l a n o t h e r approach 
i s to p r o v i d e f o r a reduced mass f o r the p u c k e r i n g V i b r a t i o n 
i n the k i n e t i c energy t h a t v a r i e s w i t h the c o o r d i n a t e [ 1 0 ] . A l l 
these r e f i n e m e n t s m a n i f e s t the u n c e r t a i n t y about the t r u e n a t u r e 
of the o u t - o f - p l a n e d e f o r m a t i o n . When we use the o n e - d i m e n s i o n a l 
q u a d r a t i c - q u a r t i c H a m i l t o n i a n f o r t e s t i n g our a s signments t h e r e 
f o r e , we have to be aware of the p i t f a l l s . Namely, the O b s e r v a t i o n 
t h a t e x c i t e d State p u c k e r i n g s e p a r a t i o n s do not comply w i t h the 
o n e - d i m e n s i o n a l model may w e l l mean t h a t the p u c k e r i n g c o o r d i 
nate i s c o u p l e d w i t h the second mode e i t h e r t hrough the k i n e t i c 
or the p o t e n t i a l energy p a r t of the H a m i l t o n i a n o r b o t h . By the 
same t o k e n , however, the O b s e r v a t i o n may a l s o mean n e a r c o i n c i -
dences of one or s e v e r a l s e l e c t e d energy l e v e l s . To s o r t out 
the t r u e S i t u a t i o n f o r the moment seems an i n t r a c t a b l e problem. 

5. CONCLUSION 

In t h i s a r t i c l e we have demonstrated an a p p l i c a t i o n of CARS 
t o the problem of the i n v e r s i o n of a c y c l i c Compound through i t s 
p l a n a r c o n f i g u r a t i o n , i n p a r t i c u l a r of the n e a r - p l a n a r , f o u r -
membered r i n g m o l e c u l e t r i m e t h y l e n e o x i d e . E x t e n s i v e e a r l i e r 
s p e c t r o s c o p i c i n f o r m a t i o n ( b o t h l i n e a r Raman and i n f r a r e d ) , and 
the apparent r e l a t i v e s i m p l i c i t y of the s p e c t r a compared t o 
r e l a t e d Systems make t h i s a good s t a r t i n g p o i n t . The e a r l i e r 
c o n v e n t i o n a l Raman s p e c t r a p r o v e d t o be i n d i s p e n s i b l e f o r i n t e r -
p r e t i n g t h e i n f r a r e d s p e c t r a , t h e r e b y c o n t r i b u t i n g t o our under-
s t a n d i n g of the anharmonic r i n g i n v e r s i o n ( p u c k e r i n g ) . The r e s o 
l u t i o n a v a i l a b l e a t t h a t t i m e , however, o n l y h i n t e d a t the com-
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p l e x i t y of some l i n e s , l e a v i n g the hope t h a t b e t t e r s p e c t r a may be 
o b t a i n a b l e some day. 

Indeed, CARS has f u l f i l l e d some of i t s p romise. We were 
a b l e t o s e p a r a t e some of the s t r o n g Raman l i n e s i n q u e s t i o n i n t o 
t h e i r p u c k e r i n g components. With t h i s i n f o r m a t i o n we c o u l d 
l o c a t e and a s s i g n a number of weak i n f r a r e d c o m b i n a t i o n bands. 
The combined d a t a then a l l o w e d us t o deduce p u c k e r i n g s e p a r a t i o n s 
i n the f i r s t e x c i t e d State of s e v e r a l o t h e r v i b r a t i o n s . A t the 
same time t h e CARS s p e c t r a brought out t h e l i k e l i h o o d t h a t ex
t e n s i v e resonances o c c u r among these e x c i t e d s t a t e p u c k e r i n g 
l e v e l s . The r o t a t i o n - v i b r a t i o n c o n t o u r s o f both the CARS and 
i n f r a r e d bancfc c o n s e q u e n t l y a r e d i s t o r t e d making i t d i f f i c u l t t o 
r e c o g n i z e and a s s i g n them. Moreover, by d i s p l a c i n g t h e p u c k e r i n g 
l e w e l s i n an u n p r e d i c t a b l e way the s e resonances make i t i m p o s s i b l e 
f o r the moment t o draw any c o n c l u s i o n s about the p u c k e r i n g mode 
i t s e l f and i t s i n t e r a c t i o n w i t h o t h e r modes of V i b r a t i o n . I n the 
end one w i s h e s f o r b e t t e r r e s o l u t i o n s t i l l . From our p o i n t of 
v i e w , t h e r e f o r e , f u r t h e r p r o g r e s s i s to be sought i n o t h e r non
l i n e a r Raman s p e c t r o s c o p i c methods, such as i n v e r s e Raman o r 
Raman g a i n s p e c t r o s c o p y which promise v e r y h i g h r e s o l u t i o n [ 2 5]. 

A l r e a d y w i t h our CARS measurements i t became app a r e n t t h a t 
the r e s o l u t i o n has outgrown the s e n s i t i v i t y of the s i m p l e pucke
r i n g model. The s u b t l e improvements of t h e model t h a t a r e a l r e a d y 
documented i n the l i t e r a t u r e w i l l be put t o the t e s t more c r i t i -
c a l l y . I t i s a l s o p r e d i c t a b l e t h a t f u r t h e r r e f i n e m e n t s of the 
t h e o r y w i l l become n e c e s s a r y . 

The p r o s p e c t s f o r a p p l y i n g CARS t o the o u t - o f - p l a n e d e f o r 
m a t i o n of o t h e r m o l e c u l e s we f e e l a r e g e n e r a l l y n o t v e r y p r o -
m i s i n g . The g r e a t e s t b e n e f i t would a c c r u e i f the d e f o r m a t i o n 
v i b r a t i o n s themselves c o u l d be measured a t low wavenumbers. Such 
measurements, however, may be s e r i o u s l y hampered by the low i n 
t e n s i t y t h e s e modes have i n h e r e n t l y and as a r e s u l t of the n a t u r e 
of CARS. The c o m b i n a t i o n sequences f o r e i t h e r more p u c k e r e d or 
l a r g e r m o l e c u l e s a r e l i k e l y t o be even more c o m p l i c a t e d than 
f o r TMO. F i n a l l y , i t i s dubious whether CARS w i l l become a r o u t i n e 
method i n the near f u t u r e . 
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Coherent a n t i - S t o k e s Raman s p e c t r o s c o p y (CARS), a r e l a t i v e l y 
new but e x t r e m e l y p o w e r f u l t e c h n i q u e , has been used t o o b t a i n 
Raman s p e c t r a w i t h h i g h e f f i c i e n c y . The f i r s t O b s e r v a t i o n of the 
CARS p r o c e s s was r e p o r t e d by Maker and Terhune i n 1965 [ 1 ] . S i n c e 
these i n i t i a l e x p e r i m e n t s , many i n v e s t i g a t i o n s d e m o n s t r a t i n g the 
a p p l i c a t i o n of CARS i n s o l i d s , l i q u i d s and gases have been r e p o r t e d . 
P u b l i c a t i o n s d e s c r i b i n g CARS i n v e s t i g a t i o n s a r e a p p e a r i n g a t an 
eve r i n c r e a s i n g r a t e and t h e t e c h n i q u e has been s u c c e s s f u l l y a p p l i e d 
t o such d i v e r s i f i e d s t u d i e s as combustion d i a g n o s t i c s , b i o l o g i c a l 
Systems, low f r e q u e n c y Raman modes and e x c i t e d S t a t e v i b r a t i o n a l 
s p e c t r o s c o p y . 

The CARS t e c h n i q u e u t i l i z e s two l a s e r beams, w i t h a n g u l a r f r e 
q u e n c i e s 0)i and 0)2, f o c u s e d t o g e t h e r i n a sample r e s u l t of the 
beams m i x i n g , a c o h e r e n t s i g n a l r e s e m b l i n g a low i n t e n s i t y l a s e r 
beam a t a f r e q u e n c y 0)3 = 2o)i-0) i s g e n e r a t e d i n the medium. Con
v e r s i o n of the two l a s e r beams i n t o the a n t i - S t o k e s s h i f t e d compo
nent a t 0)3 i s a consequence of the t h i r d o r d e r n o n l i n e a r p r o p e r t i e s 
of the system. By use of t u n a b l e dye l a s e r s , the f r e q u e n c y i n t e r v a l 
0)i-0)2 = A can be c o n t i n u o u s l y a d j u s t e d . When A e q u a l s 0) , the f r e ^ 
quency of a Raman a c t i v e mode, the s i g n a l i s g r e a t l y enhanced. The 
CARS spectrum i s o b t a i n e d by h o l d i n g the f r e q u e n c y a t 0)i f i x e d and 
s c a n n i n g o)2 such t h a t A Covers the Raman f r e q u e n c i e s of i n t e r e s t . 

The CARS experiment o f f e r s s e v e r a l d i s t i n e t advantages over 
the spontaneous Raman e x p e r i m e n t . F i r s t , the spontaneous Raman 
process y i e l d s o n l y one i n e l a s t i c a l l y s c a t t e r e d photon i n 1 0 6 - 1 0 8 

i n c i d e n t photons. T h i s low e f f i c i e n c y makes e f f i c i e n t o p t i c s and 
s e n s i t i v e d e t e c t i o n system n e c e s s a r y . On t h e o h t e r hand, the CARS 
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p r o c e s s can y i e l d one a n t i - S t o k e s photon i n 10 2 — 10 3 i n c i d e n t pho
t o n s . T h i s r e p r e s e n t s a g a i n of 10 , o r a c o n v e r s i o n e f f i c i e n c y 
a p p r o a c h i n g 1 %. Second, t h e r a d i a t i o n produced by the spontaneous 
Raman experiment i s s c a t t e r e d over 4iTsr., so o n l y a s m a l l p o r t i o n 
of t h e t o t a l s c a t t e r e d r a d i a t i o n can be c o l l e c t e d . Whereas i n CARS 
the s i g n a l appears as a l a s e r - l i k e beam, w i t h d i v e r g e n c e c h a r a c 
t e r i s t i c s l i k e t h o s e of t h e i n c i d e n t beams. The s i g n a l can t h e r e 
f o r e be s e p a r a t e d from t h e i n c i d e n t beams and c o l l e c t e d w i t h about 
90 % e f f i c i e n c y . T h i r d , t h e r a d i a t i o n produced i n the spontaneous 
p r o c e s s c o n s i s t s of photons w i t h f r e q u e n c i e s spanning a l l the i n 
t e r n a l degrees of freedom, so t h a t a l a r g e monochromator i s r e 
q u i r e d . The CRAS s i g n a l c o n s i s t s of photons of o n l y one f r e q u e n c y 
0)

3
 so no monochromator i s r e q u i r e d f o r d e t e c t i o n . F i n a l l y , f l u o 

r e s c e n c e may make spontaneous Raman s p e c t r a t r o u b l e s o m e , i f not 
i m p o s s i b l e , t o o b t a i n . F l u o r e s c e n c e s i g n a l s a r e o f t e n s e v e r a l 
o r d e r s of magnitude g r e a t e r than Raman s i g n a l s and propagate i s o -
t r o p i c a l l y , making c o l l e c t i o n u n a v o i d a b l e . F l u o r e s c e n c e i n t e r 
f e r e n c e i s m i n i m i z e d i n the CARS experiment because the s i g n a l i s 
a n t i - S t o k e s s h i f t e d and t h e r e b y f r e q u e n c y i s o l a t e d from f l u o r e s 
cence e m i s s i o n . The s p a t i a l c h a r a c t e r i s t i c s of the CARS s i g n a l 
a l s o make i t easy t o m i n i m i z e f l u o r e s c e n c e c o l l e c t i o n . 

A n other advantage of CARS i s a d i r e c t r e s u l t of the type of 
l a s e r s used i n t h e e x p e r i m e n t . For condensed-phase s t u d i e s p u l s e d -
dye l a s e r s w i t h h i g h peak powers (~100 kW), s h o r t p u l s e w i d t h s 
(^10 nsec) , and low average powers (^10 mW) a r e used i n s t e a d 
of the CW gas l a s e r s u s u a l l y employed i n the spontaneous Raman 
ex p e r i m e n t . P u l s e d l a s e r s can be used i n the CARS experiment be
cause t h e p r o c e s s depends on the i n s t a n t a n e o u s power r a t h e r t h a n 
th e average power. The low average powers a s s o c i a t e d w i t h p u l s e d 
l a s e r s i n CARS h e l p t o p r e v e n t sample d e g r a d a t i o n and a l l o w s m a l l 
sample volumes ( 1 u l ) t o be used. T h i s i s p a r t i c u l a r l y i m p o r t a n t i n 
resonance work where the e x c i t i n g l a s e r i s c l o s e t o the e l e c t r o 
n i c a b s o r p t i o n of the m o l e c u l e of i n t e r e s t . I n the spontaneous 
Raman e x p e r i m e n t , resonance work u s u a l l y e n t a i l s s p i n n i n g a r a t h e r 
l a r g e sample t o p r e v e n t d e g r a d a t i o n . 

I . EXPERIMENTAL SETUP FOR CONDENSED PHASES 

CARS i s c o n s i d e r e d a t e c h n i c a l l y d i f f i c u l t experiment i n the 
Condensed phase. The d i f f i c u l t y a r i s e s from the pase-matching 
c o n d i t i o n s of the p r o c e s s . S i n c e the CARS p r o c e s s b e g i n s and ends 
i n the same energy l e v e l , energy and momentum a r e c o n s e r v e d . The 
momentum v e c t o r s depend, n o t o n l y on the wavelength of the two 
beams, b u t a l s o on the i n d e x of r e f r a c t i o n of the media a t t h e 
p a r t i c u l a r w a v e l e n g t h . The e q u a t i o n f o r the momentum matching con
d i t i o n i s g i v e n i n [ 1 0 ] . 
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F i g u r e 1 shows the momentum v e c t o r matching f o r the p r o c e s s . 
S i n c e the i n d e x of r e f r a c t i o n v a r i e s w i t h f r e q u e n c y ( d i s p e r s i v e 
medium) t h e v e c t o r s , and w i l l n ot l i e i n a l i n e b u t 
must be o r i e n t e d a t c e r t a i n a n g l e s w i t h r e s p e c t t o each o t h e r . 
The a n g l e 6 between the K. and v e c t o r s i s c a l l e d the c r o s s i n g 
a n g l e whereas the a n g l e 0 T between the and v e c t o r s i s u s u 
a l l y c a l l e d the c o l l e c t i o n a n g l e . I n most ca s e s t h e s e two a n g l e s 
a r e n e a r l y e q u i v a l e n t . As a r e s u l t of t h i s momentum matc h i n g 
c r i t e r i o n the c r o s s i n g a n g l e as w e l l as the c o l l e c t i o n a n g l e 
must be v a r i e d as the d i f f e r e n c e i n t e r v a l I 0 i - U ) 2 = A i s scanned 
t o o b t a i n a spectrum. I t has been found t h a t t h e t o t a l wavenumber 
ränge t h a t can be scanned w i t h o u t adjustment i s d e t e r m i n e d by 
the d i s p e r s i o n of the sample, w h i c h changes w i t h f r e q u e n c y . I n 
a h i g h l y d i s p e r s i v e medium l i k e benzene, the scan ränge i s 
l i m i t e d t o a p p r o x i m a t e l y 50 cnT̂  b e f o r e the c r o s s i n g a n g l e must 
be a d j u s t e d . In w a t e r , the scan ränge i s 150-250 cm"1 [2] . 

F i g u r e 1. Momentum ma t c h i n g v e c t o r s f o r the CARS p r o c e s s . 

S p e c t r a were thus o b t a i n e d i n s m a l l o v e r l a p p i n g segments and 
p i e c e d t o g e t h e r b e f o r e Computer c o n t r o l was implemented. Under 
Computer c o n t r o l the s p e c t r a a r e o b t a i n e d i n a manner of minutes 
i n s t e a d of hours and d i g i t a l l y s t o r e d . 
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A v a s t number of e x p e r i m e n t a l arrangements have been used 
t o g e n e r a t e CARS s i g n a l s . The e a r l i e s t e x p e r i m e n t s [3-6] u t i l i z e d 
s t i m u l a t e d Raman s c a t t e r i n g t o c r e a t e an OJ2 beam wh i c h was then 
mixed w i t h t h e pump l a s e r beam t o g e n e r a t e t h e CARS s i g n a l . How
e v e r , t h i s c o u l d be used o n l y f o r measuring r e s o n a n t CARS s i g n a l 
f r om benzene o r nonr e s o n a n t c r o s s s e c t i o n s of o t h e r m a t e r i a l s a t 
a f r e q u e n c y s h i f t o f 922 cm"^. N e e d l e s s t o s a y , t h i s was not a 
v e r y c o n v e n i e n t method f o r o b t a i n i n g s p e c t r a . A n o t h e r experimen
t a l arrangement employed a s i n g l e n i t r o g e n l a s e r pumping two dye 
l a s e r s and g e n e r a t e d two i n d i v i d u a l l y t u n a b l e wavelengths a t 
power l e v e l s of 10 - 100 kW each. T h i s arrangement has been used 
i n s e v e r a l e x p e r i m e n t s [ 7 - 8 ] . The two dye l a s e r beams can be s p l i t , 
f o r m i n g a d o u b l e , n o n l i n e a r m i x i n g arrangement t o g e n e r a t e a 
r e f e r e n c e s i g n a l f o r t h e purpose of r e d u c i n g a m p l i t u d e and mode 
f l u c t u a t i o n s . 

The k i n d of dye l a s e r u t i l i z e d f o r e x p e r i m e n t s depends on the 
s p e c t r a l p r o p e r t i e s of the sample t o be s t u d i e d and t h e typ e of 
l a s e r a v a i l a b l e f o r pumping. I n g e n e r a l , s p e c t r a i n the Condensed 
phase have l i n e w i d t h s on the o r d e r of a few cm"^ o r g r e a t e r . 
A Hänsch-type dye l a s e r [9] t y p i c a l l y employed w i t h a n i t r o g e n 
l a s e r pump, a low-power beam expander and g r a t i n g , r e a d i l y g i v e 
l i n e w i d t h s of 0.3 - 1.0 cm~~^. An a m p l i f i e r s t a g e may be added 
i f h i g h e r powers a r e r e q u i r e d i n the Output beam. 

I t s h o u l d a l s o be mentioned t h a t CARS need not be performed 
w i t h narrow band l a s e r s . I f one of the l a s e r s i s f i x e d i n f r e q u e n 
cy and s p e c t r a l l y n a r r o w , the o t h e r l a s e r may be broadband. CARS 
s i g n a l s w i l l be formed o n l y w i t h the s p e c t r a l p o r t i o n s bf the 
b r o a d dye l a s e r Output t h a t c o r r e s p o n d t o Raman s h i f t s . The r e -
s u l t i n g CARS l i n e s , however, w i l l need t o be s e p a r a t e d and ana-
l y z e d by means of a monochromator. Such an arrangement c o u l d be 
u s e f u l f o r k i n e t i c , p h o t o c h e m i c a l and c o n c e n t r a t i o n s t u d i e s . 

F i g u r e 2 shows t h e CARS setup used a t the U n i v e r s i t y of Geor
g i a . I t c o n s i s t s o f a n i t r o g e n l a s e r s p l i t i n t o two beams by a 
2:1 beam S p l i t t e r . These beams a r e then used t o pump two DL200 
dye l a s e r s w h i c h c r e a t e the pump and probe (u)2) beam f o r 
the CARS e x p e r i m e n t . Scanning of the dye l a s e r s i s a c h i e v e d by 
a s i n e b a r d r i v e n g r a t i n g . The two beams a r e c r o s s e d and f o c u s e d 
by l e n s 2. The r e s u l t i n g CARS s i g n a l (o)3) i s g e n e r a t e d a t an 
a n g l e 9* w i t h r e s p e c t t o the 0)^ beam. 

In o r d e r t o d e t e c t t h i s s i g n a l t h e d e t e c t o r and monochroma
t o r must be a b l e t o f o l l o w the 0 ! a n g l e as the scan i s t a k e n . 
T h i s was a c c o m p l i s h e d by mounting them on a movable s t a g e which 
p i v o t s about the c r o s s i n g p o i n t of t h e pump and probe beams. 
T h i s s t a g e a l l o w s t h e a n g l e of c o l l e c t i o n t o be v a r i e d s y n c h r o n -
o u s l y w i t h t h e c r o s s i n g a n g l e . The s i g n a l beam U)3 passes through 
an i r i s 30 cm fr o m t h e sample. The beam i s then f o c u s e d onto the 
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F i g u r e 2. E x p e r i m e n t a l CARS setup used i n t h e s t u d i e s . 

e n t r a n c e s l i t of a JY-DH-205 1200 UV monochromator. The monochro
mator i s c h i e f l y used f o r background f l u o r e s c e n c e r e j e c t i o n s i n c e 
the r e s o l u t i o n of the experiment i s d e t e r m i n e d s o l e l y by the l i n e 
w i d t h of t h e dye l a s e r s . In o r d e r t o be c o m p a t i b l e w i t h the wide 
wavel e n g t h ränge a v a i l a b l e when u s i n g nitrogen-pumped dye l a s e r s 
(260-740 nm), an RCA C31034 g a l l i u m a r s e n i d e p h o t o m u l t i p l i e r t u b e , 
which has a 10 % o r g r e a t e r quantum e f f i c i e n c y t h r o u g h o u t t h i s 
ränge, was used. The s i g n a l from the p h o t o m u l t i p l i e r was averaged 
u s i n g a b o x c a r i n t e g r a t o r (EG and G P r i n c e t o n A p p l i e d Research 
Model 162). The i n t e g r a t o r was t r i g g e r e d by t h e Output from a p i n 
d i o d e ( M o l e c t r o n LP-141) m o n i t o r i n g the r e f l e c t i o n of t h e cô  beam 
from a m i c r o s c o p e s l i d e . A r e f e r e n c e was p r o v i d e d by a r e f l e c t i o n 
of 0) 2 u s i n g a s i m i l a r arrangement as t h a t i n . A PDP-11/34 Com
p u t e r c o n t r o l l e d p o s i t i o n i n g of t h e beams, s c a n n i n g of the probe 
l a s e r and c o l l e c t i o n of the d a t a . 

Computer c o n t r o l of the CARS experiment r e q u i r e d the i n c o r -
p o r a t i o n of a minimum of f i v e s t e p p i n g m o tors. Three were r e q u i r e d 
f o r a d j u s t m e n t of the c r o s s i n g a n g l e . They c o n t r o l l e d m i r r o r t r a n s 
l a t i o n and v e r t i c a l and h o r i z o n t a l r o t a t i o n . The h o r i z o n t a l and 
v e r t i c a l r o t a t i o n s t e p p i n g motors were 400 s t e p / r e v o l u t i o n whereas 
a l l o t h e r motors employed were 200 s t e p / r e v o l u t i o n . The c o l l e c t i o n 
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st a g e p o s i t i o n as w e l l as the monochromator s c a n n i n g a r e c o n t r o l l e d 
by s t e p p i n g motors. 

I n o r d e r t o ext e n d t he CARS t e c h n i q u e t o wa v e l e n g t h s h o r t e r 
than 360 nm, we have used a n g l e - t u n e d KDP ( p o t a s s i u m d i h y d r o g e n 
phosphate) f r e q u e n c y - d o u b l i n g c r y s t a l s [10]. F i g u r e 3 shows t h a t 
a UV-CARS spectrum c o u l d be o b t a i n e d f o r t o l u e n e u s i n g a pump f r e 
quency of 295 nm. Under Computer c o n t r o l the t u n i n g a n g l e can be 
ke p t i n phase w i t h U)2 and the power v a r i a n c e k e p t a t a minimum. 

In o r d e r t o o b t a i n s m a l l p a t h l e n g t h s and m i n i m i z e a b s o r p t i o n 
of the v a r i o u s beams, Standard m e l t i n g p o i n t c a p i l l a r i e s were used 
t o c o n t a i n t he sample. T h i s proved more c o n v e n i e n t and c o n s i d e r a b l y 
l e s s e x p e n s i v e than the Standard c u v e t t e s used i n p a s t CARS e x p e r i 
ments. T h i s setup a l l o w s samples t o be f l o w e d i n case o f ph o t o -
c h e m i c a l d e c o m p o s i t i o n . The c a p i l l a r y was p l a c e d i n the pla n e of 
(JÜJ and U)2 ( F i g . 2) and p e r p e n d i c u l a r t o t h e i r b i s e c t o r . The c a p i l 
l a r y was then r a i s e d o r low e r e d u n t i l the u)i beam passed u n d e v i a t e d . 
T h i s placement was c r i t i c a l s i n c e the rounded w a l l s g r e a t l y d i s -
p l a c e d t he beams u n l e s s they t r a v e l l e d a l o n g the d i a m e t e r . T h i s 
d i s p l a c e m e n t a c t u a l l y made the a l i g n m e n t e a s i e r . Once the beam 
passed u n d e v i a t e d t h e s t e e r i n g m i r r o r f o r the o)2 beam (see F i g . 2) 
was a d j u s t e d t o make i t pass u n d e v i a t e d . T h i s v i s u a l a l i g n m e n t i s 
much more s e n s i t i v e t h a n the k n i f e edge t e s t [11] f o r v e r t i c a l 
placement. Once a l i g n e d v e r t i c a l l y , the s t e e r i n g m i r r o r f o r the 
0)

2
 beam was a d j u s t e d h o r i z o n t a l l y t o o b t a i n the CARS s i g n a l . The 

l o s s i n s i g n a l as compared t o a c u v e t t e i s o n l y on the o r d e r of 
10 %. Quartz c a p i l l a r y t u b i n g had t o be adopted f o r the UV e x p e r i 
ments. 
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F i g u r e 3. Coherent a n t i - S t o k e s Raman spectrum of t o l u e n e w i t h 
w- = 295.0 nm. 
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I I . INTERFACE OF THE CARS EXPERIMENT 

Hardware 

The CARS experiment i s a m u l t i p a r a m e t e r p r o c e s s w h i c h r e q u i -
r e s p r e c i s e c o n t r o l of m i r r o r and m i c r o m e t e r movements. To o b t a i n 
l a r g e f r e q u e n c y scans i n s h o r t p e r i o d s of time i t i s n e c e s s a r y t o 
c o n t r o l t he v a r i o u s parameters w i t h a Computer. The minicomputer 
chosen f o r t h i s purpose was a PDP 11/34 w i t h such o p t i o n s as a 
20 MB h a r d d i s k d r i v e , two g e n e r a l pupose I/O p o r t s (DR11K and 
DR11C), a n a l o g - t o - d i g i t a l C o n v e r t e r (AD11K) w i t h m u l t i p l e x e r (AM11K), 
and d i g i t a l - t o - a n a l o g C o n v e r t e r (AA11K). I n c l u d e d w i t h t h i s package 
was D i g i t a l ' s RT-11 or RSX r e a l t i m e F o r t r a n S o f t w a r e package f o r 
r e a l - t i m e c o n t r o l . 

Four types of I n t e r f a c e s had t o be b u i l t i n o r d e r t o make 
the CARS u n i t c o m p a t i b l e w i t h the m i n i c o m p u t e r . They were (a) 
b u s i n g system f o r the I/O p o r t s ( p e r i b u s ) , (b) a n a l o g - t o - d i g i t a l 
C o n v e r t e r i n t e r f a c e (c) DL-040 A M o l e c t r o n scan u n i t i n t e r f a c e , 
and (d) s t e p p i n g motor i n t e r f a c e s . The p e r i b u s ( p e r i p h e r a l bus) 
was c o n s t r u c t e d to i n c r e a s e the number of p o s s i b l e I/O p o r t s . 
T h i s i s a c h i e v e d by b u s i n g a l l of the b i t s f r om the DR11 p o r t t o 
many a c c e s s i b l e p l u g - i n p o r t s . T h i s a l l o w s more d e v i c e s t o have 
a c c e s s t o the same I/O i n t e r f a c e . I n o r d e r f o r the Computer t o 
d i s c r i m i n a t e between d e v i c e s each d e v i c e o r O p e r a t i o n has i t s 
own a d d r e s s . The p e r i b u s c o n s i s t s of open c o l l e c t o r d r i v e r s w h i c h 
b o o s t and d i s t r i b u t e the s i g n a l from the DR11 I/O p o r t t o the 
v a r i o u s i n t e r f a c e s . 

The scan u n i t has t h r e e t y p e s of O p e r a t i o n s t h a t had t o be 
i n t e r f a c e d t o the Computer. They i n c l u d e d d a t a i n p u t ( l a t c h i n g ) , 
d a t a Output, and p u l s e g e n e r a t i o n . A s i m p l i f i e d scheme f o r hand
l i n g t h e s e O p e r a t i o n s i s shown i n F i g . 4. The O p e r a t i o n s t h a t r e 
q u i r e d l a t c h i n g were those i n which a l e v e l ( h i g h o r low) had t o 
be h e l d f o r l o n g p e r i o d s of t i m e . Examples of such O p e r a t i o n s a r e 
the scan and d i r e c t i o n i n p u t s i n w h i c h . t h e d a t a l e v e l s had t o be 
h e l d c o n s t a n t t o scan i n a p a r t i c u l a r d i r e c t i o n . Data Output was 
a c c o m p l i s h e d by two i n p u t open c o l l e c t o r nand g a t e s i n which one 
i n p u t was the address decode and the o t h e r a c t u a l d a t a b e i n g 
sent t o the Computer. The d a t a b e i n g s e n t t o the Computer from t h e 
scan u n i t was the BCD Output of the w a v e l e n g t h of the dye l a s e r . 
C e r t a i n of the f u n e t i o n s performed by t h e scan u n i t r e q u i r e d a 
p u l s e f o r a c t i v a t i o n . The p u l s e s were produced by a monostable 
m u l t i v i b r a t o r . 

The s t e p p i n g motor i n t e r f a c e i s a l s o c o n t r o l l e d by the DR11 
I/O p o r t . T h i s i n t e r f a c e c o n s i s t s of two O p e r a t i o n s , s t e p p i n g motor 
c o n t r o l , and motor S t a t u s m o n i t o r i n g . The g e n e r a l scheme f o r t h i s 
i n t e r f a c e i s shown i n F i g . 5. The i n f o r m a t i o n r e q u i r e d t o make a 
p a r t i c u l a r s t e p p i n g motor run i s the ad d r e s s of t h a t motor, the 
number of st e p s t o be made, and the d i r e c t i o n i n which t o s t e p . 
Thus, a s i n g l e Output word can r u n a s t e p p i n g motor l e a v i n g 
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the Computer f r e e f o r o t h e r O p e r a t i o n s . The r u n S t a t u s o f each 
motor and whether a l i m i t has been reached by a motor a r e moni-
t o r e d by the motor S t a t u s c a r d and sent t o the Computer t h r o u g h 
the i n p u t word. 

The s t e p p e r c o n t r o l c a r d c a n o p e r a t e i n one o f two p o s s i b l e 
modes, l o c a l o r Computer. Part A of F i g . 6 d e p i c t s a s i m p l i f i e d 
scheme of what i s i n v o l v e d i n t h e l o c a l mode. The O p e r a t i o n s c o n 
t r o l l e d a r e r u n ( f r e e r u n ) , d i r e c t i o n ( c l o c k w i s e o r a n t i c l o c k -
w i s e ) , and s t e p ( s i n g l e s t e p ) . The r u n s w i t c h t u r n s on an o s c i l 
l a t o r w h i c h p u t s out a p u l s e t r a i n t o the motor i n e i t h e r t h e 
clockwise o r c o u n t e r c l o c k w i s e d i r e c t i o n . The s t e p s w i t c h p u t s o ut a 
s i n g l e p u l s e t o the motor. I f a l i m i t has been reached by t h e 
s t e p p i n g motor a m i c r o s w i t c h i n t h a t d i r e c t i o n i s s h o r t e d t o 
ground, b l o c k i n g t he p u l s e t r a i n a t the t h r e e i n p u t nand g a t e . 
The Computer mode of O p e r a t i o n i s d e p i c t e d i n P a r t B of F i g . 6. 
An Output word c o n t a i n i n g t h e a d d r e s s , d i r e c t i o n , and number of 
s t e p s i s put on t h e Output bus. The ad d r e s s decodes, a l l o w i n g a 
b i n a r y c o u n t e r t o be l o a d e d . The c o u n t e r i s used o n l y i n t h e down 

»•(»It wti 

F i g u r e 4. S i m p l i f i e d s c h e m a t i c of the b a s i c O p e r a t i o n of the 
scan u n i t i n t e r f a c e . Both t h e i n p u t p o r t s o f the DR11K were r e 
q u i r e d f o r communication w i t h t h e Computer. 
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a s t t a t 

F i g u r e 5. S i m p l i f i e d s c h e m a t i c of t h e b a s i c O p e r a t i o n of t h e 
s t e p p i n g motor i n t e r f a c e . The DR11C I/O p o r t was used f o r Con
t r o l l i n g t h i s i n t e r f a c e . 

A. L O C A L C O N T R O L I. C O M P U T E R CONTROL 
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F i g u r e 6. More d e t a i l e d s c h e m a t i c of the s t e p p i n g motor i n t e r 
f a c e under l o c a l (a) and Computer (b) c o n t r o l . 
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count mode f o r t h i s i n t e r f a c e . Once the c o u n t e r has been l o a d e d 
an e x t e r n a l o s c i l l a t o r i s s w i t c h t e d on and a p u l s e t r a i n s e n t t o 
the count down of t h e c o u n t e r . The b i n a r y c o u n t e r c o u n t s the num
b e r l o a d e d down, w i t h i t s Output f i r s t b e i n g c o u p l e d w i t h t h e 
d i r e c t i o n and then sent t o t h e motor. The a c t u a l c i r c u i t t h a t was 
used i s g i v e n i n r e f . [ 1 2 ] . The r u n s i g n a l of each motor i s moni-
t o r e d by t h i s c a r d and when the c o r r e c t a d d r e s s i s g i v e n t h e i n 
f o r m a t i o n i s sent t o t h e i n p u t p o r t and s u b s e q u e n t l y t o the Com
p u t e r . The m i c r o s w i t c h e s a r e m o n i t o r e d c o l l e c t i v e l y . T h i s i s 
a c c o m p l i s h e d by t w o - e i g h t i n p u t nand g a t e s . I f a l i m i t i s r e a c h e d 
by a motor, the program s t o p s a l l O p e r a t i o n s and r i n g s an a l a r m 
w a r n i n g t h e O p e r a t o r t h a t a l i m i t has been reached. 

The backbone of the r e a l - t i m e S o f t w a r e package a r e the F o r 
t r a n c a l l a b l e s u p p o r t r o u t i n e s f o r l a b o r a t o r y p e r i p h e r a l s (LDPLIB) 
["FORTRAN RT-11: E x t e n s i o n s M a n u a l " , D i g i t a l Equipment Corp. 3-1 
( 1 9 7 6 ) ] . These r o u t i n e s a l l o w the u s e r t o i n i t i a t e c o n t r o l on t h e 
f o l l o w i n g types of hardware d e v i c e s : ( 1 ) programmable r e a l - t i m e 
c l o c k , ( 2 ) a n a l o g - t o - d i g i t a l c o n v e r s i o n , (3)16 b i t d i g i t a l I/O 
p o r t , (4) CRT d i s p l a y C o n t r o l l e r , and (5) d i r e c t memory a c c e s s 
O p t i o n . 

The t h r e e major O p e r a t i o n s t h a t t h e Computer had t o p e r f o r m 
were (1) c o n t r o l of the scan u n i t , (2) s t e p p i n g motor c o n t r o l , 
and (3) d a t a c o l l e c t i o n from the b o x c a r . I n o r d e r t o a c c o m p l i s h 
t h i s t a s k F o r t r a n s u b r o u t i n e h a n d l e r s were w r i t t e n and s t o r e d i n 
an a c c e s s i b l e l i b r a r y f i l e . These s u b r o u t i n e s were based on t h e 
F o r t r a n - c a l l a b l e s u b r o u t i n e s of the LDPLIB package. The main 
s c a n n i n g r o u t i n e s were the n d e v e l o p e d around t h e s e s u b r o u t i n e 
h a n d l e r s . T h i s made i t r a t h e r easy t o w r i t e and m o d i f y the main 
r o u t i n e as was needed. 

The t h r e e parameters t h a t must be v a r i e d t o change the c r o s 
s i n g a n g l e and c o l l e c t the s i g n a l a t 9 1 a r e shown i n F i g . 7. They 
c o n s i s t of (a) l a t e r a l t r a n s l a t i o n of t h e u)2 m i r r o r , (b) h o r i z o n 
t a l r o t a t i o n of the co2 m i r r o r - t o keep t h e two beams c r o s s i n g a t 
the same p o i n t i n Space as the c r o s s i n g a n g l e i s v a r i e d , and (c) 
r o t a t i o n of t h e c o l l e c t i o n S t a t e a l l o w i n g the d e t e c t o r t o t r a c k 
U)3 . Any s c a n n i n g a l g o r i t h m f o r CARS must be a b l e t o v a r y t h e s e 
t h r e e p a r a m e t e r s . The c o r r e l a t i o n between t h e s e parameters was 
the f i r s t s t e p i n o b t a i n i n g a s c a n n i n g CARS u n i t . 

The c o r r e l a t i o n between the m i r r o r t r a n s l a t i o n and h o r i z o n 
t a l r o t a t i o n was o b t a i n e d i n the f o l l o w i n g manner. A Computer 
program was w r i t t e n i n w h i c h the m i r r o r t r a n s l a t i o n and h o r i z o n t a l 
r o t a t i o n s t e p p i n g motors would be a c c e s s e d . Then the f o l l o w i n g 
experiment was c a r r i e d o u t . F i r s t , the f o c u s of 03̂  was found by 
a k n i f e edge t e s t . I n the CARS exp e r i m e n t i s h e l d c o n s t a n t 
and Ü) 2 i s scanned and t r a n s l a t e d t o v a r y t h e c r o s s i n g a n g l e . Thus, 
i t i s i m p o r t a n t t o a l i g n the system t o t h e 0), beam. At t h i s p o i n t 
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t h e cô  beam was e x t i n g u i s h e d and io 2 was m o n i t o r e d by a p i n d i o d e . 
The co2 beam was then p u r p o s e l y a d j u s t e d t o pass the k n i f e edge. 

F i g u r e 7. Schematic of the c r o s s i n g and c o l l e c t i o n a n g l e scheme 
d e p i c t i n g the t h r e e parameters t h a t must be c o n t r o l l e d by the 
Computer. They i n c l u d e (a) c r o s s i n g a n g l e (micrometer t r a n s l a t i o n ) , 
(b) h o r i z o n t a l m i r r o r r o t a t i o n , and (c) movement of the c o l l e c 
t i o n s t a g e . 

The h o r i z o n t a l r o t a t i o n s t e p p e r was a l l o w e d t o s t e p the beam 
toward the k n i f e edge u n t i l the s i g n a l was e x t i n g u i s h e d by a f a c 
t o r of two. The t r a n s l a t i o n s t a g e c o n t a i n i n g the 0)2 m i r r o r was 
then a l l o w e d t o move t o a l a r g e r c r o s s i n g a n g l e and the ÜQ2 beam 
was a g a i n r o t a t e d onto the k n i f e edge. T h i s p r o c e d u r e was con-
t i n u e d u n t i l the maximum c r o s s i n g a n g l e p o s s i b l e w i t h our s i n g l e 
l e n s system was o b t a i n e d . The r e s u l t s of t h i s c a l i b r a t i o n a r e 
shown i n F i g . 8. The c o r r e l a t i o n was found t o be l i n e a r w i t h a 
s l o p e of 0.352 ( h o r i z o n t a l s t e p s p e r th o u s a n d t h s i n c h m i r r o r 
t r a n s l a t i o n ) . 

From p r e v i o u s work w i t h the CARS setup i t was known t h a t 9 
v a r i e d as a f u n c t i o n of the f r e q u e n c y d i f f e r e n c e between and 0)2 

as w e l l as the wavelength of the pump. T h i s V a r i a t i o n i n the 
c r o s s i n g a n g l e i s the r e s u l t o f t h e dependence of the i n d e x of 
r e f r a c t i o n upon the w a v e l e n g t h . S i n c e most of our work i s b e i n g 
done i n r e s o n a n c e , which r e q u i r e s o n l y s m a l l amounts of s o l u t e , 
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the i n d e x of r e f r a c t i o n i s l a r g e l y d e t e r m i n e d by the s o l v e n t . 
Thus, i f one knew the V a r i a t i o n i n 0 f o r each s o l v e n t i t would be 
a s i m p l e m a t t e r t o d e v i s e a s c a n n i n g a l g o r i t h m . To d e t e r m i n e t h e 
Variation of 0 f o r d i f f e r e n t s o l v e n t s a Computer program was de
v e l o p e d . The program worked i n the f o l l o w i n g manner. F i r s t , an 
i n i t i a l a l i g n m e n t was made t o i n s u r e t h a t the c o r r e c t c r o s s i n g 
a n g l e was found f o r t h e i n i t i a l p o i n t . The Q)2 dye l a s e r was t h e n 
scanned by a p r e d e t e r m i n e d amount, the c o l l e c t i o n s tage swept t o 
d e termine the p o s i t i o n of t o 3 , and the h o r i z o n t a l m i r r o r r o t a t i o n 
v a r i e d t o f i n d the maximum s i g n a l . The c r o s s i n g a n g l e was then 
i n c r e a s e d and the s t a g e m i r r o r v a r i e d t o f i n d the maximum s i g n a l 
a g a i n . A t t h i s p o i n t the two maxima were compared. I f the p r e v i o u s 
maximum was g r e a t e r , the c r o s s i n g a n g l e , stage p o s i t i o n , and 
m i r r o r were r e t u r n e d t o t h i s p o s i t i o n . I f the l a s t maximum was 
l a r g e r , t h e c r o s s i n g a n g l e was i n c r e a s e d a g a i n and the s t a g e and 
m i r r o r v a r i e d f o r maximum i n t e n s i t y . T h i s p o s i t i o n was r e c o r d e d 
and co2 was scanned t o a new f r e q u e n c y and the above r e p e a t e d . 
What was o b t a i n e d f r o m such a p r o c e d u r e i s the s t a g e p o s i t i o n and 
m i c r o m e t e r s e t t i n g ( c r o s s i n g a n g l e ) as a f u n c t i o n of the f r e q u e n c y 
d i f f e r e n c e between cô  and u>2 a t a p a r t i c u l a r pump w a v e l e n g t h . 
F i g u r e 9 shows the r e s u l t s o b t a i n e d f o r benzene a t a pump wave-

MIRROR STEPS 

F i g u r e 8. H o r i z o n t a l m i r r o r c a l i b r a t i o n f o r v a r i o u s micrometer 
p o s i t i o n s ( c r o s s i n g a n g l e s ) . The c o r r e l a t i o n was l i n e a r w i t h a 
s l o p e of 0.352 s t e p s / t h s . 
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l e n g t h of 430 nm. The c o r r e l a t i o n was found t o be l i n e a r f o r a l l 
s o l v e n t s t r i e d . A l i s t of some of the more common s o l v e n t s and 
t h e i r m i c r o m e t e r and st a g e s l o p e s i s g i v e n i n T a b l e 1. The n e x t 
s t e p was t o dete r m i n e how these s l o p e s v a r i e d as a f u n c t i o n of the 
pump w a v e l e n g t h . The above p r o c e d u r e was used i n t h i s case a t v a r i 
ous pump w a v e l e n g t h s . For a l l s o l v e n t s t e s t e d e x c e p t benzene t h e 
s l o p e was found t o i n c r e a s e as the e x c i t i n g w a v e l e n g t h was d e c r e a -
sed toward t h e near u l t r a v i o l e t . 

To e x p l a i n these r e s u l t s a t h e o r e t i c a l p r o c e d u r e [12] was 
de v e l o p e d f o r the c a l c u l a t i o n of the mi c r o m e t e r s l o p e as a f u n c 
t i o n of the pump w a v e l e n g t h . The in d e x of r e f r a c t i o n can be ex-
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F i g u r e 9. C a l i b r a t i o n diagram of the s o l v e n t benzene. The c o r r e 
l a t i o n was l i n e a r w i t h a s l o p e of 0.348 ths/cm. 
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TABLE I 

E x p e r i m e n t a l S l o p e s f o r V a r i o u s a 
S o l v e n t s a t Two Pumps 

THS INS Pump 
S o l v e n t (cm" 1) (cm" 1) (nm) 

H 20 0.152 6.25x10"~ 4 505 
H 20 0.153 5.68x10" 4 365 
C 2 H 5OH 0.174 5.70x10~ 4 505 
C 2 H 50H 0.158 6.34x10" 4 365 
CH 3 OH 0.136 4.70x10"" 4 505 
CH 3 OH 0.142 5.9x10~ 4 365 
C H C I 3 0.250 7.168x10" 4 505 
C H C I 3 0.222 7.68x10" 4 365 
p-Dioxane 0.181 6.203x10~ 4 505 
p-Dioxane 0.181 7.08x10" 4 365 

C 6 H 6 
0.309 9.84x10~ 4 

1.30x10" 3 

505 

C 6 H 6 
0.378 

9.84x10~ 4 

1.30x10" 3 365 

The m i c r o m e t e r s l o p e w h i c h i s d i r e c t l y r e l a t e d t o the c r o s 
s i n g a n g l e which i s i n u n i t s of thousands per wavenumber. The c o l 
l e c t i o n s t a g e s l o p e i s i n u n i t s of i n c h e s per wavenumber. T h i s 
s l o p e i s d i r e c t l y r e l a t e d t o the c o l l e c t i o n a n g l e 0. 

E q u a t i o n (1) was expanded i n a power s e r i e s i n u>i and the 
f i r s t t h r e e terms were k e p t y i e l d i n g 

n(uh) = C 0+C 2 t L^+C 4aj| (2) 
By f i t t i n g the t h r e e parameters i n the above e q u a t i o n the s l o p e 
of the m i c r o m e t e r movement to the ca1 w a v e l e n g t h can be d e t e r m i n e d . 
F i g u r e 10 shows the f i t f o r benzene. The o t h e r s o l v e n t s l o p e s were 
e s s e n t i a l l y c o n s t a n t i n t h e r e g i o n t h a t was probed because t h i s 
r e g i o n c o r r e s p o n d e d t o a l i n e a r p a r t i n t h e i r c u r v e s . I f one were 
to probe t h e s e s o l v e n t s c l o s e r t o t h e i r a b s o r p t i o n , one would 
f i n d t h e i r s l o p e s i n c r e a s i n g much the same as benzene. Wi t h a l l 
the n e c e s s a r y c o r r e l a t i o n s o b t a i n e d , a s c a n n i n g a l g o r i t h m c o u l d be 
d e v e l o p e d f o r the CARS u n i t . A l l the Computer needed t o know was 
w h i c h s o l v e n t was b e i n g used f o r the experiment and t h e spectrum 
c o u l d t h e n be t a k e n . The program t h a t was d e v e l o p e d f o r t h i s t a s k 
c o n s i s t e d of t h r e e s e c t i o n s 1) i n i t i a l i z a t i o n of p a r a m e t e r s , 2) 
i n i t i a l a l i g n m e n t , and 3) a c t u a l s c a n n i n g of the spectrum. 

The i n i t i a l i z a t i o n o f the experimental parameters was r e 
q u i r e d f o r the Computer t o be able to control the scan unit. T h i s 
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LflMBORI (NM) 

F i g u r e 10. C a l c u l a t e d f i t t o the s l o p e of benzene as a f u n c t i o n 
of the pump w a v e l e n g t h . The Squares a r e the e x p e r i m e n t a l o b s e r v e d 
s l o p e s . 

i n c l u d e d a l l parameters f o r the DL040 and s t e p p i n g motors. P r e 
v i o u s l y , the CARS u n i t had t o be a l i g n e d by hand a t the f i r s t 
p o i n t . The i n c o r p o r a t i o n of the i n i t i a l a l i g n m e n t p r o c e d u r e a l l o w 
ed the Computer t o f i n d the c o r r e c t a l i g n m e n t , f r e e i n g the Opera
t o r from t h i s t a s k . 

The spectrum i s o b t a i n e d i n the f o l l o w i n g manner. F i r s t , the 
Computer c o l l e c t s a p r e d e t e r m i n e d number of d a t a p o i n t s a t the 
i n i t i a l f r e q u e n c y d i f f e r e n c e . When t h i s i s a c c o m p l i s h e d , the 
scan u n i t i s scanned and the s t e p p i n g motors C o n t r o l l i n g the c r o s 
s i n g and c o l l e c t i o n a n g l e a r e t h e n s t e p p e d a c c o r d i n g t o the s o l 
v e n t parameters i n i t i a l l y f e d t o the Computer. The n e x t p o i n t i s 
t h e n t a k e n and the above p r o c e d u r e c o n t i n u e d u n t i l the l a s t 
p o i n t i s t a k e n . T h i s s e c t i o n a l s o has t h e c a p a b i l i t y of c o r r e c -
t i n g i t s e l f i f the i n i t i a l s l o p e s a r e not c o r r e c t . T h i s i s accom
p l i s h e d by h a v i n g t h e Computer c o r r e c t the a l i g n m e n t by v a r y i n g 
t h e s t a g e , m i r r o r and m i c r o m e t e r p o s i t i o n s u n t i l the maximum 
s i g n a l i s found. The f r e q u e n c y i n t e r v a l f o r h a v i n g t h i s done i s 
s e t i n t h e i n i t i a l i z a t i o n p a r t of t h e program. By making t h i s 
i n t e r v a l s m a l l one would not need t o know the c o r r e c t s l o p e s . The 
o n l y problem w i t h t h i s p r o c e d u r e i s t h a t i t i s time consuming and 
i f done o f t e n , slows the speed a t w h i c h the scan can be t a k e n . 
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FREQUENCY (CM-1) 

F i g u r e 11. F i r s t s p e c trum t a k e n w i t h the s c a n n i n g a l g o r i t h m de
v e l o p e d f o r t h e CARS e x p e r i m e n t . The spectrum i s of the Compound 
p e r y l e n e . 

On c o m p l e t i o n of the scan the d a t a i s s t o r e d on a permanent f i l e 
f o r l a t t e r a n a l y s i s . The f i r s t s pectrum t o be t a k e n w i t h t h i s 
s etup i s shown i n F i g . 11. 

I I I . LOW FREQUENCY CARS 

A l t h o u g h CARS i s an h i g h l y e f f i c i e n t p r o c e s s which has found 
s u c c e s s f u l a p p l i c a t i o n s i n d i v e r s e f i e l d s , t he momentum matc h i n g 
c o n d i t i o n l i m i t s i t s e f f e c t i v e n e s s i n St a n d a r d t w o - l a s e r CARS, t h e 
phase-matching r e q u i r e m e n t l e a d s t o an a n g u l a r S e p a r a t i o n of the 
s i g n a l f r o m the l a s e r beams, which i s d e t e r m i n e d by b o t h the s i z e 
of t h e Raman s h i f t and t h e d i s p e r s i o n of the medium. T h i s a n g u l a r 
r e s o l u t i o n approaches z e r o f o r low d i s p e r s i o n media and/or s m a l l 
Raman s h i f t s and i s c o m p l e t e l y l o s t i n n o n d i s p e r s i v e media such as 
gases. S i n c e gases a r e v i r t u a l l y d i s p e r s i o n l e s s , the photon e n e r 
gy c o n s e r v a t i o n c o n d i t i o n AK = 0 i n d i c a t e s t h a t phase m a t c h i n g 
o c c u r s when the i n p u t and s i g n a l beams a r e c o l l i n e a r . A method 
t h a t p e r m i t s l a r g e a n g u l a r S e p a r a t i o n of the i n p u t f r e q u e n c i e s , 
w h i l e s t i l l s a t i s f y i n g t h e phase matching r e q u i r e m e n t was d e v e l 
oped by E c k b r e t h [13] . Based upon the shape of the phase-matching 
d i a g r a m ( F i g . 12) t h i s t e c h n i q u e has been termed BOXCARS. However-, 



CARS IN CONDENSED MEDIA 383 

F i g u r e 12. Phase-matching diagram for BOXCARS and F o l d e d BOXCARS 
with the co2-co3 plane rotated 90°. 

for small Raman s h i f t s this geometry reduces to a parallelogram, 
and the signal i s propagated c o l l i n e a r l y w i t h one of the tô  beams. 
Thus s p a t i a l and frequency resolution vanishes as A approaches 
zero. 

R e c e n t l y a new phase-matching technique, F o l d e d BOXCARS 
(FBCARS) has been successfully applied to obtaining low frequency 
luminescence-free gas phase Raman spectra [14,15]. One of the 
major problems of applying t h i s technique to Condensed phase spec
tr a has been the proper phase-matching due to the greater disper
sion of the sample. We have incorporated a FBCARS scanning algo-
rithm along with o p t i c a l modifications to the Computer controlled 
.CARS spectrometer described i n section ( 1 ) . Low frequency CARS 
spectra of several organic l i q u i d s have been obtained. 

The computerized experimental setup i s sim i l a r to that de
scribed i n section ( 2 ) . The major modification i s the incorpo-
ration of a 25 mm p e l l i c l e beam S p l i t t e r i n co^. P a r a l l e l to. beams 
are achieved by r e f l e c t i n g the s p l i t portion of cô  with a z5 mm 
mirror. 
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The beam geometry of our FBCARS setup i s shown i n F i g . 13. 

F i g u r e 13. Geometry of t h e o p t i c a l beams f o r F o l d e d BOXCARS. 

The pump beam, to , i s s p l i t and f o c u s e d onto t h e sample, i n a 
p l a n e p e r p e n d i c u l a r t o t h e o p t i c a l t a b l e , w i t h an i n t e r s e c t i o n 
a n g l e of 20^. The probe beam, to2 , i n a p l a n e p e r p e n d i c u l a r t o 
the 0)^ p l a n e i s f o c u s e d onto the sample a t an a n g l e 9 2 t o t h e tô  
p l a n e . The sample beam U)3 p r o p a g a t e s from the p o i n t of i n t e r 
s e c t i o n o f to^ and to2 and e x i t s i n the to2 p l a n e w i t h an a n g l e 6 3 

w i t h r e s p e c t t o t h e tô  p l a n e . A drawback t o t h i s system i s t h a t 
the sample volume i l l u m i n a t i o n i s reduced i n F o l d e d BOXCARS w i t h 
r e s p e c t t o CARS, and i n p r a c t i c e t he s i g n a l i s a t t e n u a t e d by 
a p p r o x i m a t e l y a f a c t o r of t e n . The r e s u l t i n g s i g n a l , however, i s 
s t i l l v e r y i n t e n s e . 

I n o r d e r t o o b t a i n a CARS o r FBCARS spectrum, 9 2 and 0 3 must 
v a r y w i t h co^ ( = 9 - | " 9 2 ) , i n o r d e r t o a s s u r e phase m a t c h i n g . A v e c 
t o r d i a g r a m w i t h the to 2 -to 3 p l a n e r o t a t e d 90° i s shown i n F i g . 12. 
A s c a n n i n g a l g o r i t h m has been d e v e l o p e d f o r the phase m a t c h i n g 
geometry of FBCARS [16]. 

D u r i n g a CARS o r FBCARS s c a n , the Computer u t i l i z e s t h i s 
a l g o r i t h m t o e v a l u a t e 9 2 and 0 3 , thus m a i n t a i n i n g optimum beam 
c r o s s i n g a n g l e s and monochromator o r i e n t a t i o n . 
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A FBCARS spectrum in the region of the 4 5 9 cm 1 peak of car-
bon tetrachloride i s shown in F i g . 14 . The isotopic S p l i t t i n g of 
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F i g u r e 1 4 . F o l d e d BOXCARS spectrum of carbon tetrachloride in 
the region of the 4 5 9 cm"1 peak, OJ-J i s 4 9 5 nm. 

the chlorines i s evident. A lower frequency FBCARS spectrum of 
carbon tetrachloride over the ränge of 140 cm"1 to 4 0 0 cm"1 i s 
shown i n F i g . 1 5 . The greater s p a t i a l Separation of the co3 beam 
in FBCARS has allowed Raman spectra to be recorded i n a frequen
cy ränge lower than that obtainable i n regulär CARS; this i s rea-
d i l y observable in F i g . 1 5 . The s p a t i a l i s o l a t i o n of co3 i s the 
result of two factors: 0)3 i s not coplanar with ÜK and the v a r i -
a b i l i t y of the 0-j angle allows much larger 02 and 03 angles than 
are possible in CARS. The observed increase i n the background 
towards 140 cm"1 i s due to leakage of co-j into the low disper
sion monochromator. A second s p a t i a l f i l t e r was added to the 
system and spectra to and below 100 cm"1 could be e a s i l y ob
tained with l i t t l e or no stray l i g h t . A good test of any CARS 
scanning algorithm is a r e l a t i v e l y long scan of a highly d i s 
persive (large thetaslope) solvent. The FBCARS spectrum of bromo-
form i n the region 7 0 - 5 7 0 cm - 1 ( F i g . 16)demonstrates the a b i -
l i t y of the scanning algorithm to phase match the beams in a 
highly dispersive medium ( n ^ = 1 . 60 ) and the a b i l i t y of FBCARS 
to scan i n the low frequency region. The increase in signal at 
^ 100 cm"1 i s not due e n t i r e l y to s t r a y l i g h t but has c o n t r i -
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b u t i o n s from l i b r a t i o n a l components and an e x t r e m e l y s t r o n g z e r o 
f r e q u e n c y component. 

5. 
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F i g u r e 15. Low f r e q u e n c y F o l d e d BOXCARS spectrum of carbon t e t r a -
c h l o r i d e . cô  i s 495 nm. 
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F i g u r e 16. Extended F o l d e d BOXCARS spectrum of bromoform. co1 i s 
495 nm. 
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IV. ZERO FREQUENCY 

I n o r d e r t o obs e r v e v e r y low f r e q u e n c y Raman modes we have 
u t i l i z e d t h e o p t i c a l setup and F o l d e d BOXCARS beam geometry w i t h 
improved s p a t i a l f i l t e r i n g of the co3 beam and have o b t a i n e d s p e c 
t r a c o n t a i n i n g z e r o Raman s h i f t s . A t z e r o f r e q u e n c y cô  = lü2 = co3 

and 6 3 = 0 2 = 20^, t h e r e f o r e a l l t h e beams a r e s y m m e t r i c a l l y 
a r r a n g e d on a c i r c l e . The d i a m e t e r of the c i r c l e can be v a r i e d 
as the Separation of the beams. T h e r e f o r e io3 remains s p a t i a l l y 
i s o l a t e d even a t z e r o f r e q u e n c y s h i f t s . The major e x p e r i m e n t a l 
d i f f i c u l t y a r i s e s f rom t h e f a c t t h a t co3 has the same f r e q u e n c y 
components as and co2 and spontaneous R a y l e i g h s c a t t e r i n g as 
w e l l as r e f l e c t i o n s from 0)^ and 0)

2
 can v e r y e a s i l y mask the u)3 

beam. 
To m i n i m i z e i n t e r f e r e n c e f r o m t h e 0)^ and co2 beams p a r t i c u l a t e 

m a t t e r i n t h e s o l v e n t was removed from t h e samples by f i l t e r i n g 
w i t h 0.22 um M i l l i p o r e f i l t e r . The c a p i l l a r y tubes c o n t a i n i n g 
samples were t h o r o u g h l y c l e a n e d w i t h e t h a n o l . These p r o c e d u r e s 
a l o n g w i t h the i s o l a t i o n of t h e d)3 beam w i t h an 2.0 mm i r i s h e l p e d 
reduce t h e amount of s t r a y l i g h t a t z e r o f r e q u e n c y t o a p p r o x i m a t e 
l y 2 % of the t o t a l s i g n a l . 

We have r e c o r d e d low n o i s e n e a r z e r o f r e q u e n c y s p e c t r a of 
benzene and carbon d i s u l f i d e and have f i t the d a t a t o t r y our t h e o 
r y and f i t t i n g scheme. F i g u r e 17 shows the e x p e r i m e n t a l d a t a f o r 
ca r b o n d i s u l f i d e a l o n g w i t h our f i t . 

F i g u r e 17. Low f r e q u e n c y c a r b o n d i s u l f i d e spectrum and t h e o r e t i c a l 
f i t . 
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The f i t i s composed of two L o r e n t z i a n terms a t 0 cm""1. T h i s 
i s i n agreement w i t h C a r r e i r a [17] who used Raman Gai n / L o s s spec
t r o s c o p y t o s t u d y c a r b o n d i s u l f i d e i n t h i s r e g i o n . The spectrum 
of benzene i s shown i n F i g . 18. An a d d i t i o n a l l i n e s h a p e had t o be 
added i n o r d e r t o f i t t h e more d e t a i l e d spectrum of benzene. T h i s 
i s a low f r e q u e n c y (.3 c m " " 1 ) L o r e n t z i a n term which has been a t t r i -
b u t e d t o B r i l l o u i n s c a t t e r i n g [18]. More d e t a i l e d l i n e s h a p e ana
l y s i s of low f r e q u e n c y CARS s p e c t r a a r e b e i n g c a r r i e d out i n our 
l a b and the r e s u l t s w i l l be p u b l i s h e d s h o r t l y . 

F i g u r e 18. Low f r e q u e n c y benzene spectrum and t h e o r e t i c a l f i t . 
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D-8580 B a y r e u t h , F.R. Germany 

1. INTRODUCTION 

CARS has a l r e a d y been shown t o be a s u p e r i o r t o o l f o r Raman 
s p e c t r o s c o p y when performed under o f f resonance c o n d i t i o n s . Re
sonance enhancement can be o b t a i n e d when one o r b o t h of t h e i n t e r 
m e d i a t e l e v e l s of the CARS p r o c e s s a r e c l o s e t o o r even c o i n c i d e 
w i t h r e a l l e v e l s o f e x c i t e d e l e c t r o n i c s t a t e s . I f th e s e l e v e l s 
a r e d i s c r e t e , e.g. the r o t a t i o n a l - v i b r a t i o n a l l e v e l s of s m a l l 
m o l e c u l e s , then the r e s o n a n t CARS s i g n a l can have enhancements of 
s e v e r a l Orders of magnitude. Such d i s c r e t e S t a t e resonances i n 
CARS have been r e p o r t e d r e c e n t l y f o r I ~ [1-4] , C~ [5-7] and 
N0 2 [ 8 - 9 ] . 

We have r e p o r t e d v e r y r e c e n t l y on p r e l i m i n a r y r e s u l t s of 
CARS i n i o d i n e where t h e e x c i t a t i o n o c c u r s w i t h f r e q u e n c i e s i n 
resonance w i t h a b s o r p t i o n c o n t i n u a [ 1 0 ] . As Taran [7] has p o i n t e d 
o u t , such s t u d i e s a r e more d e l i c a t e t o p e r f o r m than CARS s t u d i e s 
i n r e s o nance w i t h d i s c r e t e l e v e l s , s i n c e t he s u s c e p t i b i l i t y i s 
much weaker f o r continuum resonance e x c i t a t i o n . 

W h i l e the m o t i v a t i o n f o r c a r r y i n g out d i s c r e t e s t a t e r e 
sonance CARS i s t o improve the d e t e c t i o n s e n s i t i v i t y , our i n t e -
r e s t s have been t o st u d y a s i m p l e s c a t t e r i n g system, which a l l o w s 
t o p e r f o r m an e x p e r i m e n t a l as w e l l as a d e t a i l e d t h e o r e t i c a l t r e a t 
ment. S i n c e the r o t a t i o n a l - v i b r a t i o n a l e i g e n s t a t e s of i o d i n e a r e 
w e l l known o r can be c a l c u l a t e d quantum-mechanically even f o r 
c o n t i n u o u s s t a t e s , t h i s system i s i d e a l f o r such s t u d i e s and can 
t h e r e f o r e s e r v e as a b a s i s f o r more c o m p l i c a t e d Systems. F u r t h e r 
more, resonance enhanced CARS s p e c t r a of l i q u i d Systems a r e u s u a l l y 
of such a t y p e . 
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I n t h i s a r t i c l e we s h a l l f i r s t b r i e f l y r e v i e w e x p e r i m e n t a l 
and t h e o r e t i c a l r e s u l t s of co n t i n u u m resonance ( l i n e a r ) Raman 
s c a t t e r i n g i n h a l o g e n g a s e s . Then we p r e s e n t t h e a p p r o p r i a t e 
t h e o r y f o r c o h e r e n t a n t i - S t o k e s continuum resonance Raman s c a t 
t e r i n g and a f t e r a s h o r t d e s c r i p t i o n of a CARS I n s t r u m e n t a t i o n 
we f i n a l l y s h a l l r e p o r t on e x p e r i m e n t a l r e s u l t s and on c o m p a r i -
sons w i t h f i r s t - p r i n c i p l e c a l c u l a t e d continuum resonance CARS 
s p e c t r a . 

2. BRIEF REVIEW OF CONTINUUM RESONANCE (LINEAR) RAMAN SPEC
TROSCOPY OF DIATOMIC MOLECULES 

A. E x p e r i m e n t a l o b s e r v a t i o n s 

Continuum resonance ( l i n e a r ) Raman s c a t t e r i n g has been 
o b s e r v e d a l r e a d y i n 1970 by H o l z e r e t a l [11] i n h a l o g e n gases. 
K i e f e r and B e r n s t e i n [12] showed t h a t the o v e r t o n e s observed i n 
re s o n a n c e Raman s c a t t e r i n g above the d i s s o c i a t i o n l i m i t of the 
B ( 3 I I 0 + U ) s t a t e of the i o d i n e m o l e c u l e e x h i b i t a complex s t r u c t u r e . 
The d e t a i l s of t h i s s t r u c t u r e were a t t r i b u t e d t o S, Q, and 0 
g r o u n d - e l e c t r o n i c - s t a t e X ( 1 Z Q + g ) v i b r a t i o n a l - r o t a t i o n a l branches 
of s e v e r a l t h e r m a l l y p o p u l a t e d hot bands. I n F i g u r e 1 we show 
s p e c t r a l r e g i o n s f o r the fundamental (Av = 1) and s e v e r a l o v e r 
t ones (Av = 2 t o Av = 6) of t h e Vibration when e x c i t e d w i t h 
X q = 488 nm. One r e a l i z e s how the c o m p l e x i t y i n c r e a s e s w i t h h i g h e r 
v i b r a t i o n a l quantum number changes ( A v ) . 

Because of e x p e r i m e n t a l d i f f i c u l t i e s i n continuum resonance 
CARS ( e . g . dye f l u o r e s c e n c e , background of g l a s s , e t c . ) , we have 
o n l y been a b l e t o study e x p e r i m e n t a l l y o v e r t o n e s whose f r e q u e n c i e s 
a r e h i g h enough, t h a t t h i s h a n d i c a p s do p l a y o n l y a minor r o l e . 
Most CARS s t u d i e s have been performed f o r the Av = 6 t r a n s i t i o n . 
We t h e r e f o r e c o n c e n t r a t e f i r s t on the l i n e a r continuum resonance 
Raman spectrum of t h i s p a r t i c u l a r t r a n s i t i o n . F i g u r e 2 shows i n 
the u pper and m i d d l e f i e l d , t h e I,, and 1^ s p e c t r a , r e s p e c t i v e l y , 
whereas i n the low e r f i e l d of F i g u r e 2 the I t l - 4/3 I a spectrum 
i s d i s p l a y e d [ 1 3 ] . A l l t h r e e s p e c t r a have been r e c o r d e d s i m u l t a n -
e a o u s l y w i t h a s p e c i a l t e c h n i q u e d e s c r i b e d e lsewhere [14]. It i s q u i t e 
c l e a r , t h a t by means of t h i s t e c h n i q u e the i s o t r o p i c p a r t of Raman 
s c a t t e r e d l i g h t can be d i r e c t l y r e c o r d e d and s e p a r a t e d from the 
a n i s o t r o p i c p a r t , a l l o w i n g t o e x p e r i m e n t a l l y d i s t i n g u i s h between 
S- and O-branches ( a n i s o t r o p i c s c a t t e r i n g ) and Q-branches ( i s o 
t r o p i c s c a t t e r i n g ) . F o r 488 nm e x c i t a t i o n , w h i ch c o r r e s p o n d s to 
an energy about 450 cm 1 above t h e d i s s o c i a t i o n l i m i t of the 
i o d i n e m o l e c u l e , one o b s e r v e s b e s i d e s t r a n s i t i o n s o r i g i n a t i n g 
f rom t h e v i b r a t i o n a l ground l e v e l ( v 1 = 6 «- v " = 0 ) , a s e r i e s 
of h o t band t r a n s i t i o n s ( v f = 7 <- v" = 1, v 1 = 8 v" = 2, 
v» = 9 +- V

M = 3 5 e t c . ) . These h o t band t r a n s i t i o n s o c c u r f o r 
b o t h , S- and Q-branches, as i n d i c a t e d i n F i g u r e 2. The asymmetry 



F i g . 1 Continuum resonance ( l i n e a r ) Raman s p e c t r a of i o d i n e v a p o r . D i s p l a y e d a r e the fundamental v i 
b r a t i o n s (Av = 1) and s e v e r a l o v e r t o n e s (Av = 2 t o Av = 6 ) , as i n d i c a t e d . E x c i t a t i o n w a v e l e n g t h i s 
A Q = 488.0 nm. S l i t w i d t h s : s = 1.3 cm" 1 f o r Av = 1 and 2, s = 1.5 cm - 1 f o r Av = 3-5 and s = 1.7 cm~1 
f o r Av = 6. The i n t e n s i t i e s between d i f f e r e n t o v e r t o n e s and fundamental cannot be compared t o each 
o t h e r , s i n c e the v a r i o u s s p e c t r a l r e g i o n s have been r e c o r d e d w i t h d i f f e r e n t g a i n s e t t i n g s . (Adapted 
from R e f e r e n c e 12). 

VD 
L n 
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ISOTROPIC • 
ANISOTROPIC 

145«* 4/1 

WAVE NUMBER [cm'1) 

F i g . 2 Continuum resonance ( l i n e a r ) Raman s p e c t r a of the Ay = 6 
t r a n s i t i o n s i n i o d i n e v a p o r ; e x c i t a t i o n w avelength X = 488.0 nm 
= 20 492 cm""1 power P = 1 Watt; s l i t w i d t h s = 0.5 cm" 1. Upper 
f i e l d : t he I„ spectrum ( i s o t r o p i c p l u s a n i s o t r o p i c p a r t ) ; m i d d l e 
f i e l d : t he I f spectrum ( a n i s o t r o p i c p a r t ) ; l ower f i e l d : the 
I„-4/3 I ? spectrum ( i s o t r o p i c p a r t o n l y ) [ 1 3 ] . 

of the bands i s due to u n r e s o l v e d r o t a t i o n a l s t r u c t u r e and can 
s i m p l y be e x p l a i n e d by c a l c u l a t i o n of F o r t r a t diagrams ( r o t a t i o n a l 
quantum number v e r s u s Raman s h i f t ) f o r the v a r i o u s A J = 0,±2 
t r a n s i t i o n s [12]. Such diagrams a r e shown i n F i g u r e 3 t o g e t h e r 
w i t h the observed s p e c t r a . I n t h i s f i g u r e we can s e e , t h a t t h e 
AJ = +2 t r a n s i t i o n s (S-branch) form a band-head which i s shaded 
towards lower wavenumbers (Raman s h i f t s ) , whereas the Q-branch 
t r a c e s a r e q u i t e f l a t . The Q-branch t r a c e s a r e v e r y steep a t 
lower J v a l u e s but then a g a i n t u r n t o a f l a t c u r v e . M e a s u r e a b l e 
i n t e n s i t i e s i n an u n r e s o l v e d r o t a t i o n a l - v i b r a t i o n a l Raman spe c t r u m 
can o n l y be observed when t h e v a r i o u s r o t a t i o n a l l i n e s a r e v e r y 
c l o s e t o g e t h e r as i s the c a s e f o r the S-branch heads o r the 
Q-branch t r a n s i t i o n s a t low J v a l u e s . Then an i n t e n s e , u n r e s o l v e d 
Raman l i n e i s observed. The sh a d i n g of the v a r i o u s v i b r a t i o n a l 
Raman l i n e s can n i c e l y be seen f o r the S-, as w e l l as f o r the 
Q-branches (see F i g u r e s 2 and 3 ) . The F o r t r a t diagrams a l s o 
i m m e d i a t e l y e x p l a i n why no peaks a s s i g n e d t o 0-branches a r e 
ob s e r v e d . 
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F i g . 3 The Av = 6 continuum resonance Raman t r a n s i t i o n s i n i o d i n e 
v a p o r : e x p l a n a t i o n of observed bands by means of F o r t r a t d i a 
grams [ 1 3 ] . 

I t s h o u l d be mentioned, t h a t the c o i n c i d e n c e of s p e c t r a l 
p o s i t i o n s of v T + 1 v" + 1 S-branch and v 1 v " Q-branch 
t r a n s i t i o n s f o r Av = 6 i s a c c i d e n t a l ( e . g . the S(7 1) band head 
has a p p r o x i m a t e l y same wavenumber as the Q( 6 «- 0) t r a n s i t i o n ; 
see v e r t i c a l l i n e s i n F i g . 3 ) . F o r o t h e r Av t r a n s i t i o n s the 
S- and Q-branch peaks can be s e p a r a t e d [12]. 

Depending on the energy of the e x c i t i n g l a s e r f r e q u e n c y the 
i n t e n s i t i e s of the v a r i o u s v i b r a t i o n a l t r a n s i t i o n s can v a r y 
d r a m a t i c a l l y [15-18]. S i m i l a r o b s e r v a t i o n s were a l s o made i n 
bromine vapor [19-20]. The e x c i t i n g f r e q u e n c y dependence of t h e 
observ e d s p e c t r a l band shape v a r i a t i o n s were e x p l a i n e d f o r i o d i n e 
[15,16,21,22] and bromine [20-22] by a t h e o r y i n wh i c h the s c a t 
t e r i n g i n t e n s i t y depends on Franck-Condon o v e r l a p i n t e g r a l s . 
S i n c e these t h e o r i e s combined w i t h t h e t h e o r y on CARS s u c c e p t i b i l i -
t i e s s e r ve a l s o t o e x p l a i n t h e o b s e r v a t i o n s made on continuum 
resonance CARS i n i o d i n e , we s h a l l b r i e f l y summarize them i n the 
ne x t c h a p t e r . 
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B. Theory f o r co n t i n u u m resonance ( l i n e a r ) Raman s c a t t e r i n g 
i n h a l o g e n m o l e c u l e s . 

The t o t a l Raman i n t e n s i t y s c a t t e r e d by a m a c r o s c o p i c number 
of m o l e c u l e s w h i c h undergo a t r a n s i t i o n from an i n i t i a l ( i ) t o 
a f i n a l ( f ) S t a t e may be g i v e n by the Sta n d a r d e x p r e s s i o n [21] 

• f ^ 
I 1 1 = I N.Lß — Ifa ) . J 2 ( D 

pa o i m ^4 1 pa i f 1 

The meaning of t h e v a r i o u s symbols i n E q u a t i o n 1 i s as f o l l o w s 

T i f 

L 

m̂ 

c 
(et 

= s c a t t e r e d i n t e n s i t y of one p a r t i c u l a r Raman t r a n s i t i o n from 
i n i t i a l State i t o f i n a l State f f o r the p o l a r i z a t i o n 
arrangement p ( p o l a r i z a t i o n of s c a t t e r e d Raman l i g h t ) and 
ö ( p o l a r i z a t i o n o f l a s e r beam). F u r t h e r e x p l a n a t i o n see 
F i g u r e 1 of R e f e r e n c e 21. 

= i n t e n s i t y of i n c i d e n t l i g h t . 
= d e n s i t y of s c a t t e r i n g m o l e c u l e s i n s t a t e i ; f o r n u m e r i c a l 

c a l c u l a t i o n of N. see E q u a t i o n 7 of R e f e r e n c e 21. l 
= l e n g t h from w h i c h s c a t t e r e d photons a r e c o l l e c t e d 
= s o l i d a n g l e of c o l l e c t i o n 
= f r e q u e n c y o f s c a t t e r e d l i g h t . 
= v e l o c i t y o f l i g h t 
).£ = p o l a r i z a b i l i t y t e n s o r component f o r the t r a n s i t i o n 

f +• i w i t h i n c i d e n t and s c a t t e r e d p o l a r i z a t i o n s i n d i 
c a t e d by O and p, r e s p e c t i v e l y . 

I n g e n e r a l , the components of the p o l a r i z a b i l i t y t e n s o r 
can be c a l c u l a t e d q u a n t u m - m e c h a n i c a l l y by sec o n d - o r d e r p e r t u r 
b a t i o n t h e o r y [23] t o be 

( V i f =k$ 
< f l u p J r > < r l u a l i > < f | u o | r > < r | u p | i > 

CO . - CO 
r i o 

CO c + CO 
r f o 

(2) 

Here, t h e s i g n j, i n d i c a t e s t h a t a summation and/or I n t e g r a t i o n 
has t o be t a k e n o v e r a l l i m p o r t a n t e i g e n s t a t e s r of the u n p e r -
t u r b e d m o l e c u l e depending on the pr e s e n c e of d i s c r e t e and/or 
c o n t i n u o u s s t a t e s , r e s p e c t i v e l y . S i n c e i n the f o l l o w i n g we a r e 
o n l y c o n s i d e r i n g c o n t i n u u m resonance Raman s c a t t e r i n g and weak 



CONTINUUM RESONANCE CARS 399 

c o n t r i b u t i o n s from d i s t a n t d i s c r e t e s t a t e s we omit a damping 
t e r m iT^ i n E q u a t i o n 2 f o r s i m p l i c i t y . (Damping i s not r e l e v a n t 
t o continuum s t a t e s and V can t h e r e f o r e be t a k e n t o be i n f i n i t e 
s i m a l ) . The meaning of tfie a d d i t i o n a l symbols i n E q u a t i o n 2 
a r e : 

u , P a = components of the Op e r a t o r o f t h e t o t a l e l e c t r i c d i p o l e 
moment of the e l e c t r o n s 

^ r i ' ^ r f = t : r a n s : * - t i o n f r e q u e n c i e s from i n i t i a l and f i n a l e i g e n -
s t a t e s t o s t a t e r of the m o l e c u l e , r e s p e c t i v e l y 

WQ = e x c i t i n g l a s e r f r e q u e n c y 
In r esonance Raman s c a t t e r i n g , where the e x c i t i n g f r e q u e n c y ü) Q 

i s v e r y c l o s e t o o r a c t u a l l y c o i n c i d e s w i t h t r a n s i t i o n f r e q u e n c i e s 
^ r i * t* i e f i r s t term i n E q u a t i o n 2 i s much l a r g e r i n magnitude com
pa r e d t o the second term because of t h e f r e q u e n c y denominator. 
F o r the f o l l o w i n g d i s c u s s i o n we t h e r e f o r e can n e g l e c t t h e second 
term. I t i s v e r y d i f f i c u l t t o d i r e c t l y c a l c u l a t e the p o l a r i z a 
b i l i t y t e n s o r components by a p p l y i n g E q u a t i o n 2 because the 
e x a c t m o l e c u l a r e i g e n s t a t e s i n p r i n c i p l e depend on b o t h , the 
n u c l e a r and e l e c t r o n i c c o o r d i n a t e s i n a c o m p l i c a t e d way and a r e 
v e r y d i f f i c u l t t o u t i l i z e . To s i m p l i f y t h e m a t r i x elements one 
can a p p l y t he w e l l known Born-Oppenheimer approxomation [ 1 6 ] , 
where the v i b r a t i o n a l w a v e f u n c t i o n s a r e s e p a r a t e d from the e l e c 
t r o n i c w a v e f u n c t i o n s . F u r t h e r m o r e , one can expand t h e e l e c t r o n i c 
m a t r i x elements i n a r a p i d l y c o n v e r g i n g T a y l o r s e r i e s ( H e r z b e r g -
T e l l e r e x pansion) and n e g l e c t h i g h e r o r d e r terms. T h i s r e s u l t s 
f o r the p o l a r i z a b i l i t y t e n s o r components i n a p r o d u c t of t h e 
o s c i l l a t o r s t r e n g t h f o r the e l e c t r o n i c t r a n s i t i o n e «- 0 and a 
f a c t o r f o r which we use t h e f o l l o w i n g a b b r e v i a t i o n 

v 

<v f v ><v e e v"> (3) 
r i 

T h i s f a c t o r w h ich f o r a g i v e n e l e c t r o n i c s t a t e e has t o be c a l 
c u l a t e d f o r a g i v e n v i b r a t i o n a l t r a n s i t i o n v f ^ v" by an I n t e 
g r a t i o n (continuum) and/or summation ( d i s c r e t e l e v e l s ) o v e r a l l 
v i b r a t i o n a l l e v e l s v e of t h e e x c i t e d s t a t e , s i m p l y c o n t a i n s the 
p r o d u c t s o f Franck-Condon o v e r l a p i n t e g r a l s w e i g h t e d by f r e q u e n c y 
d e n o m i n a t o r s . 

F o r i n t e r m e d i a t e continuum s t a t e s t h e p o l e i n the denomi
n a t o r a t e x a c t resonance i s accommodated by r e w r i t i n g E q u a t i o n 3 
as 
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<x„.>;.. -»/ 
0 0 <v f Iv ><v |v"> » 1 e e 1 

4x0) . - 'fiu) r i o 
p(ho) .)d(hd) ,) r i r i 

- 1 TT < v
f v ><v vH>p(-n(jü . ) . 

1 e e 1 r i L 
r i 

for which we simply abbreviate 

'na> 

(4) 

( X o e
} v " = ^ o e ' v » + i I m ( X o e ) v " (5) 

H ere, pOftoJ .) i s t h e d e n s i t y of continuum s t a t e s , P j i s t h e 
p r i n c i p l e p a r t of the i n t e g r a l and Re and Im denote r e a l and 
im a g i n a r y p a r t of the v i b r a t i o n a l t r a n s i t i o n a m p l i t u d e , r e s p e c 
t i v e l y . 

F o r r o t a t i o n a l - v i b r a t i o n a l t r a n s i t i o n s i n resonance w i t h 
e x c i t e d e l e c t r o n i c s t a t e s one has a l s o t o c a l c u l a t e t he a p p r o -
p r i a t e r o t a t i o n a l i n t e n s i t y f a c t o r s . W h i l e f o r S- and Q-branch 
t r a n s i t i o n s i n d i a t o m i c s t h e s e f a c t o r s a r e t h e same as d e r i v e d 
by P l a c z e k and T e l l e r [24] , t h e y a r e d i f f e r e n t f o r Q-branches 
depending on the s p e c i f i c e x c i t e d e l e c t r o n i c s t a t e . Two of us 
[2 1 ] , however, have d e r i v e d t h e s e f a c t o r s f o r the e l e c t r o n i c 
s t a t e s B ( 3 I I 0 + U ) and ^ n ^ u , s i n c e the l a t t e r a r e the one's w h i c h 
a r e r e s o n a n t l y e n h a n c i n g the Raman s c a t t e r i n g i n t e n s i t y i n h a l o 
gen m o l e c u l e s when e x c i t a t i o n f r e q u e n c y i n t h e v i s i b l e r e g i o n 
a r e employed. 

F i n a l l y , we g i v e the b a s i c f o r m u l a , w h i c h a l l o w s 
a f i s t p r i n c i p l e c a l c u l a t i o n of the c o n t i n u u m resonance Raman 
i n t e n s i t y of a s i n g l e r o t a t i o n a l - v i b r a t i o n a l t r a n s i t i o n 
f «- i ( v ' , J 1 «- v " , J " ) i n a h a l o g e n m o l e c u l e w i t h two e x c i t e d 
e l e c t r o n i c s t a t e s (e = B ( 3 I I 0 + U ) o r ̂ IL ) • The f i n a l e x p r e s s i o n , 
w h i c h has been d e r i v e d i n d e t a i l i n Reference 21 and w h i c h can 
be used f o r n u m e r i c a l c a l c u l a t i o n s [ 2 2 ] , i s g i v e n i n t h e f o l l o w 
i n g : 

pz I N-Lß - r -
o 1 m 

B,AJ 
pz |MB 

b n ' A J | M n | pz 1 1 

8; 
2J"+1 

r i o c 

Kx, 
OBV' 
•OITV1' 

OB'v' 

+ I m ( W v " I m ( W v " } (6) 



CONTINUUM RESONANCE CARS 401 

w i t h p = x , z ; A J = 0 , ± 2 . 
N o t e , t h a t we have s p e c i f i e d the p o l a r i z a t i o n of the l a s e r beam 
t o be G = z, but a l l o w f o r two p o l a r i z a t i o n s t a t e s of s c a t t e r e d 
Raman l i g h t (p = x , z ) . O b s e r v a t i o n d i r e c t i o n of Raman l i g h t i s 
y ( s e e F i g u r e 1 of R e f e r e n c e 2 1 ) . The meaning of t h e a d d i t i o n a l 
symbols i n E q u a t i o n 6 i s as f o l l o w s : 

g^ = n u c l e a r s p i n s t a t i s t i c s f a c t o r 

B,IT = a b b r e v i a t i o n f o r s t a t e s 3 I I 0 + u and 1 ü l u , r e s p e c t i v e l y 
B A J 

b 9 = r o t a t i o n a l i n t e n s i t y f a c t o r f o r resonance Raman s c a t 
t e r i n g v i a State B ( l i s t e d f o r A J = 0 , ± 2 a n d p = x and 
z i n T a b l e 1 of Ref e r e n c e 2 1 ) . 

pz 

= r o t a t i o n a l i n t e n s i t y f a c t o r f o r resonance Raman s c a t 
t e r i n g v i a State I I ( l i s t e d f o r A J = 0 , ± 2 and p = x and 
z i n T a b l e 2 of R e f e r e n c e 2 1 ) . 

,B+n,AJ . , . 
D p z = r o t a t i o n a l i n t e n s i t y f a c t o r f o r the i n t e r f e r e n c e terms 

of the s c a t t e r i n g i n t e n s i t i e s f o r resonance Raman s c a t 
t e r i n g v i a two s i m u l t a n e o u s l y p r e s e n t s t a t e s B and II 
( L i s t e d i n T a b l e 3 of R e f e r e n c e 2 1 ) . 

B n 
M ,M = e l e c t r o n i c t r a n s i t i o n moment from ground State t o the 

e x c i t e d s t a t e s B and II, r e s p e c t i v e l y ( f i r s t term i n 
H e r z b e r g - T e l l e r e x p a n s i o n ) . 

S c a t t e r i n g e x p e r i m e n t s i n ha l o g e n gases w i t h cw l a s e r s [ 1 2 , 1 9 ] 
as e x c i t a t i o n s o u r c e s r e v e a l e d t h a t h i g h s p e c t r o s c o p i c tempe
r a t u r e s a r e i n v o l v e d . T h e r e f o r e , i n o r d e r t o do the c o r r e c t c a l 
c u l a t i o n of the t o t a l band shape of the same v i b r a t i o n a l t r a n s i 
t i o n s (Av = n, n = i n t e g e r ) one has t o sum ove r a l l p o p u l a t e d 
v i b r a t i o n a l and r o t a t i o n a l l e v e l s i n t h e e l e c t r o n i c ground State. 

I n o r d e r t o make a f i r s t - p r i n c i p l e c a l c u l a t i o n of resonance 
Raman s p e c t r a e x c i t e d w i t h a p a r t i c u l a r f r e q u e n c y one has f i r s t 
t o s t a r t i n d e t e r m i n i n g a l l r e l e v a n t v i b r a t i o n a l w a v e f u n c t i o n s 
of ground and e x c i t e d e l e c t r o n i c s t a t e s . S i n c e t h e a p p r o p r i a t e 
p o t e n t i a l f u n e t i o n s needed f o r t h i s purpose a r e w e l l known f o r 
most of the h a l o g e n m o l e c u l e s , t h i s i s a s i m p l e t a s k . The n e x t 
s t e p w o u l d be the e v a l u a t i o n of the Franck-Condon o v e r l a p i n t e g r a l s 
a s s o c i a t e d w i t h the v a r i o u s v i b r a t i o n a l t r a n s i t i o n s . Then one has 
t o c a r r y out the I n t e g r a t i o n over the continuum as shown i n 
E q u a t i o n 4 . T h i s r e s u l t s i n d e t e r m i n i n g r e a l and i m a g i n a r y p a r t 
of t h e v i b r a t i o n a l a m p l i t u d e ( E q u a t i o n 5 ) . The l a t t e r has t o be 
c a l c u l a t e d f o r b o t h the d i s s o c i a t i v e p a r t of the B - s t a t e , as w e l l 
as of t h e r e p u l s i v e State IT. U s i n g the e l e c t r o n i c t r a n s i t i o n 
moments f o r the two s t a t e s , the a p p r o p r i a t e r o t a t i o n a l i n t e n s i t y 
f a c t o r s [ 2 1 ] and the t h e r m a l p o p u l a t i o n d i s t r i b u t i o n of the i n i t i a l 
s t a t e s one can a p p l y E q u a t i o n 6 f o r the i n t e n s i t y e v a l u a t i o n o f 
one p a r t i c u l a r r o t a t i o n a l - v i b r a t i o n a l Raman t r a n s i t i o n ( I 1 ^ ) . 
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F i g . 4. E x p e r i m e n t a l l y o b s e r v e d (A) and c a l c u l a t e d (B) continuum 
resonance ( l i n e a r ) Raman spectrum of t h e seventh o v e r t o n e (Av = 8 ) 
of i o d i n e v a p o r . E x c i t a t i o n w a v e l e n g t h was A Q = 488.0 nm [ 2 2 ] . 

Summing o v e r a l l p o p u l a t e d i n i t i a l s t a t e s and c o n v o l u t i n g w i t h a 
s l i t f u n c t i o n one f i n a l l y a r r i v e s a t a c a l c u l a t e d resonance 
Raman spectrum. 

I n F i g u r e s 4 and 5 we p r e s e n t two examples of such f i r s t -
p r i n c i p l e c a l c u l a t i o n s and compare the r e s u l t i n g t h e o r e t i c a l 
resonance Raman s p e c t r a w i t h o b s e r v e d d a t a . F i g u r e 4 shows t h e 
continuum resonance Raman spectrum of t h e s e v e n t h o v e r t o n e 
(Av = 8) of i o d i n e v a p o r e x c i t e d w i t h X Q = 488 nm. F i g u r e 5 
d i s p l a y s t he spectrum of the f i r s t o v e r t o n e (Av = 2) of Br£ 
f o r X0 = 457.9 nm e x c i t a t i o n . F o r b o t h c a s e s t h e r e i s f a i r l y 
good agreement between t h e o r y and e x p e r i m e n t . Other examples 
w i t h same good agreement can be found i n R e f e r e n c e 22. 

The s u c c e s s i n r e p r o d u c i n g t h e o r e t i c a l l y c ontinuum resonance 
( l i n e a r ) Raman s p e c t r a i n h a l o g e n m o l e c u l e s encouraged us t o 
expand t h e t h e o r y a l s o t o a f o u r - p h o t o n p r o c e s s (CARS) which i s 
r e s o n a n t l y enhanced v i a the c o n t i n u o u s e x c i t e d e l e c t r o n i c s t a t e s . 
A b r i e f summary of t h i s t h e o r y i s g i v e n n e x t . 
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F i g . 5 Observed (A) and c a l c u l a t e d (B) continuum resonance 
( l i n e a r ) Raman spectrum of the f i r s t o v e r t o n e of 7^ßr2. E x c i t a t i o n 
w a v e l e n g t h XQ = 457.9 nm [2 2 ] . 

3. Theory f o r continuum resonance CARS 

In F i g u r e 6 we d i s p l a y a sc h e m a t i c energy d i a g r a m f o r 
c o h e r e n t a n t i - S t o k e s Raman s c a t t e r i n g f o r resonance w i t h the 
c o n t i n u a of s t a t e s B ( 3 H 0 + u ) and 1 H l u . The f o u r - p h o t o n CARS 
p r o c e s s i s i n d i c a t e d f o r a Av = 6 v i b r a t i o n a l t r a n s i t i o n ( i n i t i a l 
State i = 0, f i n a l s t a t e f = 6) by the v e r t i c a l l i n e s . T h e l a s e r 
f r e q u e n c y u) as w e l l as the Stokes l a s e r f r e q u e n c y ü)g a r e such 
t h a t the i n t e r m e d i a t e s t a t e s , l a b e l l e d by r and r f , r e s p e c t i v e l y , 
are l o c a t e d above the d i s s o c i a t i o n l i m i t of the B State, w h i c h 
i s a t 20043 cm""1 ( n o t e , t h a t t h i s v a l u e does not i n c l u d e t he z e r o 
p o i n t e n e r g y ) . I f one i s i n t e r e s t e d i n t h e s p e c t r a l d i s p e r s i o n of 
the CARS i n t e n s i t y and n o t i n the e v a l u a t i o n of a b s o l u t e CARS i n -
t e n s i t i e s i t i s s u f f i c i e n t t o c a l c u l a t e t h e t h i r d o r d e r n o n - l i n e a r 
s u s c e p t i b i l i t y f o r the CARS p r o c e s s , X^A^C > ^ ^ s w e ü known, 



F i g . 6 Schematic diagram f o r c o h e r e n t a n t i - S t o k e s c o n t i n u u m r e s o 
nance Raman s c a t t e r i n g i n i o d i n e . The v e r t i c a l l i n e s i n d i c a t e t h e 
f o u r - p h o t o n CARS p r o c e s s f o r a Av = 6 v i b r a t i o n a l t r a n s i t i o n 
w h i c h i s i n resonance w i t h the d i s s o c i a t i v e continuum of t h e B-
and t h e continuum of the r e p u l s i v e 1 J I - s t a t e . to^, Oig and c o A S denote 
f r e q u e n c y of the two l a s e r s and of the g e n e r a t e d CARS beam, r e 
s p e c t i v e l y . 

t h a t 

i - l y ( 3 ) I2 (7) CARS , ÄCARS' v J 

R e c e n t l y T a r a n f s group [2-4] has d e r i v e d c o m p r e h e n s i v e l y 
t h i r d - o r d e r s u s c e p t i b i l i t i e s u s i n g the d e n s i t y O p e r a t o r f o r m a l i s m . 
A p p l y i n g t h e i r r e s u l t s we w r i t e the g e n e r a l e x p r e s s i o n f o r t h e 
CARS s u s c e p t i b i l i t y (see f o r example E q u a t i o n 18 i n R e f e r e n c e 4) 
i n the n o t a t i o n u s e d by us i n the p r e c e d i n g d i s c u s s i o n ( S e c t i o n 
2 and F i g u r e 6) f o r one p a r t i c u l a r t r a n s i t i o n f «- i : 
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^NR (8) 

where Np^ and Np^ a r e i n i t i a l number d e n s i t i e s of the Raman a c t i v e 
m o l e c u l e i n s t a t e s |i> and |f>, r e s p e c t i v e l y . The a b s o r p t i o n 
f r e q u e n c i e s from s t a t e s |i> and |f> t o s t a t e s |r> ( o r |r f>) a r e 
ü) r i and 0) . ( o r c o ^ and ^ r t f ) r e s p e c t i v e l y , and the P s a r e the 
c o r r e s p o n d i n g damping f a c t o r s ; u . (as example) i s the m a t r i x 
component of the d i p o l e moment Operator = <r|pe^|i>, where 
e a i s the u n i t v e c t o r i n the d i r e c t i o n of p o l a r i z a t i o n o f the 

0 T . 
cô  f i e l d ; u ! p r and i n v o l v e i n t e r a c t i o n s w i t h 0)^ and üĴ g f i e l d s , 
r e s p e c t i v e l y (e ariS e T a r e t h e u n i t v e c t o r s i n t h e d i r e c t i o n s of 
P o l a r i s a t i o n of the co«. and co^g f i e l d s , r e s p e c t i v e l y ) . X^R» T N E 

non-resonant s u s c e p t i b i l i t y , combines c o n t r i b u t i o n s from non
r e s o n a n t two photon sum o r d i f f e r e n c e denominators i n p l a c e of 
the Raman resonance denominator and a l s o f r o m non-Raman-resonant 
m o l e c u l a r s p e c i e s (such as d i l u e n t m o l e c u l e s i n l i q u i d s o r g l a s s 
from the c e l l i n gas phase CARS). 

We now a p p l y E q u a t i o n 8 t o the s p e c i a l c a s e of continuum 
resonance CARS i n a d i a t o m i c m o l e c u l e . F i r s t , due t o the r e s o n a n t 
f r e q u e n c y denominators we can n e g l e c t a l l terms which have a p l u s 
s i g n between the wave f r e q u e n c i e s co^S» ws> ^ a n d the a b s o r p t i o n 
f r e q u e n c i e s ^ r t £ > ^ri» w

r f 9 r e s p e c t i v e l y ( s econd terms w i t h i n 
the round b r a c k e t s ) . Second, as we have shown i n c h a p t e r 2, 
t h e r e a r e many r o t a t i o n a l - v i b r a t i o n a l t r a n s i t i o n s r e s o n a n t w i t h 
the a b s o r p t i o n continuum when l a s e r f r e q u e n c i e s a r e used whose 
e n e r g i e s a r e h i g h e r than the d i s s o c i a t i o n l i m i t . T h e r e f o r e , 
we have t o sum ov e r a l l c o n t r i b u t i o n s a r i s i n g f r o m t r a n s i t i o n s 
f «- i w i t h f r e q u e n c i e s co^f. Then we have t o average over 
a l l d e g e n erate i n i t i a l s t a t e s and c a r r y out t h e summation 
over a l l d e g e n e r a t e f i n a l s t a t e s . F i n a l l y , we have t o account 
f o r t h e f a c t , t h a t the predominant r e s o n a n t s t a t e i s a 
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continuum, w h i c h l e a d s us t o p e r f o r m an I n t e g r a t i o n o v e r a l l c o n -
t i n u o u s s t a t e s . We w i l l a l s o i n c l u d e weak resonances from n e a r l y 
d i s c r e t e l e v e l s of t h e B - s t a t e . The s i g n f s e r v e s a g a i n f o r t h i s 
purpose. 

F o r continuum re s o n a n c e CARS e x c i t a t i o n i n d i a t o m i c mole
c u l e s i n the gas phase E q u a t i o n 8 can t h e r e f o r e be m o d i f i e d 
( a c c o r d i n g t o the d i s c u s s i o n above) t o be 

/ 
,<3> - >L Y 

- ^ 3 L 

1 
( a ) i f + V V i r i f } 

o - < i l u I r ' x r ' |u lf> 
(2J"+1) V „ 03 , . - w - i r , . 

m ' y ' r ' r ' i AS r f i 

<f M r X r k i i> | H p ' ' a ' | 

Pf 8. 
( 2 J mf ,m 1 r 1 

<iIu r'><r' u f> 
T ' ' a ' 

r ' i AS r f i 

OJ .-u>T-ir . r r i L r i 

^NR (9) 

Here, we have used the a b b r e v i a t i o n u = p e and s i m i l a r s i g n s 
f o r the o t h e r components of t h e e l e c t r i c d i p o l e moment. 

As mentioned i n the s e c t i o n on continuum resonance ( l i n e a r ) 
Raman s p e c t r o s c o p y damping i s n o t r e l e v a n t to continuum s t a t e s 
and the damping f a c t o r s T . . , T . and T c can t h e r e f o r e a l l be r i r i r f taken t o be i n f i n i t e s i m a l . However, one has t o be aware of t h e 
f a c t t h a t when t h e I n t e g r a t i o n o v e r the continuum i s p e r f o r m e d , 
t h e i m a g i n a r y p a r t s have d i f f e r e n t s i g n s , depending whether t h e r e 
i s a p l u s o r a minus s i g n i n f r o n t of the c o r r e s p o n d e n t damping 
f a c t o r P. The damping f a c t o r T.^ cannot be s e t t o z e r o , s i n c e 
i t r e f l e c t s t he l i n e w i d t h o f tÄe Raman l i n e f o r a t r a n s i t i o n 
f «- i . 

I n s p e c t i o n o f E q u a t i o n 9 shows, t h a t the CARS s u s c e p t i b i l i t y 
c o n t a i n s two p r o d u c t s of two terms ( t h e terms i n s i d e t h e round 
b r a c k e t s ) which a r e v e r y s i m i l a r t o the f i r s t term i n E q u a t i o n 2 
when damping i s n e g l e c t e d . T h i s f i r s t term i n E q u a t i o n 2 i s , as 
we know, t h e dominant p a r t f o r the a m p l i t u d e of continuum resonance 
( l i n e a r ) Raman s c a t t e r i n g . S i n c e we have demonstrated i n c h a p t e r 
2 how t o c a l c u l a t e t h e s e Raman p o l a r i z a b i l i t i e s , E q u a t i o n 9 can 
d i r e c t l y be employed f o r a f i r s t p r i n c i p l e c a l c u l a t i o n of t h e 
d i s p e r s i o n o f the t h i r d - o r d e r CARS s u s c e p t i b i l i t y and hence by 
a p p l y i n g E q u a t i o n 7 of a co m p l e t e CARS spectrum.Such n u m e r i c a l 
c a l c u l a t i o n s have been c a r r i e d out by us [25 ] . Some of t h e s e 
r e s u l t s w i l l be p r e s e n t e d i n c h a p t e r 5 of the p r e s e n t a r t i c l e 
t o g e t h e r w i t h e x p e r i m e n t a l l y o b t a i n e d CARS s p e c t r a . 
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4. CARS INSTRUMENTATION 

We b r i e f l y d e s c r i b e h e r e t h e CARS s p e c t r o m e t e r i n use a t the 
U n i v e r s i t y B a y r e u t h . W i t h t h i s s e t -up s e v e r a l o t h e r i n v e s t i g a t i o n s 
r e p o r t e d i n t h i s book have been c a r r i e d out [ 2 6 ] . 

The e x p e r i m e n t a l CARS s e t up i s shown i n F i g u r e 7 and con
s i s t s of a 1-MW n i t r o g e n l a s e r ( M o l e c t r o n UV-1000), which s i m u l 
t a n e o u s l y pumps two d y e - l a s e r o s c i l l a t o r s ( M o l e c t r o n DL-300), 
each equipped w i t h an e t a l o n . Only about 30 % of the n i t r o g e n 
l a s e r Output power i s used t o pump the o s c i l l a t o r s whereas 70% 
i s t a k e n f o r dye a m p l i f i e r s (see b e l o w ) . The l a s e r p u l s e s gene
r a t e d i n the two o s c i l l a t o r s a r e a m p l i f i e d by d y e - l a s e r a m p l i f i e r s 
w h i c h a r e a l s o pumped by t h e n i t r o g e n l a s e r . I n o r d e r t o a c h i e v e 
maximum a m p l i f i c a t i o n and s i m u l t a n e o u s l y minimum background 
r a d i a t i o n an o p t i c a l - d e l a y l i n e (ODL) i s i n s t a l l e d between the 
n i t r o g e n l a s e r and dye a m p l i f i e r s . The a m p l i f i e r s produce 5-ns 
p u l s e s w i t h peak powers of about 20 and 10 kW f o r the dye l a s e r 
w i t h f r e q u e n c y Cü and ü ) g , r e s p e c t i v e l y . Both have a bandwidth 
of about 0.03 c n r 1 . 

I n o r d e r t o s e p a r a t e t h e l a s e r beams from t h e dye f l u o r e s c e n c e 
background we use a s m a l l f i l t e r s p e c t r o m e t e r (Anaspec model 300 
S) f o r each l a s e r beam. The a b s o l u t e f r e q u e n c y of t h e d y e - l a s e r 
beams i s d e t e r m i n e d u s i n g a s i m p l e method d e s c r i b e d e l s e w h e r e 
[27] where an i o d i n e c e l l ( I 2 ) i s employed t o produce a f l u o 
r e s c e n c e spectrum w h i c h i s then i d e n t i f i e d by means of h i g h -
r e s o l u t i o n a b s o r p t i o n s p e c t r a p u b l i s h e d by G e r s t e n k o r n and Luc 
[2 8 ] . The a b s o l u t e a c c u r a c y a c h i e v e d by t h i s method i s on the 
o r d e r of 0.01 t o 0.02 cra"^ w h i c h i s s u f f i c i e n t f o r the r e s o l u t i o n 
a c h i e v e d w i t h our CARS s e t up. The l a t t e r i s about 0.05 cm"^ 
( c o n v o l u t i o n of the two dye l a s e r s w i t h bandwidths of 0.03 cm~1 
each. However, i n our continuum resonance CARS ex p e r i m e n t s i n i o 
d i n e , o n l y the üJg-laser can be det e r m i n e d i n t h i s way, because 
the f r e q u e n c y of the o ^ - l a s e r i s h i g h e r t h a n the d i s c r e t e l e v e l s 
of the e x c i t e d e l e c t r o n i c s t a t e and hence cannot produce f l u o r e s 
c ence. 

In o r d e r t o c o n t r o l the peak power of the dye l a s e r s a beam 
S p l i t t e r i s put i n each l a s e r beam and the r e f l e c t e d beams a r e 
m o n i t o r e d by means of p h o t o d i o d e s (D I I I , and D I V ) . The time 
c o i n c i d e n t l a s e r p u l s e s a r e combined v i a a p r i s m and f o c u s e d i n t o 
a c e l l w i t h B r e w s t e r a n g l e windows, u s i n g a 2.5-cm f o c a l l e n g t h 
l e n s . The power of t h e l a s e r beams a t t h e sample i s about 10 kW 
f o r 0)^ and about 5 kW f o r Cüg, r e s p e c t i v e l y . The c o l l i n e a r l y 
g e n e r a t e d CARS s i g n a l i s d i r e c t e d e i t h e r w i t h a p r i s m o r a m i r r o r 
t o t h e e n t r a n c e s l i t of a Spex 14018 d o u b l e monochromator and 
d e t e c t e d w i t h a f a s t p h o t o m u l t i p l i e r (PM) t y p e RCA C31024. The 
s i g n a l s a r e p r o c e s s e d by a Computer system c o n s i s t i n g of two 
Z i l o g Z 80 m i c r o p r o c e s s o r s , 9 6 - k i l o b y t e memory, a two f l o p p y -
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* « > COMPUTER 

MONITOR 

PAPER TAPE 

F i g . 7 CARS set up a t the U n i v e r s i t y B a y r e u t h : PM, p h o t o m u l t i 
p l i e r ; M1-M3, s t e p p i n g m o t o r s ; M, m i r r o r ; BS beam S p l i t t e r ; ODL 
o p t i c a l d e l a y l i n e ; D, p h o t o d i o d e s ; I 2 i o d i n e f l u o r e s c e n c e c e l l . 
F o r f u r t h e r e x p l a n a t i o n see t e x t ; [ 1 0 ] . 

P r i s m 

L e n s 1 

Oven 

Iodine Cel l 

Adjustment for 
sample thickness 

L e n s 2 

F i g . 8 ( l e f t ) Sample 
arrangement f o r resonance 
CARS e x c i t a t i o n i n i o d i n e 
v a p o r . 

u)L,u>s.u>AS 
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d i s k C o n t r o l l e r , a f o u r - c h a n n e l r e c o r d e r , a l i n e p r i n t e r , and a 
p a p e r - t a p e puncher. The Computer a l s o s e r v e s t o scan s i m u l t a n e 
o u s l y g r a t i n g and e t a l o n of the Stokes dye l a s e r (üjq) and i s 
a d d i t i o n a l l y i n t e r f a c e d t o t h e s p e c t r o m e t e r d r i v e , thus a l l o w i n g 
to s e t t h e s p e c t r o m e t e r s t e p by s t e p p r e c i s e l y a t t h e c a l c u l a t e d 
f r e q u e n c y o f t h e CARS s i g n a l . To manage t h i s a m u l t i t a s k o p e r a -
t i n g system has been w r i t t e n . I t ;should be n o t e d t h a t t h e spec
t r o m e t e r whose s l i t s were s e t t o about 1-cnT^ s p e c t r a l bandwidth 
s e r v e s o n l y as a h i g h - e f f i c i e n c y band-pass f i l t e r b u t does n o t 
i n f l u e n c e t h e r e s o l u t i o n of the CARS spectrum. By t h i s method 
h i g h d i s c r i m i n a t i o n between CARS and l a s e r s i g n a l s i s a c h i e v e d 
w h i l e a t the same time t h e complete s e n s i t i v i t y o f t h e d e t e c t i o n 
system can be u s e d , e n a b l i n g us t o a l s o r e c o r d s p e c t r a of weak 
CARS s i g n a l s . 

W h i l e the Output f r e q u e n c y of t h e Stokes l a s e r (ojg) i s 
tuned c o n t i n u o u s l y w i t h i n a ränge of a p p r o x i m a t e l y 24 cm~~̂  
the CARS and r e f e r e n c e s i g n a l s a r e s t o r e d i n a f l o p p y d i s k . A f t e r 
a complete CARS spectrum has been measured, the l a t t e r i s smoothed 
and p l o t t e d w i t h t h e r e c o r d e r . 

E x c i t a t i o n of continuum resonance CARS s p e c t r a r e q u i r e a 
s p e c i a l sample arrangement. F o r the cas e of i o d i n e we use the 
arrangement d i s p l a y e d i n F i g u r e 8. A f t e r the two l a s e r beams 
a r e made c o l l i n e a r by means of a p r i s m , they a r e f o c u s e d w i t h 
an f = 2.5 cm l e n s t o a common f o c u s i n s i d e a r e c -
t a n g u l a r sample c e l l , whose plane s u r f a c e s a r e t u r n e d by 45° 
i n r e s p e c t t o the d i r e c t i o n of t h e l a s e r beams (see F i g u r e 8 ) . 
The e v a c u a t e d and s e a l e d sample c e l l c o n t a i n s i o d i n e as a s o l i d . 
By h e a t i n g t h e c e l l t o d e f i n i t e and c o n s t a n t t e m p e r a t u r e s p a r 
t i c u l a r p r e s s u r e s of i o d i n e v apor can be m a i n t a i n e d i n the c e l l . 
The e f f e c t i v e t h i c k n e s s of the sample can be a d j u s t e d by moving 
the c e l l i n d i r e c t i o n p e r p e n d i c u l a r t o t h e one of the l a s e r 
beams. 

The main d i f f i c u l t y t o observe a CARS s i g n a l when the sample 
i s h i g h l y a b s o r b i n g , as i s t h e cas e f o r e x c i t a t i o n i n t o the con
tinuum of gaseous i o d i n e , was t o f i n d t h e a p p r o p r i a t e gas p r e s s u r e , 
e f f e c t i v e l e n g t h of sample and power of t h e l a s e r beams. I t s h o u l d 
be mentioned t h a t o n l y by c a r e f u l o p t i m i z a t i o n o f t h e s e e x p e r i 
mental parameters have we been a b l e e x p e r i m e n t a l l y t o o b t a i n 
s u f f i c i e n t CARS s i g n a l s f o r t h i s t y p e of ex p e r i m e n t . The e x p e r i 
mental r e s u l t s r e p o r t e d i n the n e x t c h a p t e r have been a c h i e v e d 
w i t h t h e f o l l o w i n g p a r a m e t e r s : v a p o r p r e s s u r e of i o d i n e appr. 
100 - 200 mbar; e f f e c t i v e l e n g t h of sample: 9.7 mm. 
For t h e power of the l a s e r beams as g i v e n above and w i t h a r e p e 
t i t i o n r a t e of 10 Hz t y p i c a l CARS s i g n a l s c o r r e s p o n d i n g t o 500 cps 
were o b t a i n e d f o r t h e s e parameters when s t u d i e s f o r the Av=6 
t r a n s i t i o n s i n i o d i n e were performed w i t h e x c i t a t i o n f r e q u e n c i e s 
s l i g h t l y h i g h e r than the d i s s o c i a t i o n l i m i t of i o d i n e . 
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5. CONTINUUM RESONANCE CARS SPECTRA OF IODINE 

A. V a r i a t i o n of l a s e r f r e q u e n c y (OJ L ) 

CARS e x p e r i m e n t s i n i o d i n e w i t h resonance w i t h t h e c o n t i n u a 
of the ß ( 3 ^ 0 + u ) - and 1 J I - j u - s t a t e have been c a r r i e d out w i t h e x c i 
t a t i o n f r e q u e n c i e s f o r 0)L i n the ränge between the d i s s o c i a t i o n 
l i m i t of the B - s t a t e and about 1000 cm" 1 above t h i s l i m i t [10,25]. 
However, above about 20 700 cm" 1 t h e CARS s i g n a l was found t o be 
v e r y weak. 

T y p i c a l e x p e r i m e n t a l l y o b t a i n e d h i g h r e s o l u t i o n continuum 
resonance CARS s p e c t r a of i o d i n e f o r Av = 6 v i b r a t i o n a l t r a n s i 
t i o n s a r e d i s p l a y e d i n t h e l e f t f i e l d of F i g u r e 9 f o r f o u r ex
c i t a t i o n f r e q u e n c i e s ( o ^ = 20 667, 20 465, 20 301, and 20 168 cm' 1). 
S t r o n g and sharp peaks a t about 1269, 1261 and 1254 cm"1 a r e ob
s e r v e d w h i ch have been a s s i g n e d t o S-branch t r a n s i t i o n s o r i g i -
n a t i n g from the v l ! = 0,1,2 v i b r a t i o n a l l e v e l s o f the ground 
e l e c t r o n i c s t a t e , r e s p e c t i v e l y . Comparing F i g u r e 9 w i t h F i g u r e s 
2 and 3 we i m m e d i a t e l y r e c o g n i z e t h a t t h e s e l i n e s c o r r e s p o n d t o 
the r o t a t i o n a l ( A J = 2) t r a n s i t i o n s a t the t u r n i n g p o i n t of the 
F o r t r a t p a r a b o l a (S-band h e a d ) . (Note t h a t the wavenumber s c a l e s 
i n F i g u r e s 2 and 3 a r e o p p o s i t e t o the one i n F i g u r e 9 ) . However, 
due t o the f a c t t h a t CARS f a v o r s o n l y strong l i n e s and because we 
have used much h i g h e r r e s o l u t i o n i n CARS (0.05 cm""1) compared 
w i t h l i n e a r Raman e x c i t a t i o n (0.5 c m " 1 ) , one o b s e r v e s i n the 
CARS s p e c t r a ( F i g u r e 9) o n l y s t r o n g r o t a t i o n a l t r a n s i t i o n s which 
have t h e i r r o t a t i o n a l - v i b r a t i o n a l t r a n s i t i o n f r e q u e n c i e s v e r y 
c l o s e t o g e t h e r . T h i s happens e x a c t l y a t the band head. The r i g h t 
f i e l d of F i g u r e 9 d i s p l a y s n u m e r i c a l l y c a l c u l a t e d continuum r e s o 
nance CARS s p e c t r a of the same s p e c t r a l r e g i o n . These s p e c t r a 
have been c r e a t e d a p p l y i n g t he f i r s t - p r i n c i p l e c a l c u l a t i o n de
s c r i b e d i n c h a p t e r 3. The f i n a l e x p r e s s i o n f o r X^ 3^ a s g i v e n i n 
E q u a t i o n 9 was a p p l i e d f o r t h i s p urpose. F o r the c a l c u l a t i o n 
of the w a v e f u n c t i o n and t h e m a t r i x elements we used d a t a r e p o r t e d 
by Luc e t a l . [29] f o r t h e ground S t a t e , by Barrow e t a l . [30] 
f o r t he e x c i t e d bound State B, and by W i l l i a m s e t a l . [17] f o r 
the r e p u l s i v e JI s t a t e . The f o l l o w i n g parameters have been used 
t o o : s p e c t r o s c o p i c t e m p e r a t u r e T = 1200 K and p r e s s u r e - b r o a d e n e d 
Raman bandwidth = 0.04 cm~ 1 ( i n the f o l l o w i n g we use V i n 
s t e a d of ) . F o r f u r t h e r d e t a i l s we r e f e r t o R e f e r e n c e 25. The 
i n f l u e n c e o f v a r i a t i o n s of t h e s e parameters t o the i n t e n s i t y and 
band shape of t h e c a l c u l a t e d CARS s p e c t r a w i l l be d i s c u s s e d below. 
However, i t s h o u l d be m e n t i o n e d , t h a t a l l s p e c t r a shown i n F i g u r e 
9 have been c a l c u l a t e d w i t h o n l y one s e t of d a t a as g i v e n above. 

A l l s p e c t r a ( o b s e r v e d and c a l c u l a t e d ) d i s p l a y e d i n F i g u r e 9 
have been s c a l e d ( n o r m a l i z e d ) i n such a way t h a t the s t r o n g e s t 
l i n e i n each spectrum c o r r e s p o n d s t o füll s c a l e (4 a r b i t r . u n i t s ) . 
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F i g . 9 E x p e r i m e n t a l l y o b s e r v e d ( l e f t f i e l d ) and t h e o r e t i c a l l y 
c a l c u l a t e d ( r i g h t f i e l d ) c ontinuum resonance CARS s p e c t r a of the 
f i f t h o v e r t o n e (Av = 6) i n i o d i n e v a por f o r t h e pump l a s e r f r e 
q u e n c i e s 0)

L
 = 20 667 cm" 1, 20 465 cm" 1, 20 301 cm" 1, 

and 20 168 cm" 1 as i n d i c a t e d . S numbers r e f e r to the i n i t i a l and 
f i n a l v i b r a t i o n a l - s t a t e a s s i g n m e n t s of the S-branches. The s p e c t r a 
f o r d i f f e r e n t OÜL a r e n o t s c a l e d t o each o t h e r . 
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T h i s f a c i l i t a t e s an easy comparison of r e l a t i v e i n t e n s i t y changes 
between S-band heads a t same e x c i t a t i o n f r e q u e n c y . We n o t i c e t h a t 
the i n t e n s i t y of the S(6 0) t r a n s i t i o n i s most prominent f o r 
e x c i t a t i o n (O)L = 2Q 168 cm""1) c l o s e t o the d i s s o c i a t i o n l i m i t of 
the B - s t a t e , w h i l e t h e one f o r the S(8 -«-2) t r a n s i t i o n i s n e a r l y 
z e r o f o r t h i s e x c i t a t i o n f r e q u e n c y . The S i t u a t i o n i s q u i t e oppo-
s i t e f o r h i g h e r e x c i t a t i o n f r e q u e n c i e s . For oy^ = 20667 cm" 1 (upper 
spectrum of F i g u r e 9) the second h o t band (8 «- 2) i s much more 
i n t e n s e than the t r a n s i t i o n w h i ch S t a r t s a t the v i b r a t i o n a l ground 
l e v e l (6 0) . 

W h i l e F i g u r e 9 r e p r e s e n t s s p e c t r a which a r e not s c a l e d t o 
each o t h e r f o r d i f f e r e n t e x c i t a t i o n f r e q u e n c i e s , we show i n F i g u r e 
10 o b s e r v e d and c a l c u l a t e d s p e c t r a i n such a way t h a t t h e i r ab
s o l u t e i n t e n s i t i e s can be compared t o each o t h e r . Note, t h a t i n 
t h i s F i g u r e o n l y the s p e c t r a l r e g i o n between 1260 and 1270 cm" 1 

i s d i s p l a y e d . B o t h , o b s e r v e d and c a l c u l a t e d s p e c t r a show t h a t the 
i n t e n s i t y of t h e S-band heads d e c r e a s e s r a p i d l y f o r i n c r e a s i n g 
e x c i t a t i o n f r e q u e n c i e s 0)^. A l t h o u g h the f r e q u e n c y of the O J L - l a s e r 
i s changed by o n l y about 600 cm~1 ( t h i s c o rresponds to a r e l a t i v e 
change of ca L of a p p r o x i m a t e l y 3 % o n l y ! ) , the CARS s i g n a l changes 
d r a m a t i c a l l y . T h i s O b s e r v a t i o n , as w e l l as the f a c t t h a t the S-
b ranches have d i f f e r e n t r e l a t i v e i n t e n s i t i e s compared to each 
o t h e r f o r p a r t i c u l a r e x c i t a t i o n f r e q u e n c i e s , a r e c l e a r l y due t o 
the i n f l u e n c e of the Franck-Condon o v e r l a p i n t e g r a l s . The l a t t e r 
a r e d i f f e r e n t f o r the d i f f e r e n t v i b r a t i o n a l t r a n s i t i o n s and, of 
c o u r s e , change i n magnitude when oy^ i s v a r i e d . 

Q u a n t i t a t i v e c a l c u l a t i o n s of t h e CARS i n t e n s i t y (|x^^|2) 
f o r t h e t h r e e o b s e r v e d S b r a n c h t r a n s i t i o n s (6 0, 7 ^ 1 , 8 2) 
a r e p l o t t e d i n F i g u r e 11 t o g e t h e r w i t h e x p e r i m e n t a l l y o b t a i n e d 
d a t a f o r the f r e q u e n c y ränge 20 000 t o 20 800 cm""1. A g a i n one 
can s e e , how the i n t e n s i t y of the S(6 0) band ( s o l i d l i n e ) 
d e c r e a s e s r a p i d l y when i s changed away from the d i s s o c i a t i o n 
l i m i t t o h i g h e r f r e q u e n c i e s . The i n t e n s i t y changes of the o t h e r 
bands (dashed l i n e and p o i n t e d l i n e s f o r the S(7 1) and S(8 «- 2) 
t r a n s i t i o n s , r e s p e c t i v e l y ) a r e n o t so d r a m a t i c . The e x p e r i m e n t a l 
p o i n t s a r e p l o t t e d a l s o i n t h i s f i g u r e . 

I n g e n e r a l , the i n t e n s i t i e s of the S band heads as demon
s t r a t e d i n F i g u r e s 9 - 1 1 a r e r e p r o d u c e d f a i r l y w e l l i n the c a l -
c u a l t e d s p e c t r a , a l t h o u g h t h e r e a r e some s l i g h t d i s c r e p a n c i e s . 
The o b s e r v e d o v e r a l l t r e n d i n d e c r e a s i n g of the t o t a l i n t e n s i t y 
f o r i n c r e a s i n g e x c i t a t i o n f r e q u e n c y as w e l l as the r e l a t i v e 
changes between d i f f e r e n t S-band heads f o r one p a r t i c u l a r e x c i 
t a t i o n f r e q u e n c y i s f u l l y d e s c r i b e d by the t h e o r y . 
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F i g . 10 E x p e r i m e n t a l l y o b s e r v e d ( l e f t f i e l d ) and n u m e r i c a l l y 
c a l c u l a t e d ( r i g h t f i e l d ) continuum resonance CARS s p e c t r a of the 
Av = 6 t r a n s i t i o n s i n i o d i n e v a p o r f o r f i v e d i f f e r e n t v a l u e s of 
0)^ as i n d i c a t e d . The s p e c t r a a r e s c a l e d t o each o t h e r . Shown a r e 
o n l y the 6 0 and 7 1 v i b r a t i o n a l t r a n s i t i o n s . 



F i g . 11 E x c i t a t i o n p r o f i l e (CARS i n t e n s i t y v e r s u s f r e q u e n c y of 
ü^-laser) of continuum resonance CARS l i n e s (Av = 6) i n i o d i n e 
v a p o r . D i s p l a y e d a r e c a l c u l a t e d ( c u r v e s ) and measured ( p o i n t s ) 
d a t a . 

B. A n a l y s i s of r o t a t i o n a l t r a n s i t i o n s (S,Q,0) 

I n continuum r e s o n a n c e ( l i n e a r ) Raman e x c i t a t i o n o f i o d i n e 
weak bu t s t i l l n o t i c a . b l e bands from Q-branch t r a n s i t i o n s were 
o b s e r v e d b e s i d e s the S-bands (see F i g u r e s 2 and 3 ) . As a l s o 
demonstrated t h e r e , o n l y v e r y weak and s t r u c t u r e l e s s c o n t r i b u t i o n s 
f r om O-branches were found e x p e r i m e n t a l l y . I n o r d e r t o v e r i f y 
t h e o r e t i c a l l y , t h a t i n CARS m a i n l y o n l y the S-branches a r e ob-
s e r v a b l e , we have s e p a r a t e l y c a l c u l a t e d t h e CARS s p e c t r a of r o 
t a t i o n a l - v i b r a t i o n a l t r a n s i t i o n s (Av = 6) f o r the S-, Q- and 
O-branches. The l a t t e r was done f o r t h r e e e x c i t a t i o n f r e q u e n c i e s 
(cü^) which a r e c l o s e t o t h e e x c i t a t i o n w a v e l e n g t h used f o r t h e 
continuum resonance ( l i n e a r ) Raman s p e c t r a shown i n F i g u r e s 2 
and 3. The c a l c u l a t e d p r o f i l e s f o r t h e se AJ = 0,± 2 t r a n s i t i o n s 
i n continuum resonance CARS of i o d i n e a r e d i s p l a y e d i n F i g u r e 12. 
N e a r l y no O-branch c o n t r i b u t i o n a r e t o be seen and a l s o the 
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F i g . 12. C a l c u l a t e d p r o f i l e s f o r S-, Q- and O-branch t r a n s i t i o n s 
i n continuum resonance CARS of i o d i n e f o r t h r e e d i f f e r e n t e x c i 
t a t i o n f r e q u e n c i e s (uy^) as i n d i c a t e d . 

c o n t r i b u t i o n s of the Q-branches a r e v e r y weak compared t o the 
one of the S-branches. T h i s a g a i n r e f l e c t s t h e f a c t t h a t i n CARS 
o n l y the s t r o n g Raman t r a n s i t i o n s show up i n the spectrum w i t h 
h i g h i n t e n s i t y . Note however, t h a t t he band p r o f i l e s of the pure 
S-branches as d i s p l a y e d i n F i g u r e 12 d i f f e r s l i g h t l y from th o s e 
shown i n F i g u r e 9. T h i s i s due t o weak i n t e r f e r e n c e e f f e c t s w i t h 
the r e m a i n i n g c o n t r i b u t i o n s from the Q-branches. 
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C. C o n t r i b u t i o n s f r o m d i f f e r e n t e l e c t r o n i c s t a t e s (B, 1Ü) 

I n continuum resonance ( l i n e a r ) Raman e x c i t a t i o n i n i o d i n e 
i t was found [ 1 5 - 1 7 ] t h a t t h e Raman i n t e n s i t y i s determined p r e -
d o m i n a n t l y t h r o u g h resonance e x c i t a t i o n v i a t h e continuum of 
the d i s s o c i a t i v e p a r t of t h e B - s t a t e . T h i s i s due to the q u i t e 
s m a l l t r a n s i t i o n s t r e n g t h r a t i o R = ( M ^ ) 2 / ( M ^ ) 2 between the two 
s t a t e s i n v o l v e d (B, I I ) . V a l u e s f o r R between 0 . 1 7 and 0 . 2 0 have 
been r e p o r t e d i n the l i t e r a t u r e [ 1 7 , 3 1 , 3 2 ] , F o r the two-photon 
p r o c e s s ( l i n e a r Raman) t h i s r a t i o comes i n t o t he e x p r e s s i o n f o r 
the s c a t t e r i n g i n t e n s i t y as a squared q u a n t i t y (see E q u a t i o n 6 ) , 
whereas i n t h e four-photon-CARS p r o c e s s t h e c o n t r i b u t i o n s from 
the two d i f f e r e n t s t a t e s i s d e s c r i b e d by R^; t h i s dependence 
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F i g . 13 C a l c u l a t e d c ontinuum resonance CARS spectrum f o r the 
Av = 6 t r a n s i t i o n s i n i o d i n e v apor (Ü>L = 2 0 4 6 5 cm™1). Shown i s 
the spectrum a r i s i n g from b o t h e l e c t r o n i c s t a t e s B and 1 ü (upper 
f i e l d ) , the c o n t r i b u t i o n f r o m the B - s t a t e a l o n e (middle f i e l d ) and 
from t h e ^ I l - s t a t e a l o n e ( l o w e r f i e l d ) . 
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o r i g i n a t e s from t h e p r o d u c t of f o u r m a t r i x elements (see E q u a t i o n 
10). So, o n l y v e r y weak c o n t r i b u t i o n s f rom t h e I l - s t a t e c a n be 
expected t h e o r e t i c a l l y . I n F i g u r e 13 we show i n the upper f i e l d 
the c a l c u l a t e d CARS spectrum (R = 0.17) when b o t h s t a t e s a r e 
i n v o l v e d . Of c o u r s e , t h i s S i t u a t i o n i s p r e s e n t when e x p e r i m e n t s 
a r e performed. Then, t h e two s t a t e s a r e f u n d a m e n t a l l y and p h y s i -
c a l l y i n d i s t i n g u i s h a b l e . I n the m i d d l e f i e l d a s y n t h e t i c a l CARS 
spectrum i s shown, where we have performed o u r c a l c u l a t i o n s 
such t h a t the s c a t t e r i n g o c c u r s o n l y v i a the B - s t a t e . I n t h e 
lower f i e l d of F i g u r e 13 t h e t h e o r e t i c a l CARS spectrum i s shown 
when o n l y t he IT-state would be p r e s e n t . The CARS s p e c t r a a r i s i n g 
from c o n t r i b u t i o n s of the pure B X o r II <- X t r a n s i t i o n s a l o n e 
a r e s c a l e d r e l a t i v e t o t h e combined spectrum (upper f i e l d ) . 
However, note t h a t t h e CARS spectrum i n the upper f i e l d of F i g u r e 
13 i s not j u s t t h e a l g e b r a i c sum of the s p e c t r a d i s p l a y e d i n the 
mi d d l e and the l o w e r f i e l d s . S i m i l a r t o the two-photon p r o c e s s 
( l i n e a r Raman) [20] a l s o i n t e r f e r e n c e terms have t o be i n c l u d e d 
f o r the f o u r - p h o t o n CARS p r o c e s s [25]. N e v e r t h e l e s s , F i g u r e 13 
c l e a r l y demonstrates t h a t continuum resonance CARS i n i o d i n e 
o c c u r s c h i e f l y v i a t h e B - s t a t e . 

D. C o n t r i b u t i o n s f rom upper Raman s t a t e s (p^) 

In non-resonant CARS s t u d i e s of v i b r a t i o n a l t r a n s i t i o n s 
w i t h h i g h - e n e r g y (> 1000 cm~ 1) the c o n t r i b u t i o n of the p^-term 
(see E q u a t i o n 10) can be n e g l e c t e d , s i n c e f o r t h i s h i g h energy 
the p o p u l a t i o n o f the upper Raman l e v e l i s n e a r l y z e r o a t room 
temperature. I n our p r e l i m i n a r y r e p o r t on CARS r e s u l t s of i o d i n e 
we have a l s o n e g l e c t e d t h i s term f o r resonance e x c i t a t i o n . A l 
though the f i r s t - p r i n c i p l e c a l c u l a t i o n s of the s p e c t r a l r e g i o n s 
which have a l s o been s t u d i e d e x p e r i m e n t a l l y , i n p r i n c i p l e showed 
r e a s o n a b l e agreement, we meanwhile have f o u n d , t h a t t he i n c l u s i o n 
of the p^ -term r e s u l t s i n much b e t t e r agreement between e x p e r i 
ment and t h e o r y . We demonstrate t h i s f e a t u r e i n F i g u r e 14, where 
we reproduce the same e x p e r i m e n t a l (upper f i e l d ) and t h e o r e t i c a l 
( l o w e r f i e l d , B) CARS spectrum of t h e Av = 6 t r a n s i t i o n i n i o d i n e 
as shown i n F i g u r e 2 of R e f e r e n c e 10) t o g e t h e r w i t h a c a l c u l a t e d 
CARS spectrum ( m i d d l e f i e l d , A) wh i c h i n c l u d e s t h e upper Raman 
St a t e c o n t r i b u t i o n ( p f ) . The s p e c t r a a r e a l l s c a l e d t o the i n t e n 
s i t y of t h e S(7 -«- 1) t r a n s i t i o n a t about 1261 cm . Comparing the 
r e l a t i v e i n t e n s i t i e s of t h e t h r e e S-bands among each o t h e r , t he 
spectrum which i n c l u d e s t he upper Raman S t a t e c o n t r i b u t i o n s (A) 
d e s c r i b e s b e t t e r t he e x p e r i m e n t a l l y o b s e r v e d spectrum t h a t does 
the spectrum g i v e n i n the low e r f i e l d (B) of F i g u r e 14. 
A s p e c t r o s c o p i c t e m p e r a t u r e of T = 1200 K was t a k e n f o r t h e s e 
c a l c u l a t i o n s (see below) . 
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F i g . 14 Observed (upper f i e l d ) and c a l c u l a t e d ( m i d d l e and lower 
f i e l d s ) continuum CARS s p e c t r a of the Av = 6 t r a n s i t i o n i n i o d i n e . 
Spectrum B d i f f e r s f r o m A by the n e g l e c t i o n of the upper Raman 
S t a t e c o n t r i b u t i o n s (p^) i n E q u a t i o n 10. 

E. V a r i a t i o n of s p e c t r o s c o p i c t e m p e r a t u r e (T) 

E x c i t a t i o n of conti n u u m resonance ( l i n e a r ) Raman s p e c t r a i n 
s t r o n g l y a b s o r b i n g gases l i k e 1̂  w i t h cw l a s e r s of 1 Watt power 
r e v e a l e d q u i t e h i g h s p e c t r o s c o p i c t e m p e r a t u r e s ( T ) . I n i o d i n e 
v a l u e s f o r T were found i n the o r d e r of 1100 K [12] w h i l e f o r 
the weaker a b s o r b i n g B r ^ m o l e c u l e T i s of t h e o r d e r of o n l y 
700 K [1 9 ] . I n p u l s e d CARS e x p e r i m e n t s w i t h t o t a l power of appro
x i m a t e l y 15 kW the s p e c t r o s c o p i c temperature i s exp e c t e d to be 
h i g h as w e l l , even so t h e p u l s e s a r e q u i t e s h o r t (~ 5 u s ) . Un-
f o r t u n a t e l y , i n CARS i t i s q u i t e d i f f i c u l t t o determine experimen
t a l l y T f o r an a b s o r b i n g g a s. I n p r i n c i p l e , i t c o u l d be d e r i v e d 
from the envelope of the pure r o t a t i o n a l spectrum of non-absorbing 
m o l e c u l e s w h i c h have been added t o the a b s o r b i n g m o l e c u l e s . T h i s 
p r o c e d u r e i s easy f o r l i n e a r Raman e x c i t a t i o n [ 2 1 ] , s i n c e the 
d e t e c t i v i t y i s h i g h enough t h a t o n l y a s m a l l p o r t i o n of f o r e i g n 
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F i g . 15 C a l c u a l t e d band p r o f i l e s f o r continuum resonance CARS 
e x c i t a t i o n of the Av = 6 t r a n s i t i o n s i n i o d i n e vapor (IOL = 
20 465 cm" 1) as a f u n c t i o n of s p e c t r o s c o p i c t e m p e r a t u r e T. The 
CARS i n t e n s i t i e s a r e s c a l e d s u c h , t h a t t he s t r o n g e s t l i n e o f 
each spectrum has same v a l u e . 

m o l e c u l e s has t o be added. P r e s e n t l y we have not been a b l e t o 
determine e x a c t v a l u e s f o r T d i r e c t l y by a CARS ex p e r i m e n t . How
ev e r , we have performed c a l c u l a t i o n s f o r d i f f e r e n t v a l u e s of T. 
In F i g u r e 15 we show, how t h e band p r o f i l e s v a r y w i t h i n t he 
temperature ränge between 300 and 2000 K f o r some p a r t i c u l a r 
v a l u e s of T. 
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Comparing the CARS s p e c t r a as shown i n F i g u r e 15 w i t h t h e 
e x p e r i m e n t a l l y o v s e r v e d spectrum ( F i g u r e 9 second spectrum from 
above) g e n e r a t e d by the same f r e q u e n c y (o) L = 20 465 cm 1) we can 
c o n c l u d e , t h a t t h e s p e c t r u m c a l c u l a t e d f o r T = 1200 K b e s t f i t s 
t o the o b s e r v e d one. T h i s spectrum f a i r l y w e l l r e p r o d u c e s the 
o b served band shapes. Note f o r i n s t a n c e the asymmetry of the 
S(6 «- 0) t r a n s i t i o n w i t h the c h a r a c t e r i s t i c t a i l on the l o w - f r e -
quency s i d e i n b o t h , t h e o b s e r v e d and c a l c u l a t e d s p e c t r a f o r 
0)^ = 20 465 cm" 1 e x c i t a t i o n ( F i g u r e 9) . 

F. V a r i a t i o n of n o n - r e s o n a n t s u s c e p t i b i l i t y (XNR) 

I n E q u a t i o n 9 we have lumped t o g e t h e r i n XNR a ^ terms of 
w h i c h a r e due t o c o n t r i b u t i o n s from o t h e r m o l e c u l e s than the one 
under i n v e s t i g a t i o n . The l a r g e s t c o n t r i b u t i o n t o XKTO c e r t a i n l y 
a r i s e s f rom the c o h e r e n t s i g n a l s g e n e r a t e d i n the g l a s s m a t e r i a l 
of the c e l l ( m a i n l y e n t r a n c e Windows). As mentioned i n c h a p t e r 4, 
because of the h i g h a b s o r p t i o n of i o d i n e , the e f f e c t i v e c e l l l e n g 
has t o be q u i t e s h o r t . Even so l e n s e s w i t h s h o r t f o c a l l e n g t h e s 
have been u s e d , i t was u n a v o i d a b l e t h a t r e l a t i v e l y s m a l l c o n t r i b u 
t i o n s t o X^ 3^ f r o m the window m a t e r i a l were p r e s e n t . However, 
f o r the narrow s p e c t r a l r e g i o n ( a p p r . 20 cm" 1) w h i ch have been 
e x p l o r e d e x p e r i m e n t a l l y , XNR ^ s e x p e c t e d t o be a c o n s t a n t over 
t h i s ränge, a l t h o u g h i t s a b s o l u t e magnitude may v a r y depending 
on the s p e c i a l e x p e r i m e n t a l arrangement. A g a i n i t would be d i f f i 
c u l t to d e r i v e r e l i a b l e i n f o r m a t i o n on XNR f r o m a CARS experiment 
I n s t e a d a d e t a i l e d t h e o r e t i c a l t r e a t m e n t r e v e a l s a p p r o x i m a t e l y 
the magnitude of XNR* I n F i g u r e 16 we have p l o t t e d c a l c u l a t e d 
s p e c t r a a c c o r d i n g t o E q u a t i o n 9 but w i t h d i f f e r e n t v a l u e s f o r 
X^R as i n d i c a t e d . I n s p e c t i o n of the bandshapes and a comparison 
w i t h the t o t a l s e t of e x p e r i m e n t a l l y o b s e r v e d CARS s p e c t r a l e a d 
us t o an e s t i m a t i o n of XNR t o be a p p r o x i m a t e l y 0 . 0 5 . T h i s v a l u e 
i s i n agreement w i t h t h e one d e t e r m i n e d e x p e r i m e n t a l l y by measur-
i n g the background s u s c e p t i b i l i t y f a r o f f any p o s s i b l e r o t a t i o n -
v i b r a t i o n resonance w i t h f r e q u e n c y U)£f [ 1 0 ] . 

A l t h o u g h the v a l u e XNR = 0»05 i s s m a l l , i t s t i l l i n f l u e n c e s 
s l i g h t l y t h e CARS band shapes (compare the s p e c t r a i n F i g u r e 16 
l a b e l l e d by X N R = 0 . 0 5 and XNR = 0 ) • F o r f u r t h e r d i s c u s s i o n of 
XNR w e r e f e r t o R e f e r e n c e 2 5 . 

G. V a r i a t i o n of Raman ban d w i d t h (T) 

I t would go beyond t h e scape of t h i s a r t i c l e t o g i v e a füll 
d e s c r i p t i o n of t h e dependence of shape and i n t e n s i t y of resonance 
CARS s p e c t r a from t h e Raman bandwidth T (2T = FWHM). Here, we 
o n l y p r e s e n t f i r s t - p r i n c i p l e c a l c u l a t i o n s of the s p e c t r a l r e g i o n 
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F i g . 16 C a l c u l a t e d continuum resonance CARS s p e c t r a o f Av = 6 
t r a n s i t i o n s i n i o d i n e v a p o r w i t h t he nonresonant background 
s u s c e p t i b i l i t y as a parameter. S p e c t r a a r e c a l c u l a t e d f o r 
coL = 20 465 cm" 1 . 

i n i o d i n e as d i s c u s s e d above as a f u n c t i o n of T. F i g u r e 17 
demonstrates the i n c r e a s e i n continuum resonance CARS i n t e n s i t y 
f o r d e c r e a s i n g bandwidth T. Note f u r t h e r how t h e bands g et v e r y 
narrow f o r s m a l l T f s even ^so t h e s e l i n e s r e p r e s e n t band-heads 
which s h o u l d have a s h a d i n g towards lower Raman s h i f t s . These 
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F i g . 17 C a l c u l a t e d continuum resonance CARS s p e c t r a of the 
Av = 6 t r a n s i t i o n s i n i o d i n e v a por w i t h the Raman bandwidth V 
as parameter. S p e c t r a a r e c a l c u l a t e d f o r = 20 465 cm~ 1. 
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narrow l i n e s a p p a r e n t l y g i v e t he e x a c t p o s i t i o n s o f the S-band 
heads f o r s m a l l v a l u e s of T. 

Fo r the va p o r p r e s s u r e used i n our experiments (see above) 
wer a r r i v e a t a V of 0.04 cm" 1. T h i s v a l u e has been used i n the 
c a l c u l a t i o n of a l l o t h e r s y n t h e t i c a l s p e c t r a shown i n t h i s a r t i c l e . 
F o r f u r t h e r d e t a i l s we a g a i n r e f e r to R e f e r e n c e 25. 

H. D i s p e r s i o n of r e a l and i m a g i n a r y p a r t of X^ 3^ 

In n o n-resonant CARS, i t i s customary t o s e p a r a t e the CARS 
s u s c e p t i b i l i t y i n t o a r e a l and an i m a g i n a r y p a r t [33]: 

XCARS = R e ( X ( 3 ) > + 1 Im(x<3)) (10) 

F i g . 18 D i s p e r s i o n of the r e a l p a r t of X^3^ ^ n t n e Av = 6 
r e g i o n of i o d i n e v apor c a l c u l a t e d f o r t h r e e d i f f e r e n t v a l u e s of 
o) L , as i n d i c a t e d . 
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F i g . 19 D i s p e r s i o n of the i m a g i n a r y p a r t o f . x ' 3 ' i n the Av = 6 
r e g i o n of i o d i n e v a p o r c a l c u l a t e d f o r t h r e e d i f f e r e n t v a l u e s of 
Ü)L, as i n d i c a t e d . 

We can a p p l y E q u a t i o n 10 a l s o f o r the e x p r e s s i o n g i v e n i n 
E q u a t i o n 9 of the p r e s e n t a r t i c l e . The f i n a l e x p r e s s i o n s f o r the 
f u n e t i o n s Re(x^ 3)) and I m ( x ^ ) w i l l be g i v e n e l s e w h e r e [ 25 ] . 
Here, we show i n F i g u r e s 18 and 19 how the n u m e r i c a l l y c a l c u l a t e d 
d i s p e r s i o n of t h e s e f u n e t i o n s appear f o r the Av = 6 t r a n s i t i o n s 
i n i o d i n e . F i g u r e 18 r e p r e s e n t s t he c o r r e s p o n d e n t s p e c t r a l r e g i o n 
f o r t he Re(x^ 3)) f u n c t i o n d e t e r m i n e d a p p l y i n g E q u a t i o n s 9 and 10 
f o r t h r e e d i f f e r e n t l a s e r f r e q u e n c i e s co^, namely 2 0 667 cm"*1 , 
20 5 5 0 cm"*1, and 2 0 4 6 5 cm" 1. F o r the same Ü)L*S and the same 
s p e c t r a l r e g i o n we have p l o t t e d the i m a g i n a r y p a r t of X ^ 3 ^ > 
ImCx^3^), i n F i g u r e 1 9 . 

A l t h o u g h t h e r e i s a t o t a l change of the v a l u e of CÜL of 
a p p r o x i m a t e l y 1 % o n l y between the f r e q u e n c i e s l a b e l l e d i n the 
upper and low e r f i e l d s of F i g u r e s 18 and 19 , one can observe i n 
bo t h f i g u r e s q u i t e a change i n the d i s p l a y e d c u r v e s f o r the 
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f u n e t i o n s Re(xW) and Im(x^3^), r e s p e c t i v e l y . As example, we 
draw a t t e n t i o n t o the S(7 +• 1) band a t about 1261 cm" 1 i n F i g u r e 
19 .Note how the a m p l i t u d e of Re(x^) changes from a d e r i v a t i v e 
shaped p r o f i l e f o r U)T = 20 667 cm t o a compl e t e n e g a t i v e peak 
when ü) L = 20 465 cm i s a p p l i e d . A l s o t h e f u n c t i o n Im ( x ^ 3 ^ ) 
shows changes i f d i f f e r e n t üo^T s a r e employed (compare as example 
the S(8 2 ). band a t about 1254 cm" 1 i n the upper and lower 
f i e l d of F i g u r e 20. F o r f u r t h e r d e t a i l s see a g a i n R e f e r e n c e 25. 

6. CONCLUSION 

In t h i s a r t i c l e we have o u t l i n e d a t h e o r y f o r t h e n u m e r i c a l 
c a l c u l a t i o n of X ^ 3 ^ a n c * the CARS i n t e n s i t y when e x c i t a t i o n i s 
such t h a t b o t h upper i n t e r m e d i a t e CARS l e v e l s a r e i n resonance w i t h 
continuum s t a t e s . A l s o e x p e r i m e n t s have been performed i n i o d i n e 
v a p o r i n o r d e r t o check the t h e o r y . F a i r l y good agreement c o u l d 
be a c h i e v e d f o r a v a r i e t y of d i f f e r e n t e x c i t a t i o n f r e q u e n c i e s . 
The d e v e l o p e d t h e o r y a l l o w e d us f u r t h e r m o r e ( i ) t o e x p l a i n why 
o n l y S-band heads were o b s e r v e d , ( i i ) t o e x p l a i n t h a t s c a t t e r i n g 
o c c u r s m a i n l y v i a the continuum of the d i s s o c i a t i v e B - s t a t e o n l y , 
( i i i ) t o study t h e i n f l u e n c e of c o n t r i b u t i o n s from upper Raman 
s t a t e s , ( i v ) t o study the i n t e n s i t y and band shape changes w i t h 
s p e c t r o s c o p i c t e m p e r a t u r e , (v) t o study t h e i n f l u e n c e on band 
shapes due t o the magnitude of the non-resonant s u s c e p t i b i l i t y , 
( v i ) t o examine how the CARS s p e c t r a changes f o r d i f f e r e n t v a l u e s 
of Raman ban d w i d t h , and ( v i i ) f i n a l l y t o d e r i v e the d i s p e r s i o n o f 
r e a l and i m a g i n a r y p a r t of the t h i r d - o r d e r s u s c e p t i b i l i t y . 

F o r the st u d y d e s c r i b e d , i o d i n e has been chosen because 
t h i s i s one of the few m o l e c u l e s w h i c h have c o n t i n u o u s a b s o r p t i o n 
i n a s p e c t r a l r e g i o n easy a c c e s s a b l e t o p u l s e d d y e - l a s e r e x c i t a t i o n 
and from which s i m u l t a n e o u s l y t h e s p e c t r o s c o p i c c o n s t a n t s and 
p o t e n t i a l f u n e t i o n s a r e v e r y w e l l known. I t i s hoped t h a t t h i s 
model s t u d y i n such a s i m p l e m o l e c u l e can s e r v e as a b a s i s f o r 
more c o m p l i c a t e d Systems. 
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RESONANCE COHERENT ANTI-STOKES RAMAN SPECTROSCOPY IN CONDENSED 
PHASES 

L. A. C a r r e i r a and M. L. H o r o v i t z 

Department of C h e m i s t r y 
U n i v e r s i t y of G e o r g i a 
A t h e n s , G e o r g i a 30602 

Coherent a n t i - S t o k e s Raman s p e c t r o s c o p y (CARS) has emerged 
as a h i g h l y e f f i c i e n t t e c h n i q u e f o r o b t a i n i n g Raman s p e c t r a of 
m o l e c u l a r s p e c i e s . A major drawback t o the CARS t e c h n i q u e has 
been a lower l i m i t on s o l u t e c o n c e n t r a t i o n s of about 0.05 M due 
to the background s i g n a l g e n e r a t e d by t h e nonresonant t h i r d o r d e r 
s u s c e p t i b i l i t y of t h e s o l v e n t . T h i s background s i g n a l i s a v e r y 
s l o w l y v a r y i n g f u n c t i o n of Raman f r e q u e n c y [1] (see c h a p t e r on 
CARS i n Condensed phases) and remains n e a r l y c o n s t a n t i n i n t e n s i t y 
f o r t y p i c a l e x p e r i m e n t s . The s o l u t e s i g n a l a t U)3 can be so s m a l l 
f o r s o l u t e c o n c e n t r a t i o n s of l e s s than 0.05 M as t o be ' b u r i e d 1 

i n t h e background e m i s s i o n . Resonance enhanced CARS has g r e a t l y 
i n c r e a s e d the s e n s i t i v i t y o f t h e t e c h n i q u e i n a n a l y t i c a l and s t r u c 
t u r a l i n v e s t i g a t i o n s . 

I n CARS, when the f r e q u e n c y ü)j approaches t h e f r e q u e n c y of 
an a l l o w e d e l e c t r i c d i p o l e t r a n s i t i o n , 0 )

e
, the t e n s o r elements 

w i t h denominators c o n t a i n i n g the f r e q u e n c y d i f f e r e n c e s ^e~w^ and 
ü)e-ü)3 become l a r g e . T h i s g i v e s an enhanced s c a t t e r i n g a m p l i t u d e 
and, t h e r e f o r e , i n c r e a s e d i n t e n s i t y a t ü)3 . Chabay, K l a u m i n z e r and 
Hudson [2] have ob s e r v e d t h a t as 0)^ approaches ü) e the CARS s i g n a l 
was enhanced, whereas the background e m i s s i o n remained v i r t u a l l y 
unchanged. T h i s a l l o w e d t h e a u t h o r s t o r e c o r d a low n o i s e , h i g h 
i n t e n s i t y s pectrum öf d i p h e n y l o c t a t e t r a e n e a t a c o n c e n t r a t i o n of 
1.4 x 10" 3 M. More r e c e n t l y [ 1 ] , the spectrum and e x c i t a t i o n p r o 
f i l e s of ß-carotene i n t h e r i g o r o u s resonance r e g i o n have been 
r e c o r d e d a t c o n c e n t r a t i o n s as low as 5 x 10~"7, w h i c h was c o n s i d e r 
a b l y l o w e r i n c o n c e n t r a t i o n than p r e v i o u s l y o b s e r v e d by the CARS 
t e c h n i q u e . C a r r e i r a and Goss [3] have demonstrated resonance en
hancement of the CARS s i g n a l s f o r f l u o r e s c e n t Compounds. I n a d d i 
t i o n H o r o v i t z and C a r r e i r a [4] have ob s e r v e d resonance enhance-
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ment of the CARS s i g n a l f o r ß-carotene a t z e r o f r e q u e n c y Raman 
s h i f t s . The s t u d i e s r e p o r t e d h e r e s e r v e t o e x e m p l i f y the power 
of resonance CARS i n o b t a i n i n g molecular. i n f o r m a t i o n . 

The i n t e n s i t y of a CARS s i g n a l i s p r o p o r t i o n a l t o the square 
of the t h i r d - o r d e r s u s c e p t i b i l i t y . The s u s c e p t i b i l i t y i s the sum 
of two terms 

x G ) = x<3) + x<3)
 ( D 

where Xg 1 S t n e e l e c t r o n i c s u s c e p t i b i l i t y and xR i - s t n e Raman 
s u s c e p t i b i l i t y . X^ 3 ^ a s l o w l y v a r y i n g f u n c t i o n of the f r e q u e n c y 
d i f f e r e n c e ü3^-ca2 = A, and the sum i s dominated by the Raman s u s 
c e p t i b i l i t y when A i s e q u a l t o an a l l o w e d Raman f r e q u e n c y (A 
Ok») of the m o l e c u l e . As shown by Hudson e t a l . [14] when A = ü) r, 
X^ 3 ̂  i s g i v e n by R 

4 
3 ) = i h ^ « « V a C u , ) (2) 

where N i s the number d e n s i t i y and the Raman l i n e w i d t h . The 
s c a t t e r i n g t e n s o r a i s g i v e n i n terms of the Tang and A l b r e c h t 
t h e o r y , m o d i f i e d f o r CARS [5] by 

a C c o p ^ = A + B (3) 

where A and B a r e d e f i n e d i n [ 5 ] . 

For t o t a l l y Symmetrie Raman peaks o n l y the A component of 
the s c a t t e r i n g t e n s o r i s found t o be i m p o r t a n t . I n the case of 
a n o n t o t a l l y Symmetrie Raman peak, t h e B component must be taken 
i n t o a e c o u n t . One can q u a l i t a t i v e l y u n d e r s t a n d the resonance 
e f f e c t by assuming o n l y a s i n g l e peak w i t h a s i n g l e upper e l e c 
t r o n i c s t a t e . I n t h i s c a s e , the summation i s reduced t o s i n g l e 
term m u l t i p l i e d by a w e i g h i n g f a c t o r , t he Franck-Condon o v e r l a p 
f a c t o r . T h i s r e s u l t s i n 

A « 1—^ + : _ . (4) 
e 1 e e 2 e 

I t i s ap p a r e n t t h a t i f ojj ̂  OJ , the A component would d r a s t i c a l l y 
i n c r e a s e r e s u l t i n g i n an i n c r e a s e i n the i n t e n s i t y of the Raman 
peak. 



RESONANCE CARS IN CONDENSED MEDIA 431 

The i n t e n s i t y of a Raman peak as a f u n c t i o n of the e x c i t a t i o n 
f r e q u e n c y i s c a l l e d an e x c i t a t i o n p r o f i l e . Such p r o f i l e s have 
been e x t e n s i v e l y s t u d i e d i n resonance Raman work. I n o r d e r t o 
t e s t t h e t h e o r e t i c a l resonance enhancement r e s u l t s f o r CARS, ß-
c a r o t e n e was chosen as a model system. T h i s c h o i c e was made be
cause of the e x t e n s i v e work c a r r i e d out by I n a g a k i [6] on the 
e x c i t a t i o n p r o f i l e s f o r the spontaneous Raman e f f e c t . The p a r a 
meters d e r i v e d by t h e s e w o r k e r s were found t o be d i r e c t l y t r a n s 
f e r a b l e t o the CARS experiment [ 5 ] . They a l s o d e t e r m i n e d t h a t the 
c o n t r i b u t i o n of the B term was n e g l i g i b l e f o r t h e Symmetrie modes 

and V 2 i n the r i g o r o u s resonance r e g i o n . U s i n g a harmonic o s c i l 
l a t o r a p p r o x i m a t i o n , they c a l c u l a t e d t h e s e p a r a t i o n s between the 
e q u i l i b r i u m p o s i t i o n s of the ground and e l e c t r o n i c e x c i t e d s t a t e s 
f o r t h e and V 2 modes by t r e a t i n g t h e s e as a d j u s t a b l e parameters 
to f i t t he e x p e r i m e n t a l e x c i t a t i o n p r o f i l e s . These v a l u e s t h e n 
r e p r o d u c e d the observed low te m p e r a t u r e a b s o r p t i o n spectrum when 
a L o r e n t z i a n h a l f w i d t h o f 250 cm" 1 was used f o r e l e c t r o n i c a b s o r p 
t i o n l i n e s . 

I n o r d e r t o c a l c u l a t e the t h e o r e t i c a l CARS e x c i t a t i o n p r o f i l e s , 
we have used the Separation parameters of I n a g a k i [6] and have i n 
c r e a s e d the e l e c t r o n i c h a l f w i d t h Ye t o 500 cm s i n c e our measure
ments were made a t room t e m p e r a t u r e . The f r e q u e n c i e s i n t h e ground 
and e x c i t e d s t a t e s were assumed t o be e q u a l and t h e summation o v e r 
v [ 3 ] was ta k e n t o v = 8. F i g u r e 1 shows t h e c a l c u l a t e d and o b s e r 
ved e x c i t a t i o n p r o f i l e o f t h e l i n e o f ß-carotene. The e x p e r i 
m e n t a l p r o f i l e was s t a n d a r d i z e d t o t h e 992 cm" 1 l i n e of benzene. 
The agreement between the e x p e r i m e n t a l p o i n t s and the c u r v e s gene
r a t e d f rom the spontaneous resonance Raman e f f e c t i s q u i t e r e a s o n -
a b l e . 

I . RESONANCE CARS SPECTRA OF HIGHLY FLUORESCENT COMPOUNDS 

In an e f f o r t t o i l l u s t r a t e t h e ease w i t h w h i c h resonance 
enhancement can be a p p l i e d t o h i g h l y f l u o r e s c e n t Compounds the 
CARS s p e c t r a of s i x h i g h l y f l u o r e s c e n t Compounds have been o b t a i n e d . 

The Compounds i n c l u d e f o u r l a s e r dyes (rhodamine 6G, rhodamine 
B, sodium f l u o r e s e e i n and coumarin 495) and two f u s e d r i n g Compounds 
( p e r y l e n e and a c r i d i n e o r a n g e ) . A l l of t h e above mentioned Com
pounds have f l u o r e s c e n c e quantum y i e l d s i n the ränge of .6 t o 
1.0, e x c l u d i n g any p o s s i b i l i t y of s t u d y by o r d i n a r y spontaneous 
Raman t e c h n i q u e s when pumped ne a r t h e i r a b s o r p t i o n maxima. The 
spectrum of each Compound was o b t a i n e d i n i t s r i g o r o u s resonance 
r e g i o n w h i c h a l l o w e d a r e l a t i v e l y low c o n c e n t r a t i o n (^10~^M) t o 
be used. 
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F i g u r e 1. Observed ( d o t t e d l i n e ) and c a l c u l a t e d ( s o l i d l i n e ) 
CARS e x c i t a t i o n p r o f i l e f o r t h e v i b r a t i o n a l mode of ß-carotene. 

F i g u r e s 2 and 3 show t h e CARS spectrum of rhodamine 6G and 
rhodamine B r e s p e c t i v e l y n e ar t h e i r a b s o r p t i o n maxima (RG-530 nm; 
RB-555nm). The s p e c t r a o b t a i n e d by i n v e r s e resonance Raman sp e c 
t r o s c o p y (IRRS) [13] a g r e e q u a l i t a t i v e l y w i t h t h o s e o b t a i n e d 
u s i n g resonance enhanced CARS. However, a thousand f o l d g r e a t e r 
c o n c e n t r a t i o n was n e c e s s a r y t o o b t a i n the IRRS s p e c t r a . 

I I . A RESONANCE CARS DETECTOR INGORPORATED INTO AN AUTOMATED 
HPLC SYSTEM HAVING MULTIPLE DETECTORS 

The use of m u l t i p l e d e t e c t o r s i n chromatography f o r q u a n t i 
t a t i v e and q u a l i t a t i v e a n a l y s e s of unknown o r complex samples 
i s w e l l known. The combined i n f o r m a t i o n g a i n e d f rom two o r more 
d e t e c t o r s , w h i c h measure d i f f e r e n t p h y s i c a l o r c h e m i c a l p r o p e r 
t i e s of the s o l u t e s , can be much more u s e f u l t h a n any of the i n 
d i v i d u a l d e t e c t o r s a l o n e . 

I n h i g h Performance l i q u i d chromatography (HPLC) one i s o f t e n 
c o n f r o n t e d w i t h samples of unknown c o m p o s i t i o n and/or of h i g h 
c o m p l e x i t y . I t w o u l d , t h e r e f o r e , be v e r y u s e f u l t o have a HPLC 
system w h i c h would y i e l d s e v e r a l t y p e s of i n f o r m a t i o n about the 
samples i n the s h o r t e s t amount of t i m e . Such a system s h o u l d y i e l d 
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F i g u r e 3. Coherent a n t i - S t o k e s Raman spectrum of rhodamine B. 
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q u a l i t a t i v e as w e l l as q u a n t i t a t i v e i n f o r m a t i o n and s h o u l d be 
c o m p a t i b l e w i t h the raultitude of s o l v e n t s commonly used i n HPLC. 
K l e e e t a l . [7] have developed an automated HPLC system which has 
the c a p a b i l i t y f o r measuring UV/VIS a b s o r p t i o n , f l u o r e s c e n c e e x c i 
t a t i o n - e m i s s i o n , and CARS s p e c t r a of the chiomatographic e f f l u e n t . 

Non-resonant enhanced l a s e r Raman has r e c e n t l y been d e s c r i b e d 
[8] as a d e t e c t o r f o r HPLC The a u t h o r s s t a t e d t h a t t he c h o i c e 
of e l u e n t s was r e s t r i c t e d due t o i n t e r f e r e n c e s from the background 
signal o f the e l u e n t . Coherent a n t i - S t o k e s Raman s p e c t r o s c o p y 
(CARS) g i v e s t h e same d e t a i l e d s t r u c t u r a l i n f o r m a t i o n about sample 
components as does c o n v e n t i o n a l Raman, and b o t h t y p e s of Raman p r o 
v i d e i n f o r m a t i o n t h a t i s complementary t o t h a t f rom i n f r a r e d (IR) 
a b s o r p t i o n . However, CARS i s e s p e c i a l l y a p p l i c a b l e t o HPLC because 
i t can be used e a s i l y w i t h V i r t u a l l y any s o l v e n t Systems including 
p o l a r ones such as water and a l c o h o l s . T h i s advantage over IR and 
c o n v e n t i o n a l Raman i s r e a l i z e d because resonance enhancement (pum
p i n g n e ar t o the 0 - 0 e l e c t r o n i c t r a n s i t i o n of a solute) s e l e c -
t i v e l y i n c r e a s e s the Raman e m i s s i o n of the s o l u t e w i t h o u t i n c r e a 
s i n g t he background signal due t o the s o l v e n t . I n a d d i t i o n , the 
CARS e m i s s i o n can a l s o be d i s c r i m i n a t e d from most of the background 
due t o f l u o r e s c e n c e [ 9 ] . 

A DEC LSI-11 microcomputer w i t h 28 K words of memory and 
a p p r o p r i a t e hardware f o r communication w i t h s t e p p e r m o t o r s , a n a l o g 
d e v i c e s , and an o p t i c a l m u l t i c h a n n e l a n a l y z e r was used f o r e x p e r i 
m e ntal c o n t r o l , data a c q u i s i t i o n , and d a t a p r o c e s s i n g . Two A l t e x 
model 110A pumps ( A l t e x S c i e n t i f i c , B e r k e l e y , CA) and a i r - a c t u a t e d 
V a l c o s i x - and e i g h t - p o r t r o t a r y v a l v e s ( V a l c o , Houston, TX) were 
used t o d e l i v e r s o l v e n t s , i n j e c t samples o r st o p e l u e n t f l o w f o r 
s t o p p e d - f l o w a c q u i s i t i o n of f l u o r e s c e n c e e x c i t a t i o n - e m i s s i o n and 
CARS s p e c t r a . The f l o w r a t e of each pump (and, t h e r e f o r e , the 
m o b i l e phase c o m p o s i t i o n ) was c o n t r o l l e d by 1 2 - b i t D/A Converters. 
An A l t e x model 100 dynamic m i x i n g Chamber was used t o mix s o l v e n t s 
b e f o r e t he i n j e c t o r v a l v e . 

The a b s o r p t i o n d e t e c t i o n system, as i l l u s t r a t e d i n F i g . 4, 
c o n s i s t s o f the f o l l o w i n g : a GCA-McPherson t u n g s t e n / d e u t e r i u m l i g h t 
s o u r c e module, an A l t e x 151-12 8 u l f l o w - t h r o u g h c e l l , an ISA HR320 
p o l y c h r o m a t o r (Metuchen, N J ) , and a PAR 1216 V i d i c o n m u l t i c h a n n e l 
a n a l y z e r ( P r i n c e t o n , NJ). The p o l y c h r o m a t o r - V i d i c o n c o m b i n a t i o n 
was used i n c o n j u n c t i o n w i t h a P h o t o c h e m i c a l Research A s s o c i a t e s 
model ALH-215 xenon a r c lamp (London, O n t a r i o , Canada), an ISA H-10 
monochromator, and a 20 u l f l o w - t h r o u g h c e l l f o r d e t e c t i o n of f l u o 
r e s c e n c e e x c i t a t i o n - e m i s s i o n s p e c t r a . The use of a 1.5 mm g l a s s 
c a p i l l a r y f o r CARS d e t e c t i o n has p r e v i o u s l y been d e s c r i b e d [ 1 0 ] . 
An ISA DH20A monochromator and r e f r i g e r a t e d p h o t o m u l t i p l i e r tube 
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F i g u r e 4. B l o c k diagram of HPLC m u l t i p l e d e t e c t o r system. E f f l u e n t 
f r om two HPLC pumps proceeds t h r o u g h : 8 u l a b s o r p t i o n c e l l (a) , 
20 u l f l u o r e s c e n c e c e l l ( b ) , and CARS d e t e c t i o n c a p i l l a r y ( c ) . 
M i r r o r (m) a l l o w s passage of a b s o r p t i o n continuum f r o m UV/VIS source 
( s o u r c e ) when down and p i c k s up f l u o r e s c e n c e e m i s s i o n when up. 

h o u s i n g w i t h a Hamamatsu R928 PMT were used f o r d e t e c t i n g CARS 
e m i s s i o n s . A NRG 0.5-5-150/B n i t r o g e n l a s e r (Madison, WI) was 
used t o pump two dye l a s e r s made a t t h e U n i v e r s i t y of G e o r g i a 
i n s t r u m e n t shop. The dye l a s e r s have an e s t i m a t e d r e s o l u t i o n 
of 1 cm" 1. 

Chemi c a l s 

S i x a c i d s u l f o n a t e rüg d y e s , f o u r of whose s t r u c t u r e s a r e 
shown i n F i g . 5, were used as model Compounds. The s t r u c t u r a l i n 
f o r m a t i o n c o n c e r n i n g the o t h e r d y e s , A0128 and AR337, i s p r o p r i e -
t a r y . They c o r r e s p o n d t o DuPont Orange R, Conc. 200 %, and Red G 
" M e r p a c y l " d y e s , r e s p e c t i v e l y . The s i x dyes were chosen because 
they a r e n o n - v o l a t i l e and a r e , t h e r e f o r e , b e t t e r s u i t e d t o Sepa
r a t i o n by HPLC tha n by GC. They a r e a l s o of environmental c o n c e r n . 
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F i g u r e 5. M o l e c u l a r s t r u c t u r e of f o u r of the s i x a c i d s u l f o n a t e 
rüg dyes used t o a s s e s s i n s t r u m e n t c a p a b i l i t i e s . 

The S o f t w a r e f o r c o n t r o l of the H P L C - m u l t i p l e d e t e c t o r system 
i n c l u d e s s e v e r a l o p t i o n s . I n a d d i t i o n to s e l e c t i n g the S e p a r a t i o n 
p a r a m e t e r s , such as f l o w r a t e and g r a d i e n t t y p e , the u s e r may 
d e s i g n a t e the c o n d i t i o n s under which complete f l u o r e s c e n c e and/or 
UV/VIS s p e c t r a a r e t o be s t o r e d f o r the e l u t i n g components. S p e c t r a 
can be r e c o r d e d e i t h e r when the absorbance exceeds a g i v e n t h r e s -
h o l d v a l u e , o r o n l y once a t each peak maximum. S p e c t r a o b t a i n e d 
u s i n g the f o r m e r O p t i o n , w h i c h i n c l u d e s b o t h the l e a d i n g and t r a i -
l i n g edges of Chromatographie p e a k s , can be used e i t h e r t o a s s e s s 
the p u r i t y of an i n d i v i d u a l peak (as i n the case of c o e l u t i o n of 
two sample components) o r t o i n c r e a s e the s i g n a l - t o - n o i s e r a t i o 
(S/N) of the s p e ctrum of a s i n g l e component, by a d d i t i o n of suc*-
c e s s i v e s p e c t r a f o r t h a t peak. (The same o p t i o n s a r e p o s s i b l e i f 
f l u o r e s c e n c e , r a t h e r than UV/VIS a b s o r p t i o n , i s used as t h e p r i 
mary d e t e c t o r ) . 

F l u o r e s c e n c e e x c i t a t i o n w a v e l e n g t h and CARS pump w a v e l e n g t h 
a r e c a l c u l a t e d i n r e a l - t i m e based on the a b s o r p t i o n d a t a f o r t h e 
e l u t i n g components [ 1 0 ] . From a p r a c t i c a l S t a n d p o i n t , t h e optimum 
pump wa v e l e n g t h cannot always be u s e d , however, due t o r e s t r i c t i o n s 
on a v a i l a b l e l a s e r dyes. S i n c e i n d i v i d u a l dyes can be scanned o v e r 
o n l y a 10-50 nm ränge, t h e suggested pump f r e q u e n c y does not a l 
ways c o r r e s p o n d t o a good r e g i o n f o r an a v a i l a b l e dye. I n a d d i t i o n , 
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i t may be necessary to switch a laserdye f o r the probe in the 
middle of a scan i n order to acquire CARS spectra for a frequency 
ränge greater than approximately 700 cm"1. 

S e v e r a l options must, therefore, be considered i n the selec
ti o n of a p r a c t i c a ! pump wavelength. These options are important 
because the CARS signal depends on the Square of the power of the 
pump beam and d i r e c t l y on the power of the probe beam [ 1 1 ] . By 
changing the pump wavelength from i t s t h e o r e t i c a l Optimum for 
resonance enhancement, one may be able to take advantage of a re
gion of higher power for the probe laser. 

Any changes i n the Software parameters f o r the CARS spectra 
to be acquired for eluted components, such as the selection of an 
alternate pump wavelength, are e a s i l y entered p r i o r to the acqui
s i t i o n of indi v i d u a l spectra. A f t e r the parameters f o r obtaining 
a CARS spectrum have been determined, the program calculates the 
frequency of the probe laser and the signal based on the v i b r a 
t i o n a l frequency to be measured. The monochromator, used for f i l 
t ering the CARS emission from any background fluorescence and 
from scattered l i g h t due to the la s e r s , i s scanned i n accordance 
with the change i n A 3 during the a c q u i s i t i o n of CARS spectra. The 
necessary change in the crossing angle of pump and probe beams 
as the CARS frequency changes i s also corrected automatically [12]. 

The six rüg dyes were baseline separated by the methanol/ 
water TBAP gradient. U s i n g the Software Option to störe only one 
spectrum per peak, v i s i b l e absorption s p e c t r a , from 400 to 650 nm, 
were taken on the f l y every four to f i v e seconds (limited by 
processor speed and run time of the Software). A Separation i n -
corporating fluorescence detection on a sim i l a r Chromatographie 
system has been reported elsewhere [ 9 ] . 

CARS spectra of three of the rüg dyes are shown i n F i g s . 6-8. 
The structural information afforded by CARS allows unequivocal 
i d e n t i f i c a t i o n of the ind i v i d u a l dyes providing that they are 
present i n high enough concentration. 

The U t i l i t y of combined detectors used under favorable con
dit i o n s i s i l l u s t r a t e d i n F i g s . 9 and 10. I f the two red dyes were 
to coelute, the v i s i b l e spectra would not allow i d e n t i f i c a t i o n of 
individual components. F i g . 10 shows, however, that CARS detection 
of the leading and t r a i l i n g edges of this hypothetical peak should 
be able to d i f f e r e n t i a t e between the in d i v i d u a l components. 
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F i g u r e 6. CARS spectrum o f dye AR337 from 1100 t o 1650 cm" 1. Dye 
was a p p r o x i m a t e l y 1.5x10"^M i n methanol and pump wavelen g t h was 
540 nm. 
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F i g u r e 7. CARS spe c t r u m of dye A0128 from 1100 t o 1650 cm" 1. Dye 
was a p p r o x i m a t e l y 2x10" M i n methanol and pump wa v e l e n g t h was 
540 nm. 
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F i g u r e 8. CARS spectrum of dye AR157 fr o m 1100 t o 1650 cm 1. Dye 
was 3.0x10~"-*M i n methanol and pump w a v e l e n g t h was 545 nm. 
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F i g u r e 9. Superimposed a b s o r p t i o n s p e c t r a (absorbance x 10 2) from 
400 t o 650 nm, f o r dyes AR157 and AR337. 
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5. 
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F i g u r e 10. Superimposed CARS s p e c t r a from 1100 t o 1650 cm 1 f o r 
dyes AR157 and AR337. 

I I I . LOW FREQUENCY AND ZERO FREQUENCY RESONANCE ENHANCED CARS 

In an e a r l i e r c h a p t e r a new phase-matching t e c h n i q u e , F o l d e d 
BOXCARS (FBCARS) was d e s c r i b e d . We have i n c o r p o r a t e d a FBCARS 
sc a n n i n g a l g o r i t h m a l o n g w i t h o p t i c a l m o d i f i c a t i o n s t o our Com
p u t e r c o n t r o l l e d CARS s p e c t r o m e t e r and have o b t a i n e d low and z e r o 
f r e q u e n c y resonance enhanced s p e c t r a of I 2 and ß-carotene r e 
s p e c t i v e l y . 

F i g u r e 11 i s a resonance enhanced spectrum i n the r e g i o n of 
the 216 cm~ 1 peak of 5x10~ 3M I 2 i n c y c l o h e x a n e a t a pump f r e q u e n 
cy of 540 nm. The peak i s w e l l d e f i n e d and the s t r a y l i g h t i s l e s s 
t h a n 0.5 %. 

F i g u r e 12 i s a zero f r e q u e n c y spectrum of benzene a t a pump 
f r e q u e n c y of 510 nm. F i g u r e 13 i s a z e r o f r e q u e n c y resonance 
enhanced spectrum of 1 x 1 C ^ M ß-carotene i n benzene. The l a t t e r 
peak e x h i b i t a v e r y l a r g e i n c r e a s e o v e r t h e pure benzene peak. 
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F i g u r e 11. Resonance F o l d e d BOXCARS spectrum of a 1x10~ 2M So
l u t i o n o f ^ i n c y c l o h e x a n e . cô  i s 540 nm. 
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F i g u r e 12. Low fre q u e n c y spectrum of benzene w i t h a pump f r e 
quency of 510 nm. 
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F i g u r e 13. Resonance enhanced low f r e q u e n c y spectrum of 1x10~ 5M 
3 - c a r o t e n e i n benzene. 03^ i s 540 nm. 
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BIOLOGICAL APPLICATIONS OF RESONANCE CARS 

F. W. S c h n e i d e r 

I n s t i t u t für P h y s i k a l i s c h e Chemie 
Universität Würzburg 
Würzburg, West Germany 

Among the advantages o f CARS r e g a r d i n g b i o l o g i c a l a p p l i c a t i o n s 
a r e i t s h i g h energy c o n v e r s i o n , i t s i n s e n s i t i v i t y towards f l u o r e s 
cence and i t s e x c e l l e n t time r e s o l u t i o n ( l ) . These s t r o n g p o i n t s 
s h o u l d make r e s o n a n t CARS s p e c t r o s c o p y a p r e f e r r e d method t o ob
t a i n Raman s p e c t r a o f f l u o r e s c e i n g b i o l o g i c a l m o l e c u l e s , S u r p r i -
s i n g l y , a modest number o f b i o l o g i c a l a p p l i c a t i o n s has been r e 
p o r t e d i n the l i t e r a t u r e as compared w i t h the much l a r g e r number 
of Raman and resonance Raman s t u d i e s (2). A r e a s o n f o r t h i s pau-
c i t y o f d a t a may be the f a c t t h a t CARS i s n o t y e t a r o u t i n e method. 
I t r e q u i r e s a j u d i c i o u s s e l e c t i o n o f b i o l o g i c a l Systems whose 
s p e c t r a s h o u l d be s u s c e p t i b l e t o a r e a s o n a b l e I n t e r p r e t a t i o n . 
T h i s i s o f t e n i m p o s s i b l e t o a c h i e v e w i t h l a r g e m o l e c u l e s , a p r o b 
lem e q u a l l y e n c o u n t e r e d i n spontaneous Raman s p e c t r o s c o p y . Reso
nance enhancement i s i n d i s p e n s i b l e when CARS i s a p p l i e d t o d i l u t e 
aqueous S o l u t i o n s o f b i o l o g i c a l m o l e c u l e s , whose c o n c e n t r a t i o n s 
s h o u l d be a t l e a s t 10~3 - 10~4 m/1 i n g e n e r a l . 

A weak p o i n t o f CARS becomes apparent a t low s i g n a l s t r e n g t h s 
where d i s p e r s i v e l i n e shapes may be o b s e r v e d a t low c o n c e n t r a t i o n s 
o f the b i o l o g i c a l m o l e c u l e s . T h i s i s due t o the non-resonant b a c k 
ground o f the s o l v e n t (most o f t e n w a t e r i n b i o l o g i c a l Systems) 
w h i c h forms c r o s s terms w i t h the ( r e s o n a n t ) r e a l and ( r e s o n a n t ) 
i m a g i n a r y components o f the s u s c e p t i b i l i t y o f the chromophore. I t 
i s the f r e q u e n c y dependence o f the c r o s s term i n v o l v i n g the r e s o 
nant r e a l p a r t t h a t l e a d s t o d i s p e r s i o n - l i k e c u r v e s . The second 
c r o s s term (non-resonant background w i t h i m a g i n a r y p a r t ) becomes 
i m p o r t a n t i f the pump and/or the a n t i - S t o k e s beam are tuned i n t o 
an a b s o r p t i o n band o f the chromophore. T h i s may l e a d t o a n e g a t i v e 
band a p p e a r i n g i n the nonresonant background w h i c h may l o o k l i k e 
a " a n t i - r e s o n a n c e " . Thus i t i s p o s s i b l e t h a t resonance CARS s p e c -
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t r a may show p r o f i l e s w h i c h ränge from normal t h r o u g h d i s p e r s i v e 
t o " n e g a t i v e " r e s o n a n c e s , when the pump and/or a n t i - S t o k e s beams 
a r e scanned t h r o u g h an e l e c t r o n i c a b s o r p t i o n c u r v e ( 3 ). T h e r e f o r e 
i t i s a d v i s a b l e t o employ s u f f i c i e n t l y h i g h s o l u t e c o n c e n t r a t i o n s 
whenever p o s s i b l e i n o r d e r t o o b t a i n u nique CARS s p e c t r a t h a t 
approach L o r e n t z c u r v e s . Under such c o n d i t i o n s the CARS a m p l i t u d e 
i s p r o p o r t i o n a l t o the square o f the Raman a m p l i t u d e . 

The measurement o f t h e degree o f d e p o l a r i s a t i o n o f f e r s a n o t h e r 
p o s s i b i l i t y t o o b t a i n i n f o r m a t i o n about the a n i s o t r o p y o f t h e mo
l e c u l a r p o l a r i z a b i l i t y and on t h e symmetry o f a v i b r a t i o n a l mode. 
CARS o f f e r s h e r e a g r e a t e r f l e x i b i l i t y t h a n spontaneous Raman, 
s i n c e b o t h pump and Stok e s beams may be p o l a r i z e d i n d e p e n d e n t l y . 
One keeps the p l a n e o f p o l a r i z a t i o n o f the S t o k e s beam c o n s t a n t 
and t u r n s the p l a n e o f the pump beam t o a p a r a l l e l o r p e r p e n d i c u 
l a r p o s i t i o n . The CARS beam i s p o l a r i z e d i n the same p l a n e as the 
Stokes beam. I t has been shown t h a t the degree o f d e p o l a r i z a t i o n 
f o r CARS i s e q u a l t o the square o f t h e spontaneous Raman d e p o l a r i 
z a t i o n . 

S u r p r i s i n g l y , r a d i a t i o n damage w i t h b i o l o g i c a l m o l e c u l e s 
seems t o be s m a l l , s i n c e the energy o f the beams i s n o r m a l l y i n 
the m i c r o j o u l e and the average power i s i n the m i c r o w a t t ränge. 
Fo r c o m p a r i s o n c o n v e n t i o n a l Raman s p e c t r o s c o p y n o r m a l l y o p e r a t e s 
a t much h i g h e r e n e r g i e s and h i g h e r average powers (~100 mW). To 
be s a f e , t he use o f a c l o s e d c i r c u i t f l o w system i s a d v i s a b l e . I n 
the f o l l o w i n g d i s c u s s i o n o f some b i o l o g i c a l S y s t e m s we assume a 
b a s i c f a m i l i a r i t y w i t h CARS. 

CARS s p e c t r a o f pure n u c l e i c a c i d s , p r o t e i n s o r l i p i d s do 
not y e t e x i s t i n the l i t e r a t u r e a l t h o u g h t h e i r resonance enhance
ment i n the UV ränge has now become r o u t i n e l y p o s s i b l e by the use 
o f e x c i m e r l a s e r s o r f r e q u e n c y d o u b l e d dye l a s e r s pumped by a 
Nd-YAG l a s e r . A number o f resonance CARS s p e c t r a o f chromophors 
a b s o r b i n g i n the v i s i b l e o r near UV have been d e t e r m i n e d . Among 
the l a t t e r a r e p o r p h y r i n e s and hemes, f l a v i n e s , a c r i d i n e dyes,and 
c a r o t e n o i d s , w h i c h we would l i k e t o b r i e f l y d i s c u s s i n the f o l l o 
w i n g . 

P o r p h y r i n e s and Hemes 

The f i r s t b i o l o g i c a l chromophors s t u d i e d by res o n a n c e CARS 
were cytochrome c and v i t a m i n B j 2 by S p i r o and coworkers ( 4 ) . 
F e r r o c y t o c h r o m e c has two a b s o r p t i o n bands a t 550 nm ( a band) and 
a t 520 nm (ß b a n d ) . I n o r d e r t o make use o f resonance enhancement 
o f the pump beam as w e l l as the CARS beam one may tune the pump 
beam i n t o t he a band o f a 1 mM aqueous S o l u t i o n i n a 1 mm c e l l 
and s c a n the Stokes beam th r o u g h the ränge 590-605 nm. The a n t i -
S t o kes s i g n a l (505-525 nm) i s t h e n produced i n t h e ß band ( F i g . 1 ) . 
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The coherence l e n g t h i n l i q u i d s i s a p p r o x i m a t e l y 1 mm, i . e . the 
i n c i d e n t beams must be c r o s s e d a t a s m a l l a n g l e t o i n t e r a c t over 
a d i s t a n c e o f about 1 mm t o o b t a i n an o p t i m a l CARS s i g n a l . Beam 
q u a l i t y must be h i g h and f o c u s s i n g t i g h t i n g e n e r a l . 

F i g . 1 Resonance CARS s p e c t r u m Q o f f e r r o c y t o c h r o m e c, 1 mM i n H 2 O . 
X\ = 5500 A, X 2 scan speed = 2 A/min, l a s e r r e p e t i t i o n r a t e = 10 
p u l s e s per s e c , 30 p u l s e s a v e r a g e d . The d i s c o n t i n u i t y i n t h e 
spectrum i s t due t o the l i m i t i n g t u n i n g ränge o f the a p p a r a t u s . 
I n s e t s : resonance Raman and v i s i b l e a b s o r p t i o n s p e c t r a o f the 
same S o l u t i o n . (Adapted from r e f . ( 4 ) ) . 

I t i s not e w o r t h y t h a t the c r o s s i n g a n g l e o f the two l a s e r beams 
was k e p t c o n s t a n t over two r e l a t i v e l y wide w a v e l e n g t h ranges i n 
the above work. O p t i m a l phase m a t c h i n g c o n d i t i o n s c o u l d t h e r e f o r e 
not be a c h i e v e d a t a l l w a v e l e n g t h o f the spectrum und r e l a t i v e 
l i n e i n t e n s i t i e s cannot be used f o r any t h e o r e t i c a l c o m p a r i s o n s . 
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T h i s S t a t e o f a f f a i r s r e g a r d i n g i n t e n s i t i e s i s c h a r a c t e r i s t i c f o r 
p r a c t i c a l l y a l l S o l u t i o n CARS s p e c t r a u n l e s s an i n d e p e n d e n t l y 
known su b s t a n c e i s used as an i n t e r n a l i n t e n s i t y S t a n d a r d as has 
been done by C a r r e i r a e t a l (5) i n the case o f (3-carotene w i t h 
benzene (992 cm - 1 b a n d ) , On the o t h e r hand, the f r e q u e n c i e s o f the 
r e s u l t i n g CARS spectrum show good agreement w i t h the i n d e p e n d e n t l y 
known resonance Raman l i n e s . I t i s a d v i s a b l e , however, t o compare 
o n l y t h o s e l i n e s t h a t have p o s i t i v e ( L o r e n t z ) p r o f i l e s . A t s u f f i 
c i e n t l y h i g h s o l u t e c o n c e n t r a t i o n s d i s p e r s i v e CARS l i n e shapes 
g i v e way t o t h e normal L o r e n t z i a n bands and the above f r e q u e n c y 
problem d i s a p p e a r s . 

An i n t e r e s t i n g phenomenon a r o s e when the a u t h o r s tuned the 
pump beam th r o u g h the low energy s i d e o f the a b s o r p t i o n band t o 
wards l o n g e r wavelengths w h i l e s c a n n i n g the S t o k e s beam i n such a 
way as t o m a i n t a i n a c o n s t a n t f r e q u e n c y d i f f e r e n c e c o r r e s p o n d i n g 
t o a Raman l i n e : a d i s p e r s i v e l i n e shape was produced w h i c h even-
t u a l l y became c o m p l e t e l y n e g a t i v e a t the l o n g e s t o f f - r e s o n a n c e 
w a v e l e n g t h . A s i m i l a r e f f e c t was o b s e r v e d w i t h resonance CARS 
s p e c t r a o f v i t a m i n B12 whose maximum a b s o r p t i o n a l s o o c c u r s a t 
550 nm: a L o r e n t z i a n l i n e shape was o b t a i n e d when the pump beam 
was p r a c t i c a l l y r e s o n a n t w i t h the a b s o r p t i o n band (555 nm) w h i l e 
a d i s p e r s i v e l i n e shape was r e c o r d e d a t 580-595 nm and a c o m p l e t e l y 
n e g a t i v e CARS band o r i g i n a t e d when the pump w a v e l e n g t h was o f f -
resonance a t 615 nm ( F i g . 2 ) . T h i s change i n band p r o f i l e was 
s u c c e s s f u l l y i n t e r p r e t e d l a t e r on the b a s i s o f the e x p r e s s i o n 
g i v e n by Hudson e t a l ( 3 ) . 

I n a k i n e t i c s t u d y t h a t shows the time r e s o l u t i o n p o t e n t i a l o f 
CARS, D a l i i n g e r , N e s t o r and S p i r o (ö) c l a i m e v i d e n c e f o r t h e move
ment o f i r o n out o f the heme p l a n e w i t h i n 6 n s ec o f CO d i s s o c i a 
t i o n i n CO hemoglobin (COHb) . Here the pump beam ( 6 p J p u l s e energy) 
i s tuned i n t o the Q 0 t r a n s i t i o n o f COHb. To g e t h e r w i t h t h e S t o k e s 
beam, d i s s o c i a t i o n o f the COHb complex o c c u r s by p h o t o l y s i s d u r i n g 
the p u l s e d u r a t i o n (~6 n s e c ) . C a l c u l a t i o n s show t h a t most o f the 
COHb complexes are p h o t o l y z e d . The a u t h o r s c o n c l u d e d on t h e b a s i s 
o f the p o l a r i z a t i o n p r o p e r t i e s o f s e v e r a l CARS bands t h a t the 
nanosecond spectrum produced c o r r e s p o n d s t o t h a t o f deoxyheme-
g l o b i n ( F i g . 3 ) . T h e r e f o r e the i r o n atom i s assumed t o have moved 
out o f the heme p l a n e d u r i n g the l a s e r p u l s e a f t e r CO d i s s o c i a t i o n 
has t a k e n p l a c e . I n l a t e r resonance Raman work ( 7 ) i t was shown 
t h a t a p h o t o i n t e r m e d i a t e i s formed w i t h i n about 30 psec d u r i n g t h e 
e x c i t a t i o n p u l s e . T h i s s h o r t l i v e d p h o t o i n t e r m e d i a t e i s assumed t o 
be a d i s s o c i a t i v e p r o d u c t o f COHb whose i r o n atom i s t r a n s i e n t l y 
i n the p o r p h y r i n p l a n e but has a c q u i r e d a s p i n S t a t e o f S = 2 as 
compared w i t h S = 0 o f the COHb ground s t a t e . More work i s n e c e s 
s a r y t o s e t t l e the problem o f the time r e q u i r e d f o r the i r o n atom 
and i t s i m i d a z o l e l i g a n d t o move out o f the heme p l a n e . 
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( t i t 
5000 _ 6000 

(A) 

F i g . 2 Resonance CARS scans o f the 1500 cm"*1 band o f c y a n o c o b a l -
amin, ] mM i n H2O, as a f u n c t i o n o f X j w a v e l e n g t h , X 2 s c a n speed 
= 7 . 5 A/min, l a s e r r e p e t i t i o n r a t e = 10 p u l s e s per s e c , 10 p u l s e s 
a v e r a g e d . (Adapted from r e f . (4)). 
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F i g . 3 P o l a r i z e d CARS spe c t r u m o f COHb: %% , dye l a s e r s p o l a r i z e d 
i n t he same d i r e c t i o n ; dye l a s e r s p o l a r i z e d o r t h o g o n a l t o 
each o t h e r ; Aj = 569 nm ( p u l s e energy ~6 u J ) ; X 2 = 622-629 nm 
( p u l s e energy -20 u J ) ; (COHb) » 0.69 mM; l a s e r r e p e t i t i o n r a t e = 
10 p u l s e s ; 100-pulse a v e r a g e ; X 2 s c a n r a t e = 0.75 nm/min. 
Sample i n T e f l o n - s t o p i ) e r e d 1 mm p a t h l e n g t h v i s i b l e c e l l . 
(Adapted from r e f . ( ö j ) . 

F l a v i n s 

F l a v i n s o c c u r i n the r e s p i r a t o r y c h a i n . They a c t as e l e c t r o n 
t r a n s f e r i n g m o l e c u l e s . The chromophore common t o f l a v i n s i s the 
i s o a l l o x a z i n e r i n g , w h i c h absorbs m a x i m a l l y a t 450 nm ( F i g . 4 ) and 
f l u o r e s c e s a t 530 nm w i t h a h i g h quantum y i e l d . S p i r o and cowor
k e r s have r e p o r t e d t h e f i r s t v i b r a t i o n a l f r e q u e n c i e s o f f l a v i n s 
by m e a s u r i n g t he res o n a n c e CARS s p e c t r a o f a number o f f l a v i n 
d e r i v a t i v e s such as f l a v i n adenine d i n u c l e o t i d e (FAD), FAD i n D 20, 
f l a v i n bound t o g l u c o s e o x i d a s e , r i b o f l a v i n b i n d i n g p r o t e i n i n H 20 
and D 20, and f l a v o d o x i n ( 8 - 1 0 ) . 

V i b r a t i o n a l modes o f t h e t r i c y c l i c i s o a l l o x a z i n e were ob
se r v e d a t 1635, 1584, 1507, 1416, 1359 and 1255 cm-1 ( F i g . 4 ) by 
t u n i n g t he pump beam i n t o t h e l o n g w a v e l e n g t h S h o u l d e r a t 480 nm 
and a c h i e v i n g resonance enhancement o f the CARS beam a t the f l a v i n 
a b s o r p t i o n band a t -450 nm. The i s o a l l o x a z i n e v i b r a t i o n a l a s s i g n -
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F i g . 4 ( a ) CARS s p e c t r a o f FAD and g l u c o s e o x i d a s e a t X j =480.0 nm, 
X 2 s c a n speed was 0.6 nm/min, 10 p u l s e s / s e c , 30 p u l s e s averaged. 
L a s e r p u l s e e n e r g i e s were -10-25 y J . (b) S t r u c t u r e o f i s o a l l o x a 
z i n e r i n g i n f l a v i n s , R i s the r i b o s e - p h o s p h a t e - a d e n o s i n e u n i t o f 
FAD. A b s o r p t i o n spectrum o f FAD w i t h l a s e r and CARS wavelengths 
(Adapted from r e f . ( 8 ) ) . 

ments were a r r i v e d a t i n a n a l o g y w i t h t h o s e o f u r a c i l and a l s o by 
the use o f s e l e c t i v e Substitution o f f l a v i n s m o d i f i e d by d e p r o t o -
n a t i o n a t N ( 3 ) , by CH Substitution f o r N ( l ) , N(3) and N(5) and by 
CH Substitution a t the 8 p o s i t i o n ( l l ) . When f l a v i n i s bound t o 
g l u c o s e - o x i d a s e , a f r e q u e n c y s h i f t o f 12 cm""1 has been obse r v e d 
i n one component o f the 1359 cm" 1 band 18). T h i s s h i f t was t a k e n 
as e v i d e n c e f o r hydrogen b o n d i n g o f the N(3) p r o t o n t o an unknown 
a c c e p t o r group o f the p r o t e i n . F u r t h e r m o r e the band a t ~1255 cm" 1 

seems t o be e q u a l l y s e n s i t i v e t o H b o n d i n g . I t shows a downward 
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s h i f t o f 10 cm" 1 i n the r i b o f l a v i n b i n d i n g p r o t e i n and d i s a p p e a r s 
i n g l u c o s e o x i d a s e . More work i s n e c e s s a r y t o f u l l y i n t e r p r e t 
t h e se s h i f t s . E v i d e n c e f o r the semiquinone form o f f l a v o d o x i n was 
o b t a i n e d f o r the f i r s t time by D u t t a and S p i r o (lo). 

D u t t a and S p i r o a l s o c a r r i e d o u t a l i n e shape a n a l y s i s o f 
the 1635 cm"*1 and 601 cm"l v i b r a t i o n a l bands o f FAD i n aqueous So
l u t i o n (l2). The o r i g i n o f the lower energy e l e c t r o n i c t r a n s i t i o n 
(0-0) o f FAD has been a s s i g n e d from the low tempe r a t u r e spectrum 
o f r i b o f l a v i n t o be a t -475 nm wh i c h r e p r e s e n t s a S h o u l d e r on the 
l o n g w a v e l e n g t h s i d e o f the 450 nm band. The maximum a b s o r p t i o n 
band a t 450 nm i s the envelope o f the 0-1 v i b r o n i c t r a n s i t i o n . 
S a t i s f a c t o r y agreement w i t h Hudson e t a l ' s (3) e x p r e s s i o n f o r the 
CARS i n t e n s i t i e s i n the presence o f s t r o n g i n t e r a c t i o n between non
r e s o n a n t background and Raman s c a t t e r i n g was o b t a i n e d . The i n p u t 
parameters a r e the v i b r a t i o n a l and e l e c t r o n i c t r a n s i t i o n e n e r g i e s 
and w i d t h s and the r a t i o o f the Raman t o the background s u s c e p t i -
b i l i t i e s . I n th e s e c a l c u l a t i o n s o n l y the f i r s t term i n the summa
t i o n o f the Franck-Condon p r o d u c t s was used s i n c e h i g h e r terms 
were not n e c e s s a r y , i . e . i n the v i c i n i t y o f the e l e c t r o n i c r e s o 
nance o n l y the ground s t a t e v i b r a t i o n a l l e v e l o f the e l e c t r o n i -
c a l l y e x c i t e d S t a t e c o n t r i b u t e s t o resonance enhancement. The 
o r i g i n s h i f t between e q u i l i b r i u m p o s i t i o n s o f ground and e l e c t r o -
n i c a l l y e x c i t e d s t a t e s t u r n s out t o be r e l a t i v e l y l a r g e f o r the 
1635 cm" 1 and 601 cm" 1 band o f FAD. 

A c r i d i n e s 

I t i s w e l l known t h a t c e r t a i n p l a n a r chromophores such as the 
s t r o n g l y f l u o r e s c e i n g p r o f l a v i n e and a c r i d i n e orange c a t i o n s a r e 
a b l e t o i n t e r c a l a t e between the base p a i r s o f a DNA double h e l i x 
t h e r e b y c a u s i n g c e r t a i n g e n e t i c e f f e c t s . These dye c a t i o n s tend 
t o d i m e r i z e and s e l f - a g g r e g a t e i n aqueous S o l u t i o n whereas t h e i r 
a g g r e g a t i n g tendency i s much l e s s pronounced i n a l c o h o l i c s o l 
v e n t s . 

S t r o n g resonance enhancement o f the CARS s i g n a l i s a c h i e v e d 
by t u n i n g the pump beam i n t o the monomer a b s o r p t i o n band o f the 
dye (l3). Thus i t i s p o s s i b l e t o d e t e c t dye c o n c e n t r a t i o n s as low 
as 10~4 m/1. The CARS ex p e r i m e n t s were c a r r i e d o u t w i t h two dye 
l a s e r s t h a t were pumped by a p u l s e d N 2 l a s e r (1 MW, p u l s e w i d t h 
o f 2.8 nsec) a t 3371 Ä. The a u t h o r s a l s o used a m u l t i p l e x t e c h n i q u e 
c o n s i s t i n g o f a narrow bandwidth pump l a s e r and an untuned wide 
band Stokes l a s e r . A t a c o n s t a n t c r o s s i n g a n g l e an e n t i r e CARS 
spectrum o f 300-500 cm" 1 w i d t h i s g e n e r a t e d w h i c h i s d i s p e r s e d by 
a g r a t i n g p o l y c h r o m a t o r and d e t e c t e d by a SIT V i d i c o n t a r g e d o f 
an o p t i c a l m u l t i c h a n n e l a n a l y z e r system. The s p e c t r a l r e s o l u t i o n 
was ~0.3 A per Channel . I t i s p o s s i b l e t o o b t a i n a CARS spectrum 
i n one l a s e r p u l s e w i t h nanosecond time r e s o l u t i o n . F o r s i g n a l t o 
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noise enhancement about 500 pulses were accumulated i n the OMA 
system. 

The resonance CARS spectra o f acridine orange and proflavine 
monomer cations i n methanol show great s i m i l a r i t i e s i n the ränge 
of 1200-1600 cm"1. There a r e two strong polarized bands which may 
be attributed t o the Symmetrie acridine r i n g modes. The l a t t e r 
are not s i g n i f i n c a n t l y altered by methyl Substitution i n the amino 
groups. CARS bands o f stretching vibrations i n the 3000 cm"1 ränge 
are not observed, since they are not coupled t o the electronic 
t r a n s i t i o n moment of the chromophore and therefore are not subject 
t o resonance enhancement. 

The frequencies o f the intercalated DNA/dye complex i n 
aqueous Solution are quite s i m i l a r t o the resonance CARS frequen
cies of the free cation i n methanol ( F i g . 5 ) . T h i s s i m i l a r i t y also 

Proflavine 

1 1 1 1 1 — ü ) r [ c m ' 1 ] 

1600 1400 1200 

F i g . 5 Resonance CARS spe c t r u m o f p r o f l a v i n e i n me t h a n o l , water 
and i n t e r c a l a t e d i n t o DNA; X\ = 4900 A, A 2 scanned; pump l a s e r 
7 KW, Stokes l a s e r 5 KW, 30 p u l s e s averaged (Adapted from r e f . ( l l ) ) . 
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extends t o the r e l a t i v e i n t e n s i t i e s o f the bands between aqueous 
complex and the a c r i d i n e d i s s o l v e d i n methanol and not between 
complex and the aqueous S o l u t i o n o f the a c r i d i n e . T h i s i n d i c a t e s 
t h a t t he i n t e r c a l a t e d dye i s i n a l e s s p o l a r environment t h a n i n 
aqueous S o l u t i o n . Thus i n t e r c a l a t i o n does n o t a f f e c t t he v i b r a t i o 
n a l f r e q u e n c i e s o f the a c r i d i n e r i n g a p p r e c i a b l y a l t h o u g h e f f e c t s 
r e g a r d i n g the o u t - o f p l a n e v i b r a t i o n s might have been e x p e c t e d . 
On the o t h e r hand, i n t e n s i t y changes a r e ob s e r v e d upon i n t e r c a l a 
t i o n t h a t a r e s i m i l a r t o the changes i n r e l a t i v e i n t e n s i t i e s b e t 
ween the dye monomers i n aqueous and methanol S o l u t i o n s . D i p o l e 
d i p o l e i n t e r a c t i o n s between the a c r i d i n e and t h e base p a i r s o f 
DNA o r w i t h the s o l v e n t w a t e r , r e s p e c t i v e l y , may a l s o p l a y a r o l e 
i n d e t e r m i n i n g i n t e n s i t y r a t i o s i n t h e s e S y s t e m s . 

C a r o t e n o i d s 

One o f the most t h o r o u g h l y s t u d i e d b i o l o g i c a l m o l e c u l e s by 
re s o n a n t CARS i s trans-ß-carotene wh i c h i s a n o n - f l u o r e s c e n t 
l i n e a r p o l y e n e and a c o n s t i t u e n t o f V i s u a l p i g m e n t s . I t s r e sonance 
CARS spectrum c o n s i s t s o f two l i n e s a t 1525 cm*"1 (CC d o u b l e bond 
s t r e t c h i n g mode) and 1158 cm - 1 ( H 3 C - C s i n g l e bond s t r e t c h ) t o 
ge t h e r w i t h some weak peaks a t 1215, 1193 and 1005 cm" 1 ( 5 , 1 9 ) . 
Resonance enhancement may be a c h i e v e d by t u n i n g the pump l a s e r 
i n t o t he e l e c t r o n i c a b s o r p t i o n w h i c h shows two p a r t i a l l y o v e r -
l a p p i n g bands a t 453 nm and 480 nm, the l a t t e r b e i n g the o r i g i n 
o f a T T - T T * t r a n s i t i o n . The r e s u l t i n g CARS beam i s a l s o r e s o n a n t l y 
enhanced whereas the Stokes beam does n ot c o n t r i b u t e t o resonance 
enhancement. Energy c o n v e r s i o n i s p a r t i c u l a r l y h i g h f o r the c a r o 
t e n o i d s due t o t h e i r s t r o n g T T - e l e c t r o n d e l o c a l i z a t i o n . Thus v e r y 
low c o n c e n t r a t i o n CARS s p e c t r a have been r e p o r t e d f o r ß-carotene, 
~5 x 10"7 m / i ( 5 ) 9 Xn f a c t , S a t u r a t i o n e f f e c t s may o c c u r even a t 
moderate l a s e r powers (-5-10 KW) ( 5 ) . T h e r e f o r e i t has been 
n e c e s s a r y t o lowe r the pump power t o below 1 KW t o o b t a i n r e s o 
nance CARS s p e c t r a i n a Standard m e l t i n g p o i n t c a p i l l a r y . 
C a r r e i r a e t a l were a b l e t o e x p e r i m e n t a l l y d e t e r m i n e the CARS 
e x c i t a t i o n p r o f i l e s o f ß-carotene f o r the two s t r e t c h i n g modes. 
They compared the e x p e r i m e n t a l e x c i t a t i o n p r o f i l e s w i t h t h o s e 
c a l c u l a t e d a c c o r d i n g t o A l b r e c h t t h e o r y ( 1 4 ) w h i c h was adapted f o r 
CARS by Hudson e t a l ( 3 ) . Use was made o f the o r i g i n s h i f t p a r a 
meters o f the e x c i t e d s t a t e o f ß-carotene wh i c h had been p r e v i o u s l y 
d e t e r m i n e d by I n a g a k i e t a l ( l 5 ) from the e x c i t a t i o n p r o f i l e s f o r 
the spontaneous Raman e f f e c t . The o r i g i n s h i f t parameter i s a 
measure o f the d i s p l a c e m e n t o f the e x c i t e d e l e c t r o n i c S t a t e a l o n g 
the normal c o o r d i n a t e f o r t o t a l l y S y m m e t r i e modes. I n subsequent 
work D u t t a e t a l (lö) c a r r i e d out a l i n e shape a n a l y s i s u s i n g an 
harmonic o s c i l l a t o r a p p r o x i m a t i o n f o r ß-carotene w h i c h l e a d t o 
s i m i l a r l y l a r g e s h i f t parameters f o r the v i b r a t i o n a l modes a t 
1525, 1155 and 1005 cm" 1 ( F i g . 6 ) . The r e l a t i v e l y l a r g e o r i g i n s h i f t 
parameters found f o r the e x c i t e d S t a t e a r e c o n s i s t e n t w i t h t he 
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ß CAROTENE in ACETONE 
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F i g . 6 ß-carotene (1.5 x 10*~5 M) i n a c e t o n e : a b s o r p t i o n spectrum 
w i t h l a s e r and CARS w a v e l e n g t h s ; CARS p r o f i l e s f o r the 1005, 
1155 and 1525 cm*"1 v i b r a t i o n s a t v a r i o u s g i v e n pump wavelengths 
r e p r e s e n t i n g v a r i o u s r e sonance c o n d i t i o n s . (Adapted from ref.(lö)) 

pronounced v i b r a t i o n a l s t r u c t u r e d i s p l a y e d by the a b s o r p t i o n s p e c 
trum. A L o r e n t z i a n CARS peak i s observed near the a b s o r p t i o n band 
a t 480 nm, whereas a n e g a t i v e peak o c c u r s ~1.3 v i b r a t i o n a l quanta 
below 480 nm which i s a l s o c o n s i s t e n t w i t h an a p p r e c i a b l e a b s o r p 
t i o n band w i d t h (~725 cm" 1)« However, when n e i g h b o r i n g modes are 
i n c l u d e d as " h e l p i n g " modes i n the c a l c u l a t i o n s , the above s i n g l e 
mode s h i f t parameters a r e a p p r e c i a b l y reduced as demanded by 
Warshel and Dauber ( l 7 ) who c a l c u l a t e d s i g n i f i c a n t l y lower s h i f t 
parameters u s i n g s e m i e m p e r i c a l p o t e n t i a l f u n e t i o n s . 

I n a s i m i l a r f a s h i o n CARS l i n e shapes were c a l c u l a t e d f o r 
f e r r o c y t o c h r o m e c (aqueous S o l u t i o n ) (l'ö), N i ( l I ) - o c t a e t h y l p o r p h y -
r i n (Ni(OEP)) (benzene S o l u t i o n ) (*18) and, e a r l i e r , f o r the 
1635 cm" 1 v i b r a t i o n a l band o f f l a v i n adenine (FAD) ( l 2 ) . I n the 
case o f Ni(OEP) the CARS and CSRS (Coherent Stokes Raman S c a t t e r 
i n g ) l i n e shapes o f n o n - t o t a l l y Symmetrie v i b r a t i o n s were measured 
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and c a l c u l a t e d . Here the e f f e c t o f s i m u l t a n e o u s resonance enhance
ment at the pump- and a n t i - S t o k e s f r e q u e n c i e s i n s e p a r a t e v i b r o n i c 
s t a t e s has been c l e a r l y d emonstrated. T h e r e f o r e , on the b a s i s o f 
the above harmonic o s c i l l a t o r a s s u m p t i o n , i n f o r m a t i o n on e x c i t e d 
State parameters o f a chromophore may a l s o be o b t a i n e d by a CARS 
l i n e shape a n a l y s i s . E a r l i e r work on CARS l i n e shapes was done by 
Lynch e t a l (20J and Lau e t a l ( 2 l ) . 

S a t u r a t i o n e f f e c t s may l e a d t o d e v i a t i o n s o f the CARS s i g n a l 
f r o m the t h e o r e t i c a l l y r e q u i r e d square dependence on the power o f 
the pump beam as shown f o r 3-carotene by C a r r e i r a e t a l (5). How
e v e r , t h i s e f f e c t i s o n l y o bserved under e l e c t r o n i c resonance con
d i t i o n s . 

R e t i n a l , a c a r o t e n o i d , i s the chromophor o f b a c t e r i o r h o d o p s i n 
w h i c h a c t s as a l i g h t d r i v e n p r o t o n pump i n h a l o b a c t e r i u m h a l o b i u m 
( 2 2 ) . B a c t e r i o r h o d o p s i n c o n v e r t s photon energy i n t o c h e m i c a l f r e e 
energy i n the form o f an e l e c t r o c h e m i c a l g r a d i e n t t h a t p r o v i d e s 
the d r i v i n g f o r c e f o r the s y n t h e s i s o f ATP. B a c t e r i o r h o d o p s i n 
e x i s t s i n two s t a b l e forms a t room t e m p e r a t u r e : the l i g h t adapted 
(bR LA) and dark adapted (bR°A) b a c t e r i o r h o d o p s i n . Both forms under-
go a c y c l i c t r a n s f o r m a t i o n whose i n t e r m e d i a t e s have been w e l l 
c h a r a c t e r i z e d f o r the l i g h t adapted form. The l a s e r p u l s e s a c t 
h e r e i n a t w o - f o l d manner, namely as i n i t i a t o r s o f the photoche-
m i c a l c y c l e and as the a n a l y z i n g beams. S i n c e the time s c a l e o f 
th e CARS p r o c e s s i s about 10~"*5 S e c , a s p e c i e s w i t h a l o n g e r l i f e 
t i me i s d e t e c t a b l e i n p r i n c i p l e d u r i n g a p u l s e o f a l o n g e r h a l f 
w i d t h a t h a l f maximum than 10""^ s e c . I n the case o f the l i g h t 
a dapted b a c t e r i o r h o d o p s i n the f i r s t i n t e r m e d i a t e i s formed w i t h i n -
a p i c o s e c o n d and i t decays i n about 2 ysec a t room t e m p e r a t u r e . 
Thus the time r e s o l v e d CARS spectrum i s a m i x t u r e o f two s p e c i e s : 
b K ^ Q and bK^Q ( F i g . 7 ) , whose c o m p o s i t i o n depends on the wave
l e n g t h and i n t e n s i t y o f the l a s e r beams ( 2 3 ) . The resonance CARS 
spec t r u m o f t h i s m i x t u r e shows good agreement w i t h the known r e 
sonance Raman spectrum o b t a i n e d by Marcus and L e w i s (24) f o r 
bRi^yo a t 77 K. Resonance CARS s p e c t r a o f dark adapted b a c t e r i o 
r h o d o p s i n bR°A a r e s i g n i f i c a n t l y d i f f e r e n t t o those o f the l i g h t 
a dapted form ( F i g . 7 ) . I n the former the 1530 c m - 1 peak i s broadened 
and s e p a r a t e d i n t o two w e l l r e s o l v e d maxima a t 1528 cm" 1 and 
1547 cm""1. T h i s Observation s u p p o r t s the f i n d i n g t h a t bR^A i s a 

m i x t u r e o f the 1 3 - c i s and the a l l t r a n s forms. The f r e q u e n c y Se
p a r a t i o n o f 20 cm - 1 may be due t o the de c r e a s e i n e l e c t r o n d e l o -
c a l i z a t i o n i n the 1 3 - c i s r e t i n y l i d e n e chromophore. F u r t h e r d i f -
f e r e n c e s between the l i g h t and da r k adapted nanosecond s p e c i e s 
e x i s t i n the f i n g e r p r i n t r e g i o n (1100-1400 cm"" 1). 

Thus i n the case o f the c a r o t e n o i d s CARS has had the f u n c t i o n 
o f s u p p o r t i n g the spontaneous resonance Raman r e s u l t s . F u r t h e r 
more i t was a g a i n demonstrated t h a t CARS i s a u s e f u l method t o 
o b t a i n time r e s o l v e d Raman s p e c t r a o f s h o r t l i v e d i n t e r m e d i a t e s . 
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F i g . 7 Resonance CARS nanosecond s p e c t r a (scanned) o f (a) l i g h t -
a dapted; (b) d a r k - a d a p t e d b a c t e r i o r h o d o p s i n . The resonance c o n 
d i t i o n s f o r the OD 11.2/cm Suspension a r e shown i n the i n s e t . 
Pump f r e q u e n c y (top) was 16936 cm" 1 (= 5904 A ) . S tokes f r e q u e n c y 
(cüs) was v a r i e d from 15260 t o 16000 cm""1 (= 6550-6250 A) . P u l s e 
e n e r g i e s were 2.3 u J a t a)p and 1.0 u J a t CÜs c o r r e s p o n d i n g t o 2.3 
and 1.0 KW peak power a t cüp and OJ s, r e s p e c t i v e l y . S p e c t r a l band
w i d t h was 1.0 cm" 1 f o r o)p and 0.5 cm*"1 f o r u) s. I n t e n s i t y s c a l e s 
are d i f f e r e n t f o r b o t h s p e c t r a (Adapted from r e f . ( 2 3 ) ) . 

The above a p p l i c a t i o n s o f CARS show t h a t c e r t a i n phenomena 
l i k e H-bond f o r m a t i o n may be d e t e c t e d i n p r i n c i p l e even i n com
p l e x b i o l o g i c a l Systems. The main p o t e n t i a l o f CARS i s i t s r e -
j e c t i o n o f f l u o r e s c e n c e . On t h e b a s i s o f i t s h i g h energy c o n v e r 
s i o n CARS i s w e l l s u i t e d f o r t h e d e t e c t i o n o f s h o r t - l i v e d i n t e r 
m e d i a t e s . T h i s c a p a b i l i t y has been made use o f r e c e n t l y i n r a p i d 
p h o t o i s o m e r i z a t i o n s o f v i b r a t i o n a l l y e x c i t e d c y c l o h e p t a t r i e n e i n 
the gas phase (25) o r i n v i b r a t i o n a l l y e x c i t e d m o l e c u l a r f r a g -
ments i n the p h o t o d i s s o c i a t i o n o f a t m o s p h e r i c gases ( 2 6 ) . 
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SURFACE ENHANCED CARS ON METAL SURFACES AND METAL COLLOIDS 

F. W. S c h n e i d e r 

I n s t i t u t für P h y s i k a l i s c h e Chemie 
Universität Würzburg 
Würzburg, West Germany 

S u r f a c e enhanced Raman s c a t t e r i n g (SERS) from m o l e c u l e s on 
m e t a l s u r f a c e s has been observed f o r a v a r i e t y o f Systems almost 
e x c l u s i v e l y by the method o f spontaneous Raman s c a t t e r i n g ( l ) . I n 
remarkable work a coh e r e n t Raman method has been used by Shen and 
coworkers (2,3) who i n v e s t i g a t e d s u r f a c e CARS o f benzene adsorbed 
i n m u l t i l a y e r s on a s i l v e r s u r f a c e . These a u t h o r s i n t e r p r e t t h e i r 
f i n d i n g s as a f o u r wave m i x i n g p r o c e s s o f plasmon waves which are 
c o n f i n e d to a s u r f a c e l a y e r o f s i l v e r atoms o f a few Angstrom 
t h i c k n e s s i n c o n t a c t w i t h b u l k benzene. T h i s p r o c e s s o c c u r s i n the 
m e t a l / d i e l e c t r i c i n t e r f a c e and i t can be u n d e r s t o o d on the b a s i s 
of o r d i n a r y b u l k CARS w i t h s u r f a c e boundary c o n d i t i o n s . The main 
o p t i c a l t r i c k i n the experiment i s t o c o u p l e the CARS wave out of 
the s u r f a c e w i t h o u t g r e a t l o s s of i n t e n s i t y . T h i s has been a c h i e 
ved by the s o - c a l l e d Kretschmann geometry which uses a g l a s s p r i s m 
on to whose l a r g e s t s i d e a t h i n l a y e r o f s i l v e r has been d e p o s i t e d . 
The l a t t e r i s i n p h y s i c a l c o n t a c t w i t h the l i q u i d sample t o be i n 
v e s t i g a t e d ( F i g . 1 ) . 

I t may be w o r t h w h i l e a t t h i s moment t o b r i e f l y summarize the 
s a l i e n t f e a t u r e s o f spontaneous SERS b e f o r e d i s c u s s i n g s u r f a c e 
CARS i n some d e t a i l . SERS has been o b s e r v e d f o r the f i r s t time by 
Fle i s c h m a n n e t a l (4) who d i s c o v e r e d a l a r g e enhancement o f the 
Raman c r o s s s e c t i o n o f p y r i d i n e adsorbed a t a s i l v e r e l e c t r o d e . A 
l a r g e number o f SERS ex p e r i m e n t s by many a u t h o r s f o l l o w e d t h i s 
i n i t i a l O b s e r v a t i o n which u n e q u i v o c a l l y e s t a b l i s h e d SERS t o be a 
r e a l i t y f o r s e v e r a l m e t a l s u r f a c e s . F o r e x t e n s i v e r e v i e w s see 
r e f . ( l ) . There a r e two main groups o f s u r f a c e s t h a t have been 
used: roughened or f l a t m e t a l s u r f a c e s and c o l l o i d a l l y d i s p e r s e d 
m e t a l p a r t i c l e s p r o v i d i n g a h i g h s u r f a c e t o volume r a t i o . S i m i l a r -
l y h i g h enhancement f a c t o r s o f 10^ - 10^ over o r d i n a r y Raman s c a t -
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t e r i n g were c a l c u l a t e d f o r some of the l a t t e r s o l s on the assump-
t i o n t h a t a s i n g l e monolayer o f the adsorbed m o l e c u l e s i s the cause 
f o r the enhancement. 

For the I n t e r p r e t a t i o n o f SERS two groups o f t h e o r e t i c a l mo-
d e l s have been advanced. One approach i n c l u d e s models t h a t d e a l 
w i t h c l a s s i c a l e l e c t r o m a g n e t i c f i e l d enhancement due t o resonances 
o f s u r f a c e plasmon waves caused by the shape o f the s u r f a c e ( s u r 
f a c e roughness) (5). Other but r e l a t e d models i n c l u d e image f i e l d 
enhancement (ö) and Raman r e f l e c t i o n ( ? ) . The second approach i s 
quantum m e c h a n i c a l i n n a t u r e . I t i n v o l v e s exchange d i p o l e m i x i n g 
o f the e l e c t r o n i c s t a t e s o f the a d s o r b a t e w i t h the e l e c t r o n i c 
e i g e n s t a t e s o f the s u r f a c e (s). These Charge t r a n s f e r i n t e r a c t i o n s 
between m e t a l and a d s o r b a t e are c o n s i d e r e d t o l e a d to r e s o n a n t 
Raman enhancement. For m o l e c u l e s chemisorbed on a s u r f a c e , a com
b i n a t i o n o f the p h y s i c a l and c h e m i c a l approach has been su g g e s t e d 
to be r e s p o n s i b l e i n p r i n c i p l e (9). 

S u r f a c e CARS 

In the f o l l o w i n g Shen e t a l ' s work (2,3) on s u r f a c e CARS and 
t h e i r e x p e r i m e n t a l s e t - u p i s c o n s i d e r e d i n some d e t a i l . F or the 
s u r f a c e CARS experiment the pump beam was p r o v i d e d by a Q-switched 
ruby l a s e r , p a r t o f which a l s o e x c i t e d a dye l a s e r System t o o b t a i n 
the t u n a b l e Stokes beam. The two p u l s e d beams were d i r e c t e d a t a 
g l a s s p r i s m which was c o a t e d w i t h a s i l v e r f i l m on i t s l a r g e s i d e . 
T h i s m e t a l f i l m was i n p h y s i c a l c o n t a c t w i t h the sample ( e . g . ben
z e n e ) . I n o r d e r t o ge n e r a t e the CARS p r o c e s s i n the metal/sample 
i n t e r f a c e , the two beams have to be c r o s s e d i n a f a s h i o n shown i n 
f i g s . l and 2. T h e i r i n t e r a c t i o n l e n g t h on the s u r f a c e i s c a l c u l a t e d 
to be r a t h e r s h o r t , namely ~10 ym. The i n c i d e n t pump and Stokes 
beams may generate c o r r e s p o n d i n g plasmon waves on the m e t a l s u r 
f a c e . S i n c e the plasmon waves are c o n f i n e d i n the x y - p l a n e , t h e i r 
i n t e n s i t i e s may be s i g n i f i c a n t l y h i g h e r than those o f the pump 
and Stokes beam t h e m s e l v e s . I t i s the pump plasmon and Stokes 
plasmon waves t h a t i n t e r a c t on the s u r f a c e t o ge n e r a t e the a n t i -
S t o kes plasmon wave. The phase matching c o n d i t i o n must be f u l f i l l e d 
f o r the plasmon waves: 

( k « > / / " 2 ( k l > / / " <k2>// 

where the (k-[)// a r e the r e a l components o f the plasmon v e c t o r s i n 
the x y - p l a n e ( f i g . 2 ) d e c r i b i n g the s u r f a c e . 

The CARS plasmon wave i s coupled out o f the s u r f a c e by the 
p r i s m and d e t e c t e d as a l a s e r - l i k e beam by a p h o t o m u l t i p l i e r . The 
phase match i s shown g r a p h i c a l l y by the p a r a l l e l o g r a m o f the wave 
v e c t o r components i n the x y - p l a n e i n f i g . 2. The an g l e s ( i n c i d e n c e 
and x y - p l a n e r e f l e x i o n ) between the wave v e c t o r s and the z - a x i s 
may be v i s u a l i z e d from the f i g u r e f o r the pump ( 0 j ) and the Stokes 
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F i g . 1 P r i s m assembly f o r s u r f a c e plasmons u n d e r g o i n g a CARS 
proc e s s i n the x y - i n t e r f a c e between s i l v e r and benzene. Pump beam 1 
propagates o n l y i n the x z - p l a n e (Adapted from r e f . (2) and ( 3 ) ) . 

(02) beam p r o p a g a t i n g i n the g l a s s p r i s m . 0 a i s the c o r r e s p o n d i n g 
angle f o r the a n t i - S t o k e s wave v e c t o r . F o r an o p t i m a l s u r f a c e CARS 
s i g n a l , the f o l l o w i n g c o n d i t i o n s must be met: the s u r f a c e plasmon 
resonances must be o p t i m a l l y e x c i t e d by the pump and Stokes f i e l d s , 
r e s p e c t i v e l y , phase match o f plasmon waves must be f u l f i l l e d and 
the n o n l i n e a r t h i r d o r d e r s u s c e p t i b i l i t y o f the sample must pass 
through a Raman re s o n a n c e . F i g . 3 shows the s u r f a c e CARS s i g n a l 
o b t a i n e d f o r the 992 cm - 1 band o f benzene w h i c h was used by the 
a u t h o r s as the d i e l e c t r i c medium i n the e x p e r i m e n t a l s e t - u p d e s 
c r i b e d above. The beam energy d e n s i t i e s a t the c r o s s i n g p o i n t were 
p u r p o s e l y k e p t low a t 2.5 mJ/cm~^ and 25 mJ/cm^ f o r the pump and 
Stokes beams, r e s p e c t i v e l y , i n o r d e r t o p r e v e n t damage of the 
s i l v e r f i l m by l o c a l h e a t i n g . 

The a n t i - S t o k e s power Output from the g l a s s p r i s m has been 
c a l c u l a t e d by Shen e t a l (2) as 

e 1 / 2 c 
P ("a> - ~^2TT S i E a ' 2 d A 

where eR i s the d i e l e c t r i c c o n s t a n t o f the g l a s s , |E a|^ i s t h e i n -
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t e n s i t y o f the CARS beam ( i n g l a s s ) a t f r e q u e n c y u) a and A i s i t s 
c r o s s - s e c t i o n a l a r e a , T h e i r t h e o r e t i c a l e x p r e s s i o n f o r the i n t e n 
s i t y |E A|2 i s i n v e r y good agreement w i t h e x p e r i m e n t i f the non
r e s o n a n t c o n t r i b u t i o n t o the t h i r d o r d e r s u s c e p t i b i l i t y i s i n c l u 
ded i n the c a l c u l a t i o n s . The o n l y a d j u s t a b l e parameter used was a 
s c a l i n g f a c t o r t o n o r m a l i z e the e x p e r i m e n t a l and t h e o r e c t i c a l am
p l i t u d e s . 

F i g . 2 Wave v e c t o r s i n the g l a s s p r i s m ; o n l y components // i n 
the x y - p l a n e must be phase matched (Adapted from r e f . ( 2 ) ) . 

I n o r d e r t o m i n i m i z e the e f f e c t s o f u n a v o i d a b l e p u l s e v a r i a -
t i o n s i n the l a s e r beams, a b u l k CARS experi m e n t was done s i m u l 
t a n e o u s l y w i t h p a r t o f the pump and Stokes beams o f the s u r f a c e 
CARS s e t - u p . T h i s procedure produced the n o r m a l i z e d s u r f a c e CARS 
s i g n a l f o r benzene. The e x p e r i m e n t a l a n t i - S t o k e s Output a t the 
resonance maximum agreed w e l l w i t h t h e o r e t i c a l p r e d i c t i o n s o f 
2.5 x 1C>5 p h o t o n s / p u l s e . H i g h e r CARS s i g n a l s may be o b t a i n e d i n 
p r i n c i p l e by u s i n g p i c o s e c o n d p u l s e s and t i g h t e r f o c u s i n g , s i n c e 
the CARS s i g n a l v a r i e s as I j ^ (CÜJ). t.A., where I j and l£ a r e the 
pump and Stokes l a s e r i n t e n s i t i e s a t the pump (co 1) and Stokes (0)2) 
f r e q u e n c i e s , r e s p e c t i v e l y , t i s the p u l s e d u r a t i o n and A i s the 
c r o s s s e c t i o n a l a r e a o f the beam a t the i n t e r f a c e . Shen e t a l were 
a b l e t o show by experiment t h a t the s u r f a c e CARS s i g n a l i s v e r y 
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2.0 

F i g . 3 The 992 cm-1 band o f benzene by s u r f a c e CARS. CARS i n t e n 
s i t y v e r s u s Raman f r e q u e n c y (o)j - 0)2)» where o)j and 0J2 is the 
fre q u e n c y o f the pump and Stokes l a s e r , r e s p e c t i v e l y (Adapted 
from r e f . ( 2 , 3 ) ) . 

s e n s i t i v e t o the a n g l e between the i n c i d e n t pump beam and the n o r 
mal to the p r i s m f a c e , whereas the s u r f a c e CARS s i g n a l i s s u r p r i -
s i n g l y i n s e n s i t i v e towards a phase mismatch. A phase mismatch may 
be a c h i e v e d by a c o n t r o l l e d V a r i a t i o n o f the a n g l e o f i n c i d e n c e 
o f the Stokes beam i f the pump beam a n g l e i s kept c o n s t a n t . The 
l a t t e r i n s e n s i t i v i t y i s due t o the above mentioned s h o r t s u r f a c e 
i n t e r a c t i o n l e n g t h o f -10 ym which i s e q u a l t o 1/K"// , where K11// 
i s the i m a g i n a r y component o f the s u r f a c e plasmon. I t i s i n t e r -
e s t i n g t o note t h a t the t o t a l s u r f a c e CARS s i g n a l may o r i g i n a t e 
from about 100 l a y e r s o f benzene m o l e c u l e s , s i n c e the t h i c k n e s s 
of the benzene l a y e r which l e a d s t o s u r f a c e CARS i s a p p r o x i m a t e l y 
1000 A (= X/2TT) as c a l c u l a t e d on the b a s i s o f an e x p o n e n t i a l l y 
d e c a y i n g plasmon wave away from the i n t e r f a c e . Thus Shen e t a l 
have demonstrated t h a t the concept o f s u r f a c e plasmon i n t e r a c t i o n 
i s c o n s i s t e n t w i t h the r e s u l t s o f the s u r f a c e CARS e x p e r i m e n t . 
Any plasmon enhancement f a c t o r s have n o t y e t been r e p o r t e d f o r 
CARS. 

M o l e c u l e s Adsorbed on M e t a l C o l l o i d s 

M e t a l c o l l o i d s c o n s i s t o f m i c r o s c o p i c m e t a l spheres o f d i a -
meters i n the nanometer ränge. They are u s u a l l y p r e p a r e d i n s i t u 
by r e d u c t i o n o f A g + w i t h e x c e s s Nalftfy i n an aqueous Solution i n 
the case o f s i l v e r c o l l o i d s ( s o l s ) . A d s o r b a t e m o l e c u l e s may be 



466 F. W. SCHNEIDER 

added s u b s e q u e n t l y which causes the m e t a l spheres t o f u r t h e r grow 
or aggregate a t a r a t e which depends on the type and c o n c e n t r a t i o n 
o f the added m o l e c u l e s . M e t a l s o l s a r e c h a r a c t e r i z e d by a s p e c i a l 
type o f s c a t t e r i n g c a l l e d Mie s c a t t e r i n g w h i c h i s due t o r e s o n a n t 
e x c i t a t i o n o f the d i p o l a r and m u l t i p o l a r c o l l e c t i v e normal modes 
of the c o n d u c t i o n e l e c t r o n s i n the m e t a l p a r t i c l e s ( l l ) . The Solu
t i o n s a r e c o l o r e d w i t h e x t i n c t i o n bands s h i f t e d t o l o n g e r wave
l e n g t h s as the p a r t i c l e d i a m e t e r i n c r e a s e s as shown and i n t e r p r e 
t e d a l r e a d y i n 1908 by Mie f o r g o l d s o l s ( l 0 ) . C r e i g h t o n e t a l ( l l 
were the f i r s t t o observe s u r f a c e enhancement by spontaneous Raman 
s p e c t r o s c o p y o f the 1010 cm" 1 l i n e o f P y r i d i n e adsorbed on s i l v e r 
and g o l d p a r t i c l e s i n aqueous Solution. These a u t h o r s found Raman 
enhancement o f a f a c t o r -100 over the same f r e e P y r i d i n e c o n c e n 
t r a t i o n . Enhancement was g r e a t e s t when the e x c i t a t i o n w a v e l e n g t h 
was c l o s e t o t h a t o f the Mie band. I n o t h e r words, the Raman ex
c i t a t i o n s pectrum was s i m i l a r t o the Mie s p e c t r u m a t wavelengths 
between 475 - 625 nm f o r s i l v e r s o l s . On t h e b a s i s o f t h i s r e s u l t 
t hey c o n c l u d e d t h a t Raman enhancement o f adsorbed p y r i d i n e i s a 
consequence o f s u r f a c e plasmon o s c i l l a t i o n s i n a s i m i l a r f a s h i o n 
as o f p y r i d i n e adsorbed on roughened s i l v e r s u r f a c e s . 

K e r k e r and coworkers ( l 2 ) d e v e l o p e d a t h e o r y which showed 
t h a t Raman s c a t t e r i n g by m o l e c u l e s adsorbed a t the s u r f a c e of a 
m e t a l sphere may be enhanced by the o r d e r o f up t o 10^ by the 
l a r g e l o c a l f i e l d s near the s u r f a c e i f the r a d i u s o f the sphere 
i s much l e s s than the wavelen g t h (<0.02 X) and the r e l a t i v e r e 
f r a c t i v e i n d e x o f the sphere a t e i t h e r the e x c i t i n g o r the Raman 
wavelength approaches the v a l u e /2 i . As the p a r t i c l e s i z e be
comes comparable w i t h the wa v e l e n g t h the enhancement becomes 
s m a l l e r and c o v e r s a w i d e r s p e c t r a l ränge a t l o n g e r wavelengths 
Thus, f o r a p a r t i c l e r a d i u s o f 5 nm the enhancement maximum i s 
c a l c u l a t e d t o be 10^ a t 382 nm whereas f o r 50 nm the enhancement 
maximum i s n e a r l y 10^ and i t i s s h i f t e d t o l o n g e r wavelengths 
(~500 nm). The enhancement drops d r a s t i c a l l y w i t h d i s t a n c e o f the 
m o l e c u l e form the s u r f a c e . I n o r d e r t o o b t a i n agreement between 
K e r k e r * s c a l c u l a t i o n s and C r e i g h t o n e t a l ' s e x p e r i m e n t s one has 
t o assume t h a t the s i l v e r s o l s were q u i t e p o l y d i s p e r s e ( d i a m e t e r 
5-500 nm) and p a r t i a l l y a g g r e g a t e d t o form p a r t i c l e Clusters. On 
the o t h e r hand, C r e i g h t o n e t a l r e p o r t t h a t t h e i r p a r t i c l e s were 
r o u g h l y s p h e r i c a l w i t h d i a m e t e r s i n the ränge 1-50 nm, and f o r some 
p r e p a r a t i o n s 1-10 nm as de t e r m i n e d by t r a n s m i s s i o n e l e c t r o n m i c r o s 
copy. 

I f plasmon e x c i t a t i o n i s reöponsible f o r the enhancement p r o 
c e s s , then one would e x p e c t p r a c t i c a l l y no plasmon enhancement i n 
a CARS e x p e r i m e n t , s i n c e the plasmon CARS p r o c e s s cannot o c c u r on 
a sphere whose d i a m e t e r i s much l e s s t h a n the r e q u i r e d i n t e r a c t i o n 
l e n g t h o f ~10 ym on the s u r f a c e . Any enhancement would then be 
ex p e c t e d t o be o f a d i f f e r e n t type such as due t o Charge t r a n s f e r 
i n t e r a c t i o n l e a d i n g t o a "normal 1' resonance CARS e f f e c t . 
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To t e s t t h i s a s c e r t i o n s u r f a c e CARS o f p y r i d i n e m o l e c u l e s 
adsorbed on s i l v e r p a r t i c l e s was i n v e s t i g a t e d ( l 3 ) and compared 
w i t h the r e s u l t s o f C r e i g h t o n e t a l ' s spontaneous Raman work. S i 
m i l a r c o n d i t i o n s f o r the p r e p a r a t i o n o f the s i l v e r s o l s were cho
s e n . F o r the CARS measurements f r e s h s i l v e r s o l s were aged f o r 
1-20 h o u r s , depending on the c o n c e n t r a t i o n o f the s u b s e q u e n t l y 
added p y r i d i n e t o g i v e s o l s whose e x t i n c t i o n maxima o c c u r e d a t 
~560 nm. H i g h e r added p y r i d i n e c o n c e n t r a t i o n s cause the Mie e x 
t i n c t i o n maxima t o s h i f t more r a p i d l y t o l o n g e r w a v elengths as a 
f u n c t i o n o f t i m e . T h e r e f o r e i t became n e c e s s a r y f o r h i g h e r P y r i 
d i n e c o n c e n t r a t i o n s (>40 mM) t o use pure s i l v e r s o l s t h a t were 
aged f o r a l o n g e r t i m e . The r e a s o n f o r emp l o y i n g t h i s p a r t i c u l a r 
w a v e l e n g t h i s t o t a k e advantage o f any resonance enhancement o f 
the CARS beam w h i c h i s g e n e r a t e d around 560 nm when the pump wave
l e n g t h i s a t about 590 nm and the Stokes beam i s a t a c o r r e s p o n d -
i n g l y h i g h e r w a v e l e n g t h . We were l i m i t e d w i t h our p r e s e n t l a s e r 
s e t - u p t o t h e s e p a r t i c u l a r w a v e l e n g t h s as the maximal w a v e l e n g t h s 
o f s u f f i c i e n t i n t e n s i t y t o g e n e r a t e the CARS p r o c e s s . A c c o r d i n g 
t o K e r k e r e t a l ' s t h e o r y ( l 2 ) Mie s c a t t e r i n g a t -500 nm s h o u l d 
p r o v i d e a plasmon enhancement o f 10^ - 10** f o r p a r t i c l e s o f -50 nm 
d i a m e t e r . T h i s enhancement s h o u l d be s u f f i c i e n t l y s t r o n g t o be 
r e a d i l y d e t e c t e d under normal CARS c o n d i t i o n s . 

To o b t a i n CARS s p e c t r a a m u l t i p l e x method was employed which 
uses an untuned S t o k e s l a s e r o f wide band w i d t h (~300 cm" 1) i n 
c o n j u n c t i o n w i t h a 0.3 m J a r r e l - A s h s p e c t r o g r a p h and SIT V i d i c o n 
OMA d e t e c t i o n . 

A CARS spectrum o f a 0.1 M p y r i d i n e Solution i n wa t e r shows 
s t r o n g bands a t 1003 cm" 1 and 1035 cm" 1. P y r i d i n e i n s i l v e r s o l s 
showed s i m i l a r l y s t r o n g CARS bands a t the same f r e q u e n c i e s w i t h i n 
an e x p e r i m e n t a l e r r o r o f 3 cm" 1. T h i s s u r p r i s i n g s i m i l a r i t y o f 
f r e q u e n c i e s seems t o i n d i c a t e t h a t - u n l i k e spontaneous Raman o f 
P y r i d i n e i n s i l v e r s o l s ( l l ) and o f p y r i d i n e adsorbed on s i l v e r 
e l e c t r o d e s - CARS o n l y d e t e c t s t he f r e e p y r i d i n e p r e s e n t i n the 
s i l v e r s o l s and not the much s m a l l e r amount o f adsorbed p y r i d i n e . 
The c o n c e n t r a t i o n d e t e c t i o n l i m i t f o r f r e e aqueous p y r i d i n e i s 
about 40 mM i n our CARS s e t - u p even i f s e v e r a l thousand p u l s e s a r e 
averaged f o r S/N enhancement. T h i s CARS s i g n a l becomes much s m a l l e r 
t h a n the ( c o n s t a n t ) n o nresonant background o f the p y r i d i n e - s i l v e r 
s o l s as the p y r i d i n e c o n c e n t r a t i o n d e c r e a s e s . T h e r e f o r e d i s p e r s i v e 
CARS bands a r e ob s e r v e d a t the l o w e s t p y r i d i n e c o n c e n t r a t i o n used. 
T h i s i s known t o reduce the normal square dependence o f the CARS 
i n t e n s i t y on c o n c e n t r a t i o n t o an a p p r o x i m a t e l y l i n e a r one a t low 
c o n c e n t r a t i o n s . 

A comparison between the CARS s p e c t r a o f f r e e p y r i d i n e Solu
t i o n s and p y r i d i n e - s i l v e r s o l Solutions a t 40 mM t o t a l p y r i d i n e 
c o n c e n t r a t i o n shows no app a r e n t enhancement o f the p y r i d i n e bands 
i n the p y r i d i n e - s i l v e r s o l s . The r a t i o o f the CARS s i g n a l t o the 
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nonresonant background d i d n o t depend on the wavelen g t h o f the 
pump beam i n the ränge i n v e s t i g a t e d (420-490 nm). A t ~590 nm 
spontaneous Raman a l r e a d y produced a s u b s t a n t i a l enhancement ( l l ) . 
I m p o r t a n t l y , Solutions o f 5 mM p y r i d i n e i n s i l v e r s o l (2.5 x 10"**"* M) 
'showed no CARS spectrum a t a l l except f o r the nonresonant b a c k 
ground. I n C r e i g h t o n e t a l ' s work on spontaneous Raman s c a t t e r i n g 
the l a t t e r Solution had a Raman spectrum whose 1010 c m - 1 band was 
up t o ~5 times more i n t e n s e t h a n the c o r r e s p o n d i n g 1003 cm""1 band 
o f a 100 mM aqueous p y r i d i n e Solution depending on e x c i t a t i o n 
w a v e l e n g t h thus e s t a b l i s h i n g an apparent s u r f a c e enhancement f a c 
t o r o f ~102 f o r s i l v e r c o l l o i d s . I f one t a k e s i n t o account t h a t 
o n l y the adsorbed p y r i d i n e i s r e s p o n s i b l e f o r enhancement t h e n t h e 
enhancement f a c t o r o f 102 must be m u l t i p l i e d by a f a c t o r g r e a t e r 
t h a n 5/0.25, s i n c e the amount o f adsorbed p y r i d i n e i s l e s s t h a n 
0.25 mM. T h i s l e a d s t o a r e a l enhancement o f > 2 x 10^ f o r p y r i d i n e 
adsorbed on s i l v e r p a r t i c l e s . T h i s enhancement f a c t o r as measured 
w i t h spontaneous Raman i s c l e a r l y absent i n the s u r f a c e CARS mea
surements . 

A s m a l l CARS enhancement ( o f the o r d e r o f <20) cannot be r u l e d 
out on the f o l l o w i n g b a s i s : A t o t a l p y r i d i n e c o n c e n t r a t i o n o f 
40 mM r e p r e s e n t s a l a r g e e x c e s s over the s i l v e r c o n c e n t r a t i o n 
(2.5 x 10""^) p r e s e n t . I f i t i s assumed t h a t the s u r f a c e o f a l l 
s i l v e r p a r t i c l e s i s c o m p l e t e l y c o v e r e d w i t h a monolayer o f p y r i 
d i n e m o l e c u l e s , t h e n more t h a n 99.0 % o f a l l p y r i d i n e m o l e c u l e s 
are p r e s e n t as f r e e p y r i d i n e i n S o l u t i o n . T h i s means t h a t l e s s 
t han 1 p a r t i n 100 i s due t o adsorbed p y r i d i n e . I f the enhance
ment f a c t o r i s assumed t o be ~100 f o r the adsorbed p y r i d i n e t h e n 
an i n t e n s i t y enhancement o f l e s s t h a n a f a c t o r o f 2 would be e x p e c 
t e d a t 40 mM p y r i d i n e . T h i s cannot be d e t e c t e d q u a n t i t a t i v e l y a t 
the s e low c o n c e n t r a t i o n s . However, i f a lower t o t a l p y r i d i n e c o n 
c e n t r a t i o n o f 5 mM i s used s i m i l a r t o C r e i g h t o n e t a l ' s e x p e r i 
ments, the f r a c t i o n o f ads o r b e d p y r i d i n e becomes l a r g e r w i t h an 
upper l i m i t o f about 5 %. Even lower enhancement f a c t o r s o f o n l y 
about 20 s h o u l d t h e n be d e t e c t a b l e i n the CARS ex p e r i m e n t . The 
f a c t t h a t 5 mM p y r i d i n e i n s i l v e r s o l produced no CARS spectrum 
i n d i c a t e s t h a t any CARS enhancement f a c t o r must be s m a l l i . e . l e s s 
t h a n -20. 

Thus the V i r t u a l absence o f SERS i n CARS o f p y r i d i n e - s i l v e r 
s o l s may be t a k e n as i n d i r e c t e v i d e n c e f o r a s u r f a c e plasmon 
mechanism which can be r e a d i l y d e t e c t e d by spontaneous Raman but 
not by CARS. Other mechanisms such as Charge t r a n s f e r i n t e r a c t i o n s 
s h o u l d l e a d t o " n o r m a l " resonance enhancement i n CARS, w h i c h , how
e v e r , i s too s m a l l t o be d e t e c t e d . 

I n c o n c l u s i o n t he measurement o f s u r f a c e CARS on s o l i d m e t a l 
s u r f a c e s i s p o s s i b l e as shown by Shen's work. S u r f a c e enhancement 
by CARS on m a c r o s c o p i c s u r f a c e s has not y e t been d i r e c t l y demon
s t r a t e d . On the o t h e r hand s u r f a c e CARS does not seem p o s s i b l e on 
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s i l v e r c o l l o i d s s i n c e the m e t a l p a r t i c l e s a r e t o o s m a l l t o p r o v i d e 
the m i n i m a l s u r f a c e i n t e r a c t i o n l e n g t h o f ~10 ym n e c e s s a r y f o r 
CARS. Thus CARS i n c o n j u n c t i o n w i t h spontaneous Raman may be d i a -
g n o s t i c t o d i s t i n g u i s h between t h e o r e t i c a l SERS models f o r t h e a d 
s o r b e d m o l e c u l e s . The s u r f a c e CARS r e s u l t s do n o t e x c l u d e a p h y s i 
c a l model o f enhancement such as plasmon e x c i t a t i o n as p r e v i o u s l y 
p o s t u l a t e d by C r e i g h t o n e t a l . I n f a c t i t i s l i k e l y t h a t plasmon 
enhancement i s m a i n l y o p e r a t i v e i n p y r i d i n e - s i l v e r s o l Solutions 
as d e t e c t e d by spontaneous Raman. 

The s u r f a c e CARS method h o l d s promise f o r t h e s t u d y o f t h i n . 
f i l m s and adsorbed m o l e c u l e s whose a b s o r p t i o n and f l u o r e s c e n c e i s 
u n u s u a l l y l a r g e . 
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U n i v e r s i t y C o l l e g e of Wales 
A b e r y s t w y t h 

C o n v e n t i o n a l l y Raman s p e c t r o s c o p y has been r e g a r d e d o n l y as 
a s c a t t e r i n g p r o c e s s i n w h i c h a p o r t i o n o f the monochromatic 
r a d i a t i o n i n c i d e n t on a m o l e c u l a r sample i s s c a t t e r e d i n e l a s t i c a l l y . 
The d i f f e r e n t i a l s c a t t e r i n g c r o s s - s e c t i o n , da/dft, r e l a t e s t o the 
power s c a t t e r e d i n t o a g i v e n element o f s o l i d a n g l e dft, o measur-
i n g the r a t e a t w h i c h energy i s removed from the i n c i d e n t beam by 
s c a t t e r i n g r e l a t i v e t o the r a t e a t which energy c r o s s e s a u n i t 
a r e a p e r p e n d i c u l a r t o the d i r e c t i o n of p r o p a g a t i o n o f the i n c i d e n t 
beam Cl-3« o* and da/dfi are u s u a l l y r e l a t e d t o a s i n g l e m o l e c u l e 
and a u n i t wavenumber i n t e r v a l and the d i f f e r e n t i a l Raman s c a t t e r 
i n g c r o s s - s e c t i o n s r e l a t e t o the r e l e v a n t t r a n s i t i o n p o l a r i s a b i l i t y 
components C13« The O b s e r v a t i o n o f the s t i m u l a t e d Raman e f f e c t by 
Woodbury and Ng C2*} and t h e I n t e r p r e t a t i o n o f the e f f e c t by 
H e l l w a r t h [3 1 s h o r t l y a f t e r t he c o n s t r u c t i o n o f the f i r s t l a s e r , 
the ruby l a s e r C4], p r o v i d e d an i n d i c a t i o n o f the b e n e f i t s t h a t 
were t o accrue as a r e s u l t o f the power d e n s i t y a v a i l a b l e from 
these r a d i c a l new l i g h t s o u r c e s . S h o r t l y t h e r e a f t e r Jones and 
S t o i c h e f f C5J u s i n g a " g i a n t p u l s e " ruby l a s e r demonstrated the 
p r o c e s s t o w h i c h they gave the name I n v e r s e Raman E f f e c t . T h i s 
p r o c e s s o c c u r s when two c o i n c i d e n t beams o f monochromatic r a d i a t i o n 
are i n c i d e n t on a Raman medium, the f r e q u e n c y d i f f e r e n c e o f the 
two beams c o i n c i d i n g w i t h a Raman a c t i v e t r a n s i t i o n i n the m o l e c u l e s 
under s t u d y . I n t h i s p r o c e s s , when t h e r e a r e more m o l e c u l e s i n 
the lower of the two v i b r a t i o n a l s t a t e s c o u p l e d by the p r o c e s s , 
the lower f r e q u e n c y r a d i a t i o n i s a m p l i f i e d w i t h e n e r g y b e i n g 
a b s t r a c t e d f r o m the h i g h e r f r e q u e n c y r a d i a t i o n . E s s e n t i a l l y t he 
system behaves as an a m p l i f i e r o f Raman r a d i a t i o n £6} ( F i g u r e 1) 
and the p r o c e s s b e a r s the same r e l a t i o n s h i p t o the s t i m u l a t e d 
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Raman e f f e c t as the l a s e r a m p l i f i e r b e a r s t o the l a s e r o s c i l l a t o r . 

RAMAN CELL 
w, w '-1 

o f the two i n c i d e n t l a s e r beams w i t h w Q > w_n. As a r e s u l t o f 

The term Raman A m p l i f i c a t i o n S p e c t r o s c o p y p r o v i d e s a g e n e r a l 
d e s c r i p t i v e name f o r the o v e r a l l p r o c e s s t a k i n g p l a c e , the terms 
I n v e r s e Raman (Raman L o s s ) , Raman G a i n , P h o t o a c o u s t i c Raman 
S p e c t r o s c o p y , r e l a t e s p e c i f i c a l l y t o the t e c h n i q u e s employed f o r 
o b s e r v i n g o r enh a n c i n g the o b s e r v a b l e e f f e c t o f the a m p l i f i c a t i o n 
p r o c e s s . 

I n i t i a l s t u d i e s o f the phenomenon sought t o r e c o r d the 
a b s o r p t i o n o f photons from a continuum s y n c h r o n i s e d i n ti m e and 
Space w i t h i n t e n s e p u l s e s o f monochromatic l a s e r r a d i a t i o n , as i n 
the i n i t i a l s t u d y o f Jones and S t o i c h e f f C5 3 , P h o t o g r a p h i e 
d e t e c t i o n b e i n g g e n e r a l l y employed. These s t u d i e s were s u c c e s s f u l 
b u t , because o f the d i f f i c u l t y o f r e c o r d i n g s m a l l changes of 
i n t e n s i t y o f the background continuum i n the I n v e r s e Raman p r o c e s s , 
the p r o c e d u r e s d e v e l o p e d were r a p i d l y superseded by the r e l a t e d 
CARS p r o c e s s w h i c h , b e i n g l a r g e l y background f r e e , e x h i b i t e d 
s i g n i f i c a n t l y g r e a t e r p o t e n t i a l f o r f u t u r e development. W i t h the 
advent o f tunable- l a s e r s o u r c e s i n the v i s i b l e r e g i o n i n r e c e n t 
y e a r s the p o t e n t i a l f o r f u r t h e r development o f Raman a m p l i f i c a t i o n 
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s p e c t r o s c o p y has become a p p a r e n t . I n o r d e r t o a p p r e c i a t e the 
v a l u e o f t h i s t y p e o f s p e c t r o s c o p y i t i s n e c e s s a r y t o c o n s i d e r 
the t h e o r y i n some d e t a i l . 

The p r o p a g a t i o n o f l i g h t waves i n a medium i s d e s c r i b e d 3 
by the wave e q u a t i o n f o r the e l e c t r i c f i e l d o f the r a d i a t i o n E 

V 2 E - n* = 4TT 3 2 P N L (1) 

c 8t c 8t 

NL 
where P i s the n o n - l i n e a r P o l a r i s a t i o n , n the r e f r a c t i v e i n d e x 
and c the v e l o c i t y o f l i g h t . I t i s assumed t h a t the e l e c t r i c 
f i e l d i s d e s c r i b e d by a p l a n e wave w i t h v a r y i n g a m p l i t u d e and 
phase p r o p a g a t i n g i n the z d i r e c t i o n . F o r c o n s i d e r a t i o n o f Raman 
a m p l i f i c a t i o n s p e c t r o s c o p y 

E ( z , t ) = ^ { E q exp i ( k Q Z - w t ) + E ^ exp i C k ^ z -

w - t ) + c.c.} (2) 

k and w are the wave v e c t o r and f r e q u e n c y of the l i g h t f i e l d , 
r e s p e c t i v e l y , the o and -1 r i g h t s u b s c r i p t s r e f e r t o the h i g h e r 
and lower l a s e r f r e q u e n c i e s , and c.c. r e p r e s e n t s the c o r r e s p o n d i n g 
complex c o n j u g a t e s . 

The n o n - l i n e a r P o l a r i s a t i o n i s w r i t t e n as 

P N L ( z , t ) = H ^ e x p ( - i w t ) + P ^ j e x p ( - i w ^ t ) + c.c.} (3) 

From e q u a t i o n s (1) - (3) one o b t a i n s 

NL 
n _ x 8 E _ 1 + 8E_ X = 2 i r i w _ 1 P_exp(- i k ^ z) , (4) 

• c 8t 8z c n ^ 

w i t h an e q u i v a l e n t e x p r e s s i o n f o r the h i g h e r f r e q u e n c y l a s e r 
f i e l d E . o 

I n the absence o f t h i s n o n - l i n e a r P o l a r i s a t i o n , homogeneous 
p l a n e waves i n the medium prop a g a t e i n d e p e n d e n t l y o f each 
o t h e r C7J . The n o n - l i n e a r i t y o f the d i e l e c t r i c medium p r o v i d e s 
a c o u p l i n g between d i f f e r e n t homogeneous p l a n e waves, the l o w e s t 
o r d e r n o n - v a n i s h i n g term b e i n g a c u b i c f u n c t i o n o f the e l e c t r i c 
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f i e l d a m p l i t u d e s . T h i s P o l a r i s a t i o n can be e x p r e s s e d as 

P N L ( z , t ) = X
( 3 ) E ( z , t ) . E ( z , t ) E ( z , t ) (5) 

X, the t h i r d o r d e r n o n - l i n e a r s u s c e p t i b i l i t y , i s a complex f o u r t h 
rank t e n s o r w i t h elements X*'ZP w h i c h depend on the f r e q u e n c i e s 
p r e s e n t . The i ' t h C a r t e s i a n J c o m p o n e n t o f the n o n - l i n e a r P o l a r i s 
a t i o n a t t h e Stokes f r e q u e n c y i s g i v e n by 

(3) 
The term w - i , w

0
, - W o , W - l ^ d e s c r i b e s a P o l a r i s a t i o n a t the 

f r e q u e n c y w i ^ w h i c h is°proportional t o the f i e l d a t t h e same 
f r e q u e n c y E_^ and a l s o t o the i n t e n s i t y | E q | 2 of a wave 
at f r e q u e n c y w Q. F o r t h i s c i r c u m s t a n c e t h e r e i s an e x a c t momentum 
m a t c h i n g c o n d i t i o n k_^ - k_-̂  + k - k = o. The s u b s c r i p t s 
i>j>k,£ denote the P o l a r i s a t i o n äirections o f the g e n e r a t e d and 
i n c i d e n t e l e c t r i c f i e l d s E Q and E_.^. The e x p r e s s i o n f o r the non
l i n e a r P o l a r i s a t i o n a t t h e Stokes f r e q u e n c y g i v e n by e q u a t i o n (6) 
l e a d s t o an e x p o n e n t i a l a m p l i f i c a t i o n o f the Stokes wave a c c o r d i n g 
to 

8z n - i c 

S i n c e the i n t e n s i t y and the a m p l i t u d e o f the wave are r e l a t e d by 
the e x p r e s s i o n I = nc E 2 , we have t h a t 

1̂-1 - 2 ^ - l , (8) 

X - l E - l 

and the a m p l i t u d e , as w e l l as the i n t e n s i t y , o f the Stokes wave 
are a m p l i f i e d a c c o r d i n g t o the e x p r e s s i o n s 

E _ 1 = E ° x exp (1 g I Q z) (9a) 

I - ] L = exp (g I q z) (9b) 

where z i s the d i s t a n c e t r a v e r s e d by the beams through the Raman 
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sample and E°^ and I°j r e p r e s e n t the a m p l i t u d e and i n t e n s i t y of 
the i n c i d e n t wave. The g a i n f a c t o r g i s g i v e n by 

2 O ) 
i M l ' w o > w o ' w - l ; g = - 32TT w - i x (~w_n ,w^,-w^,w_1) (10) 

2 ijk£ n -n c J 

-1 o 

In Raman a m p l i f i c a t i o n t h e r e are two c o n t r i b u t i o n s t o the t o t a l 
n o n - l i n e a r s u s c e p t i b i l i t y o f e q u a t i o n ( 1 0 ) : from non
r e s o n a n t e l e c t r o n i c p r o c e s s e s , as w e l l as from the Raman 
a m p l i f i c a t i o n p r o c e s s , x**> w i t h w h i c h we are concerned. The 
Raman c o n t r i b u t i o n t o the n o n - l i n e a r s u s c e p t i b i l i t y i s d e r i v e d 
f rom t h e d i f f e r e n t i a l e q u a t i o n s d e s c r i b i n g the Raman a c t i v e 
v i b r a t i o n s L 6 l T h i s Raman s u s c e p t i b i l i t y i s g i v e n by 

R R 
x L k j ^ - i ' V - V " - ! ) = M f j H J ^ ) * 1 • 

24tllw T,-(w^-w_ 1) + ir/2J 

where N i s t h e number of m o l e c u l e s p e r u n i t volume, A the f r a c t i o n a l 
p o p u l a t i o n d i f f e r e n c e (Na - N D ) / N between the two s t a t e s a and b 
i n v o l v e d i n the Raman t r a n s i t i o n of f r e q u e n c y w^, and V the füll 
w i d t h a t h a l f maximum f o r the spontaneous Raman l i n e . The Raman 
m a t r i x e l e m e n t s , a ? . , r e l a t e t o the d i f f e r e n t i a l spontaneous Raman 
s c a t t e r i n g c r o s s s e i t i o n s by the e q u a t i o n s 

|<a|a* |b>| 2 - (| ) * ( g ) (12) 
-1 I j 

For l i q u i d s and s o l i d s the s u s c e p t i b i l i t y i s averaged o v e r a l l 
o r i e n t a t i o n s o f t h e m o l e c u l e s . 

I n the u s u a l e x p e r i m e n t a l c o n d i t i o n s employed i n Raman G a i n 
s p e c t r o s c o p y the pump (w Q) and probe (w_i) l a s e r s a r e p o l a r i s e d 
i n the same d i r e c t i o n , the r e l e v a n t Raman s u s c e p t i b i l i t y term 
b e i n g g i v e n by 

X (-w - , 
i m -1 

= NA (c ) V ( d a / d f l ) - i <» 
24* w . Lw -(w -w .) + i r / 2 - 1 -1 R o -1 

(13) 

and (dcr/dft)££ i s r e l a t e d t o the t o t a l Raman s c a t t e r i n g c r o s s 
s e c t i o n by t h e d i p o l a r i s a t i o n r a t i o p [ 6 ] . 

The r e a l and n e g a t i v e i m a g i n a r y p a r t s of t h i s Raman s u s c e p t 
i b i l i t y a r e o b t a i n e d , n o r m a l i s e d t o u n i t y , by p l o t t i n g Xii££ i n 
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e q u a t i o n (13) as a f u n c t i o n o f the mismatch o f the l a s e r 
f r e q u e n c i e s from the resonance c o n d i t i o n (w^ = (WQ-W_-L)). Such 
a p l o t i s shown i n F i g u r e 2 

F i g . 2. P l o t s of the r e a l p a r t X ^ R ^ and n e g a t i v e i m a g i n a r y 
p a r t - X R of the t h i r d o r d e r Raman S u s c e p t i b i l i t y v e r s u s 
mismatch from the resonance c o n d i t i o n w D = w - w ,. T i s the 

K O —1 
l i n e w i d t h of the Raman t r a n s i t i o n . 

B e a r i n g i n mind the c o n t r i b u t i o n from non-resonant t e r m s , 

*Si<-w-rV-Vw-i> "™ <£ )4f < d g / d 0 ) i i A 

24Ti ^ WR"^W
0"W-1^ IR'2> 

+ X N R (14) 
The t o t a l t h i r d o r d e r Stokes s u s c e p t i b i l i t y f o r p a r a l l e l e l e c t r i c 
f i e l d s a t w Q and w_-̂  i s g i v e n by 
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(3) * (3) , \ 
Aijk£ A i i n - 1 * o* o' -1 

rf ix) , . ( i ) s R ̂  , NR / 1 C . = 6[x v + i X ) + 6 x (15) 

( r ) ( i ) R 
The term (x + i X ) i s th e complex r e s o n a n t p a r t o f the 
t h i r d o r d e r Raman s u s c e p t i b i l i t y . 

(3) 
The r e a l p a r t o f X--, 0 i s g i v e n by (8} 

r (3) >(r) ( r ) ̂  NR. U i j k * l - 6 (* + x ) 

A w . ^ i ( w R - ( w o - w ^ 1 ) ) 2 + r 2 / 4 j ^ d f l 4 i 

^ NR , . , v + 6 x , (16) 

and t h e i m a g i n a r y p a r t by 

,(3) -i ( i ) 

8n V _ i Hw D-(w -w - ) ) + r z / 4 J W . . 
x K O —I 11 

(17) 

The i m a g i n a r y p a r t i s due e n t i r e l y t o the Raman c o n t r i b u t i o n and 
l e a d s to the L o r e n t z i a n p r o f i l e d i s p l a y e d i n F i g u r e 2. Since 
t h i s term i s n e g a t i v e g i n e q u a t i o n (10) i s p o s i t i v e and l e a d s t o 
an a m p l i f i c a t i o n o f the Stokes wave a t W_;L a c c o r d i n g to e q u a t i o n 
( 9 ) . I t i s t h i s n e g a t i v e i m a g i n a r y p a r t o f x ^ t h a t i s accessed 
i n c o n v e n t i o n a l Raman G a i n s p e c t r o s c o p y . I n terms o f the i m a g i n a r y 
component of the Raman s u s c e p t i b i l i t y f o r p a r a l l e l p o l a r i s a t i o n s 
the Raman g a i n c o e f f i c i e n t o f e q u a t i o n (10) i s g i v e n by 

1 9 2 T T 2 W _ 1 ( i ) R 
X i i i i ( - W _ _ 1 , W O , - W Q , W _ 1 ) , 

n _n c -1 o 
(18) 
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and i n terms o f the Raman s c a t t e r i n g c r o s s s e c t i o n f o r p a r a l l e l 
p o l a r i s a t i o n s o f i n c i d e n t and s c a t t e r e d r a d i a t i o n from e q u a t i o n s 
(10) and (17) 

g = + 4TT 3C 2NA r r *\ /da\ (19) 

hn ,n w3, l(w -(w -w , ) ) 2 + T 2/4) dQ . . 
-1 O -1 R 0 " 1 11 

A t t h e peak o f the Raman t r a n s i t i o n (w R = (wQ-w_ ^)) the g a i n c o 
e f f i c i e n t i s g i v e n by 

g = + 16TT 3C 2NA ( da \ (20a) 16TT C NA ( da \ 
Thn ^ w ^ d ü ' . . , -1 o -1 11 

or i n wavenumber (cm ^) u n i t s , w i t h w = 2TTCV ( and V a l s o 
e x p r e s s e d i n o r f l u n i t s ) 

g = + N A t — ) 

T r h c 2 n .n v 3 T M Q'. . (20b) 
—1 o —1 n 

The g a i n c o e f f i c i e n t shows t h a t the enhancement i n the i n t e n s i t y o f 
the Stokes beam i s l i n e a r l y dependent on the spontaneous Raman 
s c a t t e r i n g c r o s s - s e c t i o n and, u n l i k e the Raman s c a t t e r i n g p r o c e s s , 
dependent on the p o p u l a t i o n d i f f e r e n c e between the s t a t e s i n v o l v e d 
i n the Raman A m p l i f i c a t i o n p r o c e s s . S i n c e the spontaneous Raman 
l i n e w i d t h , T, appears i n the denominator o f t h i s e x p r e s s i o n i t i s 
c l e a r t h a t the p r o c e s s i s i d e a l f o r . t h e i n v e s t i g a t i o n o f s p e c i e s 
d i s p l a y i n g v e r y narrow s p e c t r a l l i n e s i n gases o r low temperature 
s o l i d s . The s p e c t r a t h a t a r e g e n e r a t e d by t h i s p r o c e s s u s i n g 
l i n e a r l y p o l a r i s e d pump and probe l a s e r s are c o n v e n t i o n a l Raman 
s p e c t r a observed i n f o r w a r d s c a t t e r i n g , d e p o l a r i s a t i o n r a t i o s b e i n g 
o b t a i n e d by comparing s p e c t r a o b t a i n e d w i t h p a r a l l e l and p e r p e n d i c 
u l a r p o l a r i s a t i o n s o f the two i n c i d e n t l a s e r beams 

i . e . 8 I ] / 8 J L = / i £ \ / / d £ \ < 2 1) 
dQ . . dQ . . 

At the same time as t h e r e i s obser v e d an e x p o n e n t i a l i n c r e a s e a t 
the Stokes f r e q u e n c y ( e q u a t i o n (7)) t h e r e i s an e x p o n e n t i a l l o s s 
a t the h i g h e r f r e q u e n c y l a s e r C73, governed by 

8E„ _ - 2TTW^ (- X f ? i f l \ | E _ t | 2 E o (22) 8E^ - 2TTW / - x- -11 o \ o = o ( ijk£ l 
8z n c o 
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T h i s i s a consequence o f the r e l a t i o n s h i p 

X ( - W - 1 , W Q , - W O , W _ 1 ) = x ( - W o , w _ 1 , - w _ 1 , W O ) , 

w h i c h e x p r e s s e s t he f a c t t h a t t h e i m a g i n a r y p a r t o f the Raman 
s u s c e p t i b i l i t y changes s i g n on the i n t e r c h a n g e o f the f r e q u e n c i e s 
w Q and w_^. The g a i n a t w_^ i s accompanied by a c o r r e s p o n d i n g 
l o s s a t w Q. The e x p o n e n t i a l l o s s a t the a n t i - S t o k e s wave i s 
governed by ( c f e q u a t i o n 9 ( b ) ) 

I Q = i o exp (Ä I _ 1 z ) , (23) 

where the l o s s c o e f f i c i e n t l i s r e l a t e d t o the g a i n c o e f f i c i e n t 
g by 

£ = w g/w (24) 

F o r s m a l l s i g n a l g a i n s ( o r l o s s e s ) , w h i c h i s c e r t a i n l y the case 
i n s t u d i e s o f Raman A m p l i f i c a t i o n s p e c t r o s c o p y u s i n g c o n t i n u o u s 
wave l a s e r s o u r c e s , the f r a c t i o n a l i n c r e a s e i n i n t e n s i t y i s 
d e r i v e d from (9b) f o r Raman G a i n S p e c t r o s c o p y as 

61 
g I Q z (25) 

The i n t e n s i t y i n c r e a s e , 61 , a t the Stokes f r e q u e n c y , here r e g a r d e d 
as the probe l a s e r , i s modulated a t any f r e q u e n c y impressed on the 
pump l a s e r , W q . [Methods of r e c o r d i n g the g a i n a t the Stokes 
f r e q u e n c y g e n e r a l l y i n v o l v e an a m p l i t u d e o r P o l a r i s a t i o n m o d u l a t i o n 
of the pump beam w Q a t a f r e q u e n c y f , the appearance o f g a i n a t 
fr e q u e n c y w_^ b e i n g d e t e c t e d by use o f l o c k - i n d e t e c t i o n methods}. 
In t h i s case h e t e r o d y n e d e t e c t i o n i s i n t r i n s i c a l l y a p a r t o f the 
m i x i n g p r o c e s s . Levenson and E e s l e y £9) have c o n s i d e r e d i n d e t a i l 
methods f o r o p t i m i s i n g the i n t e n s i t y o f t h e l o c a l o s c i l l a t o r probe 
l a s e r on the d e t e c t o r i n o r d e r t o maximise the s i g n a l t o n o i s e 
r a t i o a t t a i n a b l e i n the d e t e c t i o n p r o c e s s . The i n t e n s i t y o f 
r a d i a t i o n i n c i d e n t on a 11 square-law' 1 d e t e c t o r i n a Raman G a i n 
e x p e r i m e n t i s 
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-1 — ( E L 0 + £ s U 

I _ ! = I-? + ^ + • E ^ * ) ( r ) (26) 
4TT 

where E^? and 1 ^ are the a m p l i t u d e and i n t e n s i t y o f the back
ground, l o c a l o s c i l l a t o r , r a d i a t i o n w h i c h adds c o h e r e n t l y t o the 
s i g n a l a t t h e d e t e c t o r s u r f a c e . The s i g n a l response g e n e r a t e d i s 
p r o p o r t i o n a l , w i t h p r o p o r t i o n a l i t y c o n s t a n t K, t o i n t e g r a t e d 
o v e r the d e t e c t o r s u r f a c e . The term I _ ^ i s g e n e r a l l y t o o low t o 
be d e t e c t e d under normal c i r c u m s t a n c e s and the Raman s i g n a l o f 
i n t e r e s t i s produced as a heter o d y n e s i g n a l which i s s e p a r a t e d 
from the n o i s e g e n e r a t e d p r i m a r i l y by the l o c a l o s c i l l a t o r t h r o u g h 
the m o d u l a t i o n i m p r e s s e d on the pump l a s e r , w Q. The s i g n a l response 
i s g i v e n by 

S = K I ^ = ncK ( E f j . E ^ J (27) 
4TT 

The l o c a l o s c i l l a t o r and s i g n a l a m p l i t u d e s i n t h i s e x p r e s s i o n a r e 
p r o v i d e d from the a m p l i f i e d s i g n a l emanating from the g a i n c e l l . 
E^O i g v e r y n e a r l y e q u a l to E_^ of e q u a t i o n (9a) ( i f i t i s 
assumed t h a t a l l o f t h i s r a d i a t i o n f a l l s on the d e t e c t o r ) and from 
t h i s same e q u a t i o n E f ^ (= E . - E__°) i s found t o be 5 g I 0 E 2 ^ z, 
g i v i n g the s i g n a l r esponse or the d e t e c t o r as 

S = K g 1 1 ^ z (28) 

The s i g n a l response o f the d e t e c t o r i s t h u s l i n e a r l y dependent on 
the pump i n t e n s i t y , and on the probe i n t e n s i t y a t the d e t e c t o r 
s u r f a c e . Levenson and E e s l e y £9} c o n s i d e r e d the v a r i o u s terms 
c o n t r i b u t i n g t o the n o i s e and i d e n t i f i e d the p r i n c i p a l components 
as a r i s i n g as a r e s u l t o f f l u c t u a t i o n s i n the probe l a s e r i n t e n s i t y 
w i t h mean square v a l u e s 

< «i?! > = K^12

V < «iB
2 > = V B

2 , ( 2 9 ) 

where V^T^ i s t h e r o o t mean square f r a c t i o n a i d e v i a t i o n o f the 
probe l a s e r i n t e n s i t y from i t s average v a l u e and < <§I« > 
r e p r e s e n t s the mean square fluctüätion o f t h e i n t e n s i t y o f 
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the background w h i c h adds i n c o h e r e n t l y t o the l o c a l o s c i l l a t o r 
wave: i n the e x p e r i m e n t a l methods g e n e r a l l y employed f o r the 
s t u d y o f Raman A m p l i f i c a t i o n s p e c t r a t h i s l a t t e r component can be 
n e g l e c t e d , a l t h o u g h i t a c q u i r e s r e l e v a n c e i n t e c h n i q u e s such as 
O p t i c a l Heterodyne Raman Induced K e r r E f f e c t S p e c t r a £lOj 
(OHD-RIKES). A d d i t i o n a l l y , as a r e s u l t o f the q u a n t i s e d n a t u r e 
o f r a d i a t i o n , t h e r e i s shot n o i s e at the d e t e c t o r w i t h a mean 
square v a l u e 

< 6 I s h o t > = i V > ( 3 0 ) 

where i i s t h e i n t e n s i t y a s s o c i a t e d w i t h a s i n g l e photon. 
C o n s i d e r i n g the s i g n a l response g e n e r a t e d by these i n t e n s i t y 
f l u c t u a t i o n s the s i g n a l to n o i s e r a t i o f o r t h i s type of e xperiment 
as a whole can be w r i t t e n 

S = g I p ' l - l Z (31) 
1. 
Q 

N (k_ 1 i_° 2 + 1 i l _ J + n) 

The l a s t term n i n the denominator a r i s e s from e x t e r n a l n o i s e 
f a c t o r s i n c l u d i n g t h e r m a l n o i s e i n the d e t e c t o r l o a d t h a t would 
a r i s e i n the absence o f any o p t i c a l s i g n a l s , and Q i s the d e t e c t o r 
quantum e f f i c i e n c y . Levenson Ö),1Q] has c o n s i d e r e d the methods 
a v a i l a b l e f o r o p t i m i z i n g the l o c a l o s c i l l a t o r i n t e n s i t y t o maximize 
the s i g n a l t o n o i s e r a t i o s f o r v a r i o u s n o n - l i n e a r o p t i c a l t e c h n i q u e s . 

The s i g n a l and n o i s e c o n t r i b u t i o n s o u t l i n e d h e r e have been 
d e r i v e d i n terms o f the i n c i d e n t i n t e n s i t i e s o f the probe and pump 
beams. In t h i s f o r m u l a t i o n the s i g n a l i s l i n e a r l y dependent on the 
i n t e r a c t i o n l e n g t h z. I n p r a c t i c e , however, i t i s found t h a t f o r 
p h y s i c a l l y r e a l i s a b l e p a t h l e n g t h s t h a t can be produced w i t h 
c o l l i m a t e d l a s e r beams the i n t e n s i t y g a i n ( o r l o s s ) i s so low t h a t 
i t i s p r e f e r a b l e t o g e n e r a t e g a i n i n the v i c i n i t y o f the f o c u s of 
the l a s e r beams. The i n t e r a c t i o n l e n g t h i s then v e r y s h o r t but the 
i n t e n s i t y (power p e r u n i t c r o s s s e c t i o n a l a r ea) i s e x t r e m e l y h i g h 
and s i n c e the s i g n a l s t r e n g t h depends on the p r o d u c t i n t e n s i t i e s 
of t h e two l a s e r beams t h i s i n c r e a s e d i n t e n s i t y more than compensates 
f o r the d e c r e a s e i n the l e n g t h of the i n t e r a c t i o n zone. I n p r a c t i c e 
i t i s f o u n d t h a t the g r e a t e r p a r t of the g a i n ( o r l o s s ) i s produced 
i n the v i c i n i t y o f the f o c u s o f the two beams (assumed t o be 
f o c u s s e d t o g e t h e r t h r o u g h the s a mple). The f r a c t i o n a l g a i n a t 
t h i s f o c a l r e g i o n i s g i v e n , f rom e q u a t i o n s (18) and (25) ( t a k i n g 
the n e g a t i v e i m a g i n a r y p a r t of x^) R ) as 

6 I _ 1 = 3 8 A Z 3 ^ 1 ( i ) R 
1111 o ' 

I n n _ i n c -1 1 o 
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w i t h I Q = P 0 / T T Ü ) 0
2 and z as the c o n f o c a l beam parameter 2 T T Ü ) 0

2 A 0 . 
Ü ) q i s t h e spot r a d i u s o f the f o c u s s e d pump beam o f w a v e l e n g t h 
X Q and the power o f the pump beam i s e x p r e s s e d i n e r g s - 1 i n t h i s 
f o r m u l a t i o n . Owyoung and P e r c y D-0 e v a l u a t e d the n e g a t i v e imaginär} 
p a r t , X ^ ? " of t h e t h i r d o r d e r Raman s u s c e p t i b i l i t y o f the V2 mode 
of benze'ne^äs 15.9 x 10-14 cm 3 e r g " 1 . I t i s w o r t h w h i l e e v a l u a t i n g 
the f r a c t i o n a l change o f i n t e n s i t y o f a helium-neon probe l a s e r 
beam under t h e i n f l u e n c e o f a pump beam o f average power 50 mW i n 
a sample o f benzene l i q u i d a t the resonance c o n d i t i o n . One 
assumes 2 mm d i a m e t e r l a s e r beams f o c u s s e d by a l e n s o f 20 mm 
f o c a l l e n g t h , the c o r r e s p o n d i n g spot r a d i u s b e i n g 4.0 ym and the 
c o n f o c a l beam parameter (z i n e q u a t i o n 32) o . l 6 mm. W i t h 

= 15,800 cm""1 and assumed v a l u e s o f n_£ and n 0 o f 1.46 the 
average s i g n a l g a i n i s f o u n d t o be 7.4 x 10""6. The g a i n measured 
e x p e r i m e n t a l l y by Owyoung and Jones [13 a t the peak o f t h i s 
Raman t r a n s i t i o n was 1.75 x 10""5, i m p l y i n g t h a t the most s i g n i f i c a n t 
p a r t o f the s i g n a l C 40%) i s produced i n the f o c a l r e g i o n o f the 
l a s e r beams. 

A more p r e c i s e e v a l u a t i o n o f the o v e r a l l g a i n has been c a r r i e d 
out by Owyoung and Jones [ l 2 ] and by B a r r e t t and H e l l e r l jQ by 
i n t e g r a t i n g the i n t e n s i t y dependent g a i n t h r o u g h the f o c a l r e g i o n 
o f the beams (assuming g a u s s i a n beams) and a r e l a t i o n s h i p i s 
o b t a i n e d w h i ch i s independent o f j r o c u s s i n g ( t o a good a p p r o x i m a t i o n ) 
and l i n e a r l y dependent on pump power, 

6 P -1 = ^ x f J ) ? P „ (33) 
X 2 c n 

i m o 

p r o v i d i n g the f o c a l r e g i o n o f the two beams i s e n t i r e l y enveloped 
by the sample. 

F o r a f i x e d sample and f i x e d pump and probe l a s e r w a v e l e n g t h 
the g a i n o r l o s s r e a l i z a b l e i s dependent o n l y on the pump power, 
as i s the s i g n a l t o n o i s e r a t i o when probe l a s e r f l u c t u a t i o n s 
dominate the n o i s e c o n t r i b u t i o n s ( i . e . k_^, 1°̂  g r e a t e r than 
i l ^ / Q and n i n e q u a t i o n ( 3 1 ) ) . The u l t i m a t e s e n s i t i v i t y l i m i t , 
however, i s a t t a i n e d when shot n o i s e dominates a l l o t h e r n o i s e 
c o n t r i b u t i o n s and the s i g n a l t o n o i s e r a t i o s c a l e s as P Q P - f ( i n 
Raman G a i n ) . Under such c i r c u m s t a n c e s improved s i g n a l t o n o i s e 
r a t i o s may be o b t a i n e d n o t o n l y by i n c r e a s i n g the pump power but 
a l s o by i n c r e a s i n g the probe power i n c i d e n t on the d e t e c t o r . How
e v e r , t h i s l a t t e r method o f i m p r o v i n g the s i g n a l t o n o i s e r a t i o 
tends t o be o f l i m i t e d v a l u e because o f the i n c r e a s i n g d i f f i c u l t y 
o f a t t a i n i n g shot n o i s e l i m i t e d Performance w i t h i n c r e a s i n g probe 
power and because o f the i n a b i l i t y o f detector s t o h a n d l e powers 
s u b s t a n t i a l l y i n ex c e s s o f 10 mW. I n p r a c t i c e the maximum probe 
powers u s e a b l e w i t h c o n t i n u o u s wave l a s e r s are t y p i c a l l y i n the 
r e g i o n o f 10 mW. A t t h i s power l e v e l , w i t h a d e t e c t o r o f 10% 
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quantum e f f i c i e n c y at 633 nm, the minimum s i g n a l s d e t e c t a b l e 
( w i t h a 1:1 s i g n a l t o n o i s e r a t i o ) c o r r e s p o n d t o a g a i n ( o r l o s s ) 
of 2.10~8 # T h i s s e n s i t i v i t y l i m i t would l e a d to a s i g n a l t o n o i s e 
r a t i o o f ~ 900:1 f o r the V2 Vibration o f benzene under the 
c o n d i t i o n s s t a t e d . Methods t h a t have been employed f o r a p p r o a c h i n g 
t h i s t h e o r e t i c a l n o i s e l i m i t and f o r g e n e r a t i n g the Raman s i g n a l 
w i l l be d i s c u s s e d i n d e t a i l i n P a r t I I . 
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APPLICATIONS OF INVERSE RAMAN AND RAMAN GAIN SPECTROSCOPY 

W. J . Jones 

U n i v e r s i t y C o l l e g e of Wales 
A b e r y s t w y t h 

I n the p r e c e d i n g paper the background t h e o r y r e l e v a n t f o r 
the u n d e r s t a n d i n g of the Raman A m p l i f i c a t i o n p r o c e s s was c o n s i d e r e d 
i n some d e t a i l . I t i s n e c e s s a r y now t o c o n s i d e r some of the 
approaches t h a t have been adopted t o maximize the s i g n a l t o n o i s e 
r a t i o s a t t a i n a b l e i n t h i s b r a n c h o f s p e c t r o s c o p y . B e f o r e d o i n g 
s o , however, i t i s as w e l l to be aware o f the s i g n a l s t r e n g t h s 
a v a i l a b l e i n some t y p i c a l e x p e r i m e n t s u s i n g c o n t i n u o u s wave l a s e r s . 
We c o n s i d e r two i n s t a n c e s : one the s t r o n g v i b r a t i o n a l band o f 
l i q u i d benzene a t 992 c n T 1 c o n s i d e r e d i n the p r e v i o u s p a p e r ; the 
o t h e r t h e J = 6 component o f the v i b r a t i o n a l Q b r a n c h i n gaseous 
n i t r o g e n . F o r the benzene sample we c o n s i d e r an i n c i d e n t average 
pump power o f 50 mW and a probe power on the d e t e c t o r o f 1 mW 
g i v i n g a f r a c t i o n a l s i g n a l 6 I _ ^ / I _ ^ of 1.75 x 10~5 and shot n o i s e 
l i m i t e d Performance, e x p r e s s e d as a f r a c t i o n of the probe l a s e r 
power of 6.10"^ l e a d i n g t o a s i g n a l t o n o i s e r a t i o o f ~300 f o r 
a s i n g l e pass o f the l a s e r beams t h r o u g h the sample c e l l . The 
r e s o l u t i o n o f the Raman A m p l i f i c a t i o n p r o c e s s i s d e t e r m i n e d by 
the l i n e w i d t h s and r e l a t i v e f r e q u e n c y s t a b i l i t i e s o f the l a s e r s 
employed so t h a t i n p r i n c i p l e the method i s c a p a b l e of e x t r e m e l y 
h i g h r e s o l u t i o n . In p r a c t i c e a l s o the r e s o l u t i o n o f the i n d i v i d u a l 
r o t a t i o n a l components o f a v i b r a t i o n a l Q b r a n c h o f a s m a l l 
m o l e c u l e p r e s e n t s no m ajor d i f f i c u l t y - the major problems a r i s e 
f r o m the s i g n a l to n o i s e r a t i o s a t t a i n a b l e . The s c a t t e r i n g c r o s s 
s e c t i o n f o r the v i b r a t i o n a l Q b r a n c h o f n i t r o g e n gas a t 2330 cm""1 

i s 4.4 x 10"~31 cm^Sr" 1, the p r e s s u r e broadened l i n e w i d t h of a 
s i n g l e r o t a t i o n a l component a t a p r e s s u r e of 1 atmosphere b e i n g 

0.05 cm""1. Si n c e o n l y ~ 10% o f the m o l e c u l e s o f n i t r o g e n r e s i d e 
i n the most p o p u l a t e d r o t a t i o n a l l e v e l , J = 6, the m o l e c u l a r number 
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d e n s i t y i s NA = 2.6 x 10 m o l e c u l e cm . F o r the same powers o f 
the HeNe and dye l a s e r s as u s e d i n the l i q u i d e xperiment the 
f r a c t i o n a l i n c r e a s e o f the probe l a s e r power i s e s t i m a t e d t o be 
«SI-l/l-! = 8.10"9, so t h a t f o r the same shot n o i s e l i m i t o f 6.10" 8 

the s i g n a l t o n o i s e r a t i o e s t i m a t e d i s o n l y 0.13. I t i s a p p a r e n t , 
t h e r e f o r e , t h a t a l t h o u g h t h e s e s t r a i g h t f o r w a r d methods would be 
q u i t e adequate f o r r e c o r d i n g good q u a l i t y l i q u i d s p e c t r a they are 
f a r f r om b e i n g s a t i s f a c t o r y f o r r e c o r d i n g the v e r y much weaker 
s p e c t r a p r o d u c e d by gaseous samples. In g o i n g from a l i q u i d t o a 
gaseous sample the number d e n s i t y , even a t a p r e s s u r e of 1 atmosphere 
i s d e c r e a s e d by ~ 250 and where r e s o l v e d r o t a t i o n a l s t r u c t u r e i s 
to be o b s e r v e d t h i s d e c r e a s e i n the number d e n s i t y i n a s e l e c t e d 
J s t a t e i s even g r e a t e r . F o r t h e Q b r a n c h o f n i t r o g e n the s c a t t e r 
i n g c r o s s s e c t i o n i s more t h a n an o r d e r o f magnitude s m a l l e r 
than the c r o s s s e c t i o n o f V2 f o r benzene so t h a t even the marked 
r e d u c t i o n i n t h e l i n e w i d t h i n g o i n g from l i q u i d t o gas i s n o t 
enough t o produce a s i g n a l t h a t i s d i s t i n g u i s h a b l e from the n o i s e . 
C l e a r l y a marked improvement i n the approach adopted i s e s s e n t i a l 
i f the t e c h n i q u e i s t o be o f v a l u e i n the i n v e s t i g a t i o n o f gas 
phase s p e c t r a and even f o r l i q u i d and s o l i d samples, p a r t i c u l a r l y 
i f one w i s h e s t o have t h e f a c i l i t y f o r o b s e r v i n g the s p e c t r a o f 
s u r f a c e a d s o r b e d s p e c i e s , marked improvements i n s e n s i t i v i t y are 
d e s i r a b l e . Owyoung JlJ c o n s i d e r e d some of the f a c t o r s i n f l u e n c i n g 
the s i g n a l t o n o i s e r a t i o s a t t a i n a b l e i n t h i s b r a n c h of o p t i c a l 
s p e c t r o s c o p y u s i n g cw l a s e r s . U t i l i s i n g a 50 mW average dye l a s e r 
power he o b t a i n e d a s i n g l e p a s s g a i n of 1.7 x 10~5 f o r the V2 mode 
of benzene and w i t h a m u l t i p a s s l i q u i d c e l l g i v i n g an i n c r e a s e of 
s i g n a l o f 3 x he o b t a i n e d a s i g n a l t o n o i s e r a t i o o f 300 u s i n g a 
30 second I n t e g r a t i o n c o n s t a n t i n h i s d e t e c t i o n c i r c u i t r y w i t h 
2 mW probe power on t h e d e t e c t o r . T h i s s i g n a l t o n o i s e r a t i o was 
a f a c t o r o f 45 f r o m the s h o t n o i s e l i m i t , probe l a s e r f l u c t u a t i o n s 
b e i n g the p r i m a r y s o u r c e o f n o i s e l i m i t i n g the s e n s i t i v i t y . He 
e s t i m a t e d f o r t h a t p a r t i c u l a r system a c a p a b i l i t y of o b s e r v i n g 
v a l u e s of = 3.5 x l O " 1 ^ cm^ e r g ~ * f o r a 1:1 s i g n a l t o n o i s e 
r a t i o and a 30 second t i m e c o n s t a n t . As a lower l i m i t on d e t e c t i o n 
i n b u l k l i q u i d s a m p l e s , he e s t i m a t e d a 100 mW pump beam w i t h a 
m u l t i r e f l e c t i o n c e l l w i t h 30 x g a i n and a 40 x improvement i n 
probe l a s e r n o i s e w o u l d r e s u l t i n a d e t e c t i o n t h r e s h o l d of 
^ ( i ) R _ 6 ^ x IQ-19 CM3 e r g - 1 ^ e q u i v a l e n t t o a benzene c o n c e n t r a 
t i o n of 5 p a r t s p e r m i l l i o n assuming d e t e c t i o n on the 992 cm""1 

mode. 

C l e a r l y one o f the m a j o r problems encountered i n r e c o r d i n g 
good q u a l i t y s p e c t r a l i e s i n the d i f f i c u l t y o f a p p r o a c h i n g the 
shot n o i s e l i m i t i n t h e d e t e c t i o n c i r c u i t r y . U s i n g l o c k i n d e t e c t i o n 
methods w i t h . m o d u l a t e d s i g n a l s i n the r e g i o n o f 10 kHz, a t y p i c a l 
h e l i u m neon probe l a s e r w i t h a power of ~ 1 mW on t h e d e t e c t o r 
e x h i b i t s a f r a c t i o n a l n o i s e l e v e l i n the r e g i o n of 10"^ w i t h a 
1 second I n t e g r a t i o n c o n s t a n t . Much o f t h i s n o i s e a r i s e s from 
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mode i n s t a b i l i t i e s i n the l a s e r c a v i t y . Use o f a mode s t a b i l i z e d 
s i n g l e f r e q u e n c y l a s e r improves t h i s f i g u r e by about an o r d e r o f 
magnitude. A c o n t i n u o u s wave dye l a s e r , on t h e o t h e r hand, i s 
v e r y much worse than a h e l i u m neon l a s e r because o f t h e s e mode 
i n s t a b i l i t i e s and- the e x i s t e n c e o f b u b b l e s and t r a n s i e n t 
i n h o m o g e n e i t i e s i n the dye j e t . F o r s u c h a l a s e r i t i s n o t a t 
a l l uncommon t o o b s e r v e a f r a c t i o n a l n o i s e l e v e l i n t h e r e g i o n o f 
10~3 - io~5 f o r t h i s same 1 Hz b a n d w i d t h a t a f r e q u e n c y o f 10 kHz. 
C a r e f u l a t t e n t i o n t o the f l o w o f t h e dye Solution can r e d u c e t h i s 
n o i s e c o n t r i b u t i o n s i g n i f i c a n t l y b u t r a r e l y i s i t p o s s i b l e t o 
a p p r o a c h the n o i s e f i g u r e o b t a i n e d w i t h a s i n g l e f r e q u e n c y HeNe 
l a s e r . Many methods have been adopted f o r i m p r o v i n g t h e s e 
measured n o i s e f i g u r e s , among the more s u c c e s s f u l [2, 3] b e i n g 
the i n t r o d u c t i o n of e l e c t r o - o p t i c n o i s e r e d u c t i o n Systems ( e . g . 
the Coherent A s s o c i a t e s Model 307 N o i s e R e d u c t i o n System - w h i c h 
s e r v e s t o reduce probe l a s e r f l u c t u a t i o n s by a f a c t o r o f ~ 50 i n 
the f r e q u e n c y ränge up t o ~ 100 kHz) and t h e use o f d i f f e r e n t i a l 
a m p l i f i e r s w h i c h s u b t r a c t the Outputs f r o m two n e a r - i d e n t i c a l 
d e t e c t o r s on w h i c h a r e i n c i d e n t l a s e r beams f r o m the same l a s e r 
s o u r c e , o n l y one o f t h e s e l a s e r beams c a r r y i n g the s i g n a l o f 
i n t e r e s t . More r e c e n t l y L e v i n e and B e t h e a measured the probe 
l a s e r n o i s e of a s y n c h r o n o u s l y pumped mode-locked dye l a s e r on a 
spectrum a n a l y z e r and found a broad minimum f r o m about 3-20 MHz, 
w i t h the n o i s e a t 10 MHz b e i n g a p p r o x i m a t e l y 3 o r d e r s o f magnitude 
low e r than a t 2kHz, Use o f m o d u l a t i o n a t 10 MHz a l l o w e d these 
a u t h o r s t o a t t a i n n e a r shot l i m i t e d P e r f o r m a n c e i n t h e i r s t u d i e s 
w i t h s y n c h r o n o u s l y pumped mode-locked dye l a s e r s (4,5*3. 

Because o f the d i f f i c u l t i e s o f a p p r o a c h i n g s h o t n o i s e l i m i t e d 
P e r f o r m a n c e , e a r l y s t u d i e s o f Raman G a i n s p e c t r o s c o p y used a 
V a r i a t i o n o f the t e c h n i q u e w h i c h has been termed Raman Induced 
K e r r E f f e c t S p e c t r o s c o p y (RIKES) £ 6 , 7 , 8 ] . RIKES t a k e s advantage 
of the change i n P o l a r i s a t i o n o f the p r o b e l a s e r i n d u c e d by the 
pump l a s e r n e a r a Raman r e s o n a n c e t o r e d u c e t h e l o c a l o s c i l l a t o r 
power on the d e t e c t o r w i t h o u t s i g n i f i c a n t l y d e c r e a s i n g the g e n e r 
a t e d Stokes r a d i a t i o n , t h e r e b y d e c r e a s i n g m a r k e d l y the s i g n i f i c a n c e 
of the probe l a s e r n o i s e . I n g e n e r a l t e r m s , however, though the 
t e c h n i q u e i s p a r t i c u l a r l y v a l u a b l e f o r use w i t h n o i s y probe l a s e r s 
the magnitude o f the s i g n a l i s r e d u c e d and t h e s i g n a l t o n o i s e 
r a t i o d e c r e a s e d . 

As w e l l as s e e k i n g methods o f r e d u c i n g probe l a s e r n o i s e , 
major e f f o r t s have been devoted t o ways o f i n c r e a s i n g the magni
tude of the s i g n a l g e n e r a t e d . Three o f t h e s e methods w i l l be 
d i s c u s s e d i n t h i s p a p e r , cw Raman A m p l i f i c a t i o n S p e c t r o s c o p y , 
the Quasi-cw S t i m u l a t e d Raman S p e c t r o m e t e r o f Owyoung and Raman 
A m p l i f i c a t i o n S p e c t r o s c o p y u s i n g p i c o s e c o n d l a s e r s . 
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CONTINUOUS-WAVE RAMAN AMPLIF ICATION SPECTROSCOPY 

A t y p i c a l cw Raman A m p l i f i c a t i o n S p e c t r o m e t e r , used i n some 
of the s t u d i e s of gas phase s p e c t r a a t A b e r y s t w y t h , iß shown i n 
F i g u r e 1. The probe l a s e r used i n t h i s Raman G a i n equipment i s a 

HALF WAVE 

MONOC H ROMATOR 

F i g . 1. Schematic diagram o f the cw Raman A m p l i f i c a t i o n (Gain) 
experiment ( c o u r t e s y o f M o l e c u l a r P h y s i c s ) . 

s i n g l e f r e q u e n c y T r o p e l Model 100 l a s e r e x h i b i t i n g a l o n g - t e r m 
f r e q u e n c y s t a b i l i t y o f ~ 10 MHz, the pump l a s e r b e i n g a Coherent 
A s s o c i a t e s s i n g l e f r e q u e n c y r i n g dye l a s e r w i t h an ou t p u t power 
of ~ 500 mW when pumped w i t h 6 W from an argon i o n l a s e r . The 
c o n t i n u o u s scan ränge of the r i n g dye l a s e r i s 6 GHz between mode 
hops and the e f f e c t i v e r e s o l u t i o n o f the i n s t r u m e n t i s ~ 30 MHz. 
T h i s equipment was used t o i n v e s t i g a t e the Q branches o f the F e r m i 
resonance d i a d v-^/2v2 of carbon d i o x i d e and f o r t h i s purpose the 
dye l a s e r had t o be scanned near 585.2 and 581.7 nm f o r the 
1285.4 cm"l and 1388.15 cnT-*- bands, r e s p e c t i v e l y . The pump beam 
i s a m p l i t u d e modulated at a f r e q u e n c y of 20 kHz by means of a 
P o c c k e l s c e l l and p o l a r i s e r , the h o r i z o n t a l component o n l y b e i n g 
t r a n s m i t t e d by the p o l a r i s e r . The pump and probe beams are 
combined at a d i c h r o i c beam S p l i t t e r , the beam 
s i z e s and d i v e r g e n c e s b e i n g matche'd by means of a two l e n s 
t e l e s c o p e . I n o r d e r t o enhance the v e r y weak s i g n a l s impressed 
on the probe l a s e r by the 200 mW average power o f the pump l a s e r , 
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the combined beams are passed s u c c e s s i v e l y t h r o u g h a m u l t i -
r e f l e c t i o n c e l l t o i n c r e a s e the s i g n a l by a f a c t o r o f ~ 20. I n 
the s t u d y on CO2 ]1Q w i t h a probe power on the d e t e c t o r of 0.2 mW 
the n o i s e i n a 1 Hz bandwidth r e l a t i v e t o the i n c i d e n t power was 
4.10~7, w i t h i n a f a c t o r o f 5 - 6 of the shot n o i s e l i m i t . To 
a pproach the s h o t l i m i t more c l o s e l y the P o l a r i s a t i o n o f the probe 
l a s e r was r o t a t e d by a h a l f - w a v e p l a t e t o ~ TT/4 i n r e l a t i o n t o the 
pump beam. A p o l a r i s e r i n f r o n t o f the double monochromator was 
used t o reduce the l o c a l o s c i l l a t o r power t o the 25 uW needed f o r 
s hot l i m i t e d P erformance. C a l i b r a t i o n o f the spectrum was 
o b t a i n e d by t r a n s f e r r i n g a s m a l l p o r t i o n o f the dye l a s e r to a 
h o l l o w c a t h r o d e lamp and t h r e e e t a l o n s w i t h f r e e s p e c t r a l ranges 
of 1.6, 0.18 and 0.0083 cm""1. 

The spectrum i n the v i c i n i t y o f 1388 c m _ l measured w i t h a 
1 second time c o n s t a n t i s shown i n F i g u r e 2, the f r i n g e s of the 

F i g . 2. The 1388.15 cm" 1 Q b r a n c h o f C 0 2 at a r e s o l u t i o n o f 30 MHz 
( c o u r t e s y of M o l e c u l a r P h y s i c s ) . 

e t a l o n w i t h 250 MHz (0.0083 cnT1) f r e e s p e c t r a l ränge b e i n g shown 
at the top o f the diagram. The p o s i t i o n s and r e l a t i v e i n t e n s i t i e s 
o f the i n d i v i d u a l r o t a t i o n a l t r a n s i t i o n s c o n t r i b u t i n g t o the t o t a l 
i n t e n s i t y o f t h i s 2V2 Raman band ar e i n d i c a t e d i n s t i c k form. The 
measured g a i n f o r the peak of t h i s band w i t h 200 mW average pump 
power was 1.3 x 10~^ and the s i g n a l t o n o i s e r a t i o b e t t e r than 200. 
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The s t r i k i n g f e a t u r e o f the observed Q b r a n c h i s i t s extreme 
narrowness, some 30 t i m e s l e s s than the w i d t h o f a s i n g l e r o t a t i o n a l 
S-branch t r a n s i t i o n i n CO2 a t the p r e s s u r e of 1 atmosphere used 
f o r t h i s s t u d y . The r e d u c t i o n i n the s p e c t r a l l i n e w i d t h o f the 
Q b r a n c h from what might have been e x p e c t e d even f o r a s i n g l e 
r o t a t i o n a l t r a n s i t i o n i s a consequence o f m o t i o n a l n a r r o w i n g , 
which o c c u r s when the i n e l a s t i c c o l l i s i o n f r e q u e n c y exceeds t h e 
f r e q u e n c y S e p a r a t i o n o f t h e Q b r a n c h components. Because the Q 
branc h o f 2v2 i s so e x t r e m e l y sharp the g a i n observed i s s i g n i f i c -
a n t l y h i g h e r than m i g h t have been e x p e c t e d f o r a normal Q b r a n c h 
w i t h a t o t a l s c a t t e r i n g c r o s s s e c t i o n o f o n l y 0.2 x 10"" 30 c m 2 $r-l 
at 633 nm. By c o n t r a s t t h e band a t 1286"-'- i s a more normal 
Q bra n c h spectrum w i t h a peak Raman g a i n o f o n l y 2.10~6 even 
though the t o t a l s c a t t e r i n g c r o s s s e c t i o n f o r t h i s band i s compar-
a b l e w i t h t h a t of 2 v 2 . T h i s S i t u a t i o n i s q u i t e u n d e r s t a n d a b l e 
s i n c e the r o t a t i o n a l c o n s t a n t s f o r t h i s band l e a d t o a more 
open r o t a t i o n a l s t r u c t u r e o f the Q br a n c h and the e f f e c t s o f 
m o t i o n a l n a r r o w i n g a r e n o t so pronounced. 

I t i s apparent t h e n t h a t under f a v o u r a b l e c i r c u m s t a n c e s good 
q u a l i t y s p e c t r a o f gases can be o b t a i n e d w i t h r e l a t i v e l y low 
powers f o r pump and probe l a s e r s . Owyoung, P a t t e r s o n and 
McDowell ( 3 J u s i n g a 514.5 nm s i n g l e f r e q u e n c y argon i o n pump 
l a s e r , 1.5 mW of probe power from a scannable rhodamine 6G s i n g l e 
mode dye l a s e r , and a m u l t i r e f l e c t i o n c e l l g i v i n g a g a i n of 50 x, 
were a b l e t o r e s o l v e the d e t a i l e d r o t a t i o n a l s t r u c t u r e i n the 
mode of methane ( w i t h a t o t a l s c a t t e r i n g c r o s s s e c t i o n ~ 4 times 
g r e a t e r t h a n t h a t o f 2 v 2 of C0 2) a t a t o t a l gas p r e s s u r e o f 

35 t o r r and a r e s o l u t i o n of 25 MHz. By t h i s means Owyoung e t a l 
were a b l e to o b t a i n d e t a i l e d r o t a t i o n a l c o n s t a n t s from a band t h a t 
i t had p r e v i o u s l y n o t been p o s s i b l e to r e s o l v e u s i n g c o n v e n t i o n a l 
t e c h n i q u e s . The a u t h o r s p o i n t out t h a t w i t h improved l a s e r 
s t a b i l i s a t i o n the r e s o l u t i o n c o u l d be extended t o l e s s than 1 MHz 
and the s e n s i t i v i t y to an o r d e r of magnitude b e t t e r than r e p o r t e d 
i n t h a t paper. However, the a u t h o r s were aware o f the l i m i t a t i o n s 
o f the cw t e c h n i q u e s f o r the i n v e s t i g a t i o n o f weak Raman s p e c t r a 
at h i g h r e s o l u t i o n and o u t l i n e d b r i e f l y the advantages of h y b r i d 
cw-pulsed l a s e r Systems w h i c h were e x p e c t e d t o l e a d t o s e v e r a l 
Orders o f magnitude improvement i n s e n s i t i v i t y w i t h o n l y a s l i g h t 
l o s s i n r e s o l v i n g power. These i d e a s l e d to the development of 
The Q u a s i cw S t i m u l a t e d Raman Spectrometer o f Owyoung. 

Many o f the most i m p o r t a n t developments i n the s t u d y of h i g h 
r e s o l u t i o n Raman s p e c t r a o f gases have a r i s e n as a r e s u l t o f the 
r e s e a r c h e s o f Owyoung a t the S a n d i a Research L a b o r a t o r i e s , t h e 
quasi-cw s p e c t r o m e t e r b e i n g the most s e n s i t i v e i n s t r u m e n t developed 
t o d a t e . The s i g n a l s t r e n g t h o f a Raman a m p l i f i c a t i o n i n s t r u m e n t 
depends on the p r o d u c t powers o f the pump and probe beams employed 

cw cw cw cw v S = C P P n (1) o -1 
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so t h a t h i g h powers on the sample a re d e s i r a b l e . R e g r e t t a b l y , 
however, p u l s e d l a s e r s r a r e l y have the narrow s p e c t r a l l i n e 
w i d t h n e c e s s a r y f o r the s t u d y o f m o l e c u l a r s p e c t r a a t h i g h 
r e s o l u t i o n . Owyoung £10] has overcome t h i s p r o b l e m by u s i n g the 
Output f r o m a s i n g l e f r e q u e n c y r i n g dye l a s e r w i t h a cw power 
o f > 50 mW and s p e c t r a l l i n e w i d t h o f ~ 1 MHz b u t a m p l i f i e d t o a 
t r a i n o f p u l s e s a t a r e p e t i t i o n r a t e o f 10 pps u s i n g a s e r i e s o f 
dye l a s e r a m p l i f i e r s pumped by the f r e q u e n c y - d o u b l e d Output from 
a Nd/YAG l a s e r . By c a r e f u l a l i g n m e n t and i s o l a t i o n o f the 
a m p l i f i e r s from each o t h e r and from the dye l a s e r o s c i l l a t o r 
Owyoung i s a b l e t o produce 10ns p u l s e s w i t h a minimum s p e c t r a l 
l i n e w i d t h o f 75 MHz ( t r a n s f o r m l i m i t e d ) and peak power i n the 
ränge 2 - 1 0 MW. T h i s t u n a b l e pump l a s e r i s used w i t h a f i x e d 
f r e q u e n c y probe l a s e r i n I n v e r s e Raman e x p e r i m e n t s . S i n c e the 
r e p e t i t i o n r a t e i s r e l a t i v e l y low Owyoung i s a b l e t o i n c r e a s e 
the probe power on the d e t e c t o r t o 100 mW by s y n c h r o n i s i n g 
w i t h the pump l a s e r shaped p u l s e s o f " 100 us d u r a t i o n ( F i g . 3) 
from a s i n g l e f r e q u e n c y argon i o n l a s e r ( o r dye) l a s e r and y e t 
a v o i d power S a t u r a t i o n o f the probe d e t e c t o r . 

P r o b e , T = 100 us 

J—V. Beam Stop 

GAS SAMPLE Photo d i o d e 

jnr\ 
Ml e r JL 

Pump, T 10 ns 

Output Boxcar 
A v e r a g e r 

T 

F i g . 3. A s c h e m a t i c diagram o f the I n v e r s e Raman Spectrometer 
o f Owyoung. 
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The s i g n a l p u l s e s a r i s i n g from the I n v e r s e Raman p r o c e s s are 
i s o l a t e d by a h i g h f r e q u e n c y pass f i l t e r and, f o l l o w i n g a m p l i f i c -
a t i o n by a r a d i o f r e q u e n c y a m p l i f i e r , a re averaged u s i n g a B o x c a r 
A v e r a g e r . Owyoung p o i n t s out t h a t i n a d d i t i o n to the g a i n s w h i c h 
are r e a l i z e d t h r o u g h t h e i n c r e a s e i n the pump power, the shot 
n o i s e l i m i t , w h i c h cannot be r e a c h e d because o f probe l a s e r n o i s e 
i n cw g a i n s t u d i e s , can be r e a l i z e d i n the q uasi-cw System. T h i s 
a t t a i n m e n t of shot n o i s e l i m i t e d Performance a r i s e s because the 
probe l a s e r n o i s e s p e c t r u m i s c o n c e n t r a t e d a t lower f r e q u e n c i e s 
whereas shot n o i s e c o n t r i b u t i o n s are u n i f o r m l y d i s t r i b u t e d . Thus, 
a l t h o u g h the d e t e c t i o n b a n d w i d t h i s i n c r e a s e d by over t h e 
cw case (> 10? Hz as compared w i t h 1 H z ) , l a s e r n o i s e c o n t r i b u t i o n s 
are n o t a p p r e c i a b l y i n c r e a s e d and the s i n g l e pass s e n s i t i v i t y 
r e a l i z e d by the q u a s i - c w system is. more t h a n 10^ times t h a t 
o b s e r v e d i n the cw system. I t i s w o r t h r e a l i z i n g , however, t h a t 
t e c h n i q u e s such as the use of m u l t i r e f l e c t i o n c e l l s t o enhance 
the s e n s i t i v i t y a r e l e s s easy t o use w i t h the quasi-cw system so 
t h a t the r e a l i s t i.c improvement i n Performance i s n e a r e r 10^. 
N e v e r t h e l e s s , the improvement i n Performance i s q u i t e d r a m a t i c and 
u s i n g t h i s equipment Owyoung and h i s co-workers have been a b l e t o 
o b t a i n b e a u t i f u l l y r e s o l v e d s p e c t r a and c a r r y out d e t a i l e d a n a l y s i s 
o f the Q b r a n c h s t r u c t u r e s of the t o t a l l y Symmetrie bands of a 
v a r i e t y of s p h e r i c a l top m o l e c u l e s a t p r e s s u r e s o f ~ 1 t o r r : 
1 2 C H 4 , 13CH 4 L l 0 , l f ] ; 28 S£H 4 [ 1 2 ] ; C F 4 [ l i j . 

RAMAN AMPLIFICATION SPECTROSCOPY USING PICOSECOND LASERS 

An a l t e r n a t i v e approach t o t h a t adopted by Owyoung, but 
d e s i g n e d f o r the s t u d y of Condensed phase s p e c i e s a t lower 
r e s o l u t i o n (" 1 c n f " 1 ) , a l s o t a k e s advantage o f the i n c r e a s e i n 
s i g n a l s t r e n g t h from the use o f p u l s e d , i n p l a c e o f c o n t i n u o u s 
wave, l a s e r s . C u r r e n t g e n e r a t i o n s of c o m m e r c i a l l y a v a i l a b l e l a s e r s 
i n c l u d e mode-locked i o n l a s e r s w h i c h p r o v i d e a c o n t i n u o u s t r a i n 
of p u l s e s e x h i b i t i n g h i g h peak powers but c o m p a r a t i v e l y low 
average powers. T y p i c a l p u l s e c h a r a c t e r i s t i c s o f the i o n l a s e r are 
a r e p e t i t i o n r a t e o f ~ 80 MHz and a p u l s e d u r a t i o n of ~ 200 p s . 
The peak power i n the p u l s e s i s thus r a i s e d by a f a c t o r of ~ 60 
o v e r the acerage Output power (which i s t y p i c a l l y i n the r e g i o n 
of > 1 W. When t h i s l a s e r i s used t o pump t u n a b l e dye l a s e r s , a 
synchronously-pumped mode-locked dye l a s e r can be produced i n 
which the Output dye l a s e r p u l s e s are s y n c h r o n i s e d w i t h the Out
put p u l s e s from the i o n l a s e r b u t i n d i v i d u a l dye l a s e r p u l s e s are 
reduced i n d u r a t i o n t o ~ 20 ps ( t r a n s f o r m l i m i t e d f o r a l a s e r l i n e 
w i d t h o f ~ 1 c m ~ l ) . The peak power i n the 80 MHz p u l s e s i s t h u s 
r a i s e d ~ 600 x o v e r t h e average dye l a s e r Output. With an average 
Output power o f ~ 100 mW t h e peak power i s thus i n c r e a s e d some 
t h r e e Orders of magnitude over the powers t y p i c a l l y employed i n a 
cw Raman g a i n o r I n v e r s e Raman e x p e r i m e n t . To a p p r e c i a t e the bene-
f i t o f the use o f such l a s e r s one r e v e r t s a g a i n t o e q u a t i o n (1) 
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whi c h shows how the s i g n a l g e n e r a t e d depends on the p r o d u c t powers 
of the l a s e r s employed, S i n c e the average power o f a t r a i n o f 
l a s e r p u l s e s r e l a t e s t o the peak power by the e x p r e s s i o n 

p a v _ p p u l s e ^ R > T j ( 2 ) 

where R and T r e p r e s e n t the p u l s e r e p e t i t i o n r a t e and p u l s e d u r 
a t i o n , the p u l s e d s i g n a l g e n e r a t e d from e q u a t i o n (1) (assuming 
b o t h l a s e r s t o be p u l s e d ) r e l a t e s t o the average power o f the 
pump and probe l a s e r s by 

s p u l s e _ c p u l s e p a v p a v 
o_ . -1 (3) 

R T R -T -o o - 1 - 1 

^ p u l s e ^ g d i s t i n g u i s h e d from C C W , the s t e a d y s t a t e g a i n o r l o s s 
f a c t o r , s i n c e i t does n o t n e c e s s a r i l y f o l l o w t h a t t h e s e two p r o -
p o r t i o n a l i t y c o n s t a n t s a r e i d e n t i c a l . W i t h such r a p i d r e p e t i t i o n 
r a t e l a s e r s i t i s p o s s i b l e t o use phase s e n s i t i v e d e t e c t i o n 
methods and use d e t e c t i o n bandwidths which are e x t r e m e l y s m a l l 
(< 1 Hz) i n comparison w i t h those used i n the quasi-cw e x p e r i m e n t s 
o f Owyoung. Under such c i r c u m s t a n c e s tljie^average s i g n a l power i s 
r e l e v a n t r a t h e r than the peak power S P U S e o f e q u a t i o n (3) . T h i s 
average s i g n a l power depends on the p u l s e r a t e R s and T s a t which 
the s i g n a l p u l s e s are g e n e r a t e d . 

s a v = c p u l s e p a v p a v R T 
o . -1 . s s (4) 

R T R _T -
o o - 1 - 1 

U s i n g two s y n c h r o n o u s l y pumped dye l a s e r s , pumped by the same 
mode-locked i o n l a s e r s so t h a t R Q and R_^ a r e i d e n t i c a l , a s i g n a l 
p u l s e i s g e n e r a t e d each time a pump and probe l a s e r p u l s e c o i n c i d e . 
E q u a t i o n (4) then reduces t o 

g a v _ c p U l s e p a v p a v / R T j . ( 5 ) 

where the pump and probe p u l s e s are assumed t o have the same time 
d u r a t i o n as w e l l a s , o f c o u r s e , the same r e p e t i t i o n r a t e . The 
enhancement o f the s i g n a l produced over the s i g n a l produced by 
the use o f cw l a s e r s i s thus 

g a v = c p u l s e p a v p a v 
-1 . 1 (6) 

scw c c w p c w pcw R t 

o -1 
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For the same average powers employed u s i n g p u l s e d l a s e r e x c i t a 
t i o n as compared w i t h cw e x c i t a t i o n the enhancement i n the s i g n a l 
i s " 600 p r o v i d i n g the p u l s e d g a i n (or l o s s ) does n o t d i f f e r 
m arkedly from t h a t a t t a i n e d i n the cw e x p e r i m e n t . A t the s h o t 
n o i s e l i m i t the u l t i m a t e n o i s e f i g u r e i s determined by the number 
of photons i n c i d e n t on the d e t e c t o r i n u n i t time i . e . on the 
average power i n c i d e n t on the d e t e c t o r r a t h e r t h a n on any f u n e t i o n s 
o f the p u l s e power. As a r e s u l t the enhancement i n s i g n a l l e a d s 
t o a c o r r e s p o n d i n g i n c r e a s e i n the s i g n a l t o n o i s e r a t i o p r o v i d i n g 
s h o t n o i s e l i m i t e d d e t e c t i o n i s a t t a i n e d . 

In o u r e x p e r i m e n t s a t A b e r y s t w y t h we are c u r r e n t l y e m p l o y i n g 
a synchronously-pumped mode-locked Rhodamine 6G dye l a s e r as 
probe l a s e r ( R Q = 80 MHz, T q ~ 25 ps) and a cavity-dumped 
synchronously-pumped mode-locked DCM dye l a s e r as pump l a s e r 
( X 4 = 4 MHz, T_ I - 25 p s ) . S i n c e o n l y one i n 20 of the s y n c h r o n 
ously-pumped l a s e r p u l s e s c o i n c i d e w i t h each o f the cavity-dumped 
p u l s e s , s i g n a l i s g e n e r a t e d o n l y a t a r a t e of 4 MHz so t h a t the 
enhancement o v e r the cw system i s a g a i n ~ 1 /R 0T 0. 

L e v i n e , Shank and H e r i t a g e Ij.4*] have c o n s i d e r e d the r e l a t i o n 
s h i p between the p u l s e d g a i n i n comparison w i t h the cw g a i n as a 
F u n c t i o n o f the Raman r e l a x a t i o n time and the d u r a t i o n o f the 
pump and probe l a s e r p u l s e s . F o r a sample such as benzene 
c p u l s e y c c w - Q.4 S O t h a t t h e enhancement e x p e c t e d i s ~ 250. I n 
consequence o f t h i s d r a m a t i c s i g n a l enhancement L e v i n e and Bethea 
C4,5] were a b l e t o o b t a i n a s i g n a l t o n o i s e r a t i o of a p p r o x i m a t e l y 
200,000 f o r the 992 cm""1 Raman band i n b u l k benzene. By i n t r o d u c -
i n g an a d d i t i o n a l low f r e q u e n c y m o d u l a t i o n of the pump l a s e r s these 
a u t h o r s show how i t i s p o s s i b l e t o reduce the l a r g e t h e r m a l back
ground produced by a b s o r b i n g S u b s t r a t e s by a f a c t o r of 103 - 10^, 
t h e r e b y p e r m i t t i n g the füll use o f the u l t r a h i g h s e n s i t i v i t y 
w h i c h , s e e m i n g l y , i s s u f f i c i e n t t o observe v i b r a t i o n a l s p e c t r a of 
adsorbed m o n o l a y e r s . 

APPLICATIONS 0F RAMAN GAIN AND INVERSE RAMAN SPECTROSCOPY 

The developments o f the t e c h n i q u e s of Raman G a i n and I n v e r s e 
Raman S p e c t r o s c o p y d i s c u s s e d above are so s t r i k i n g i n terms of 
the s e n s i t i v i t y a t t a i n a b l e i n what was once re g a r d e d as a r e l a t i v e l y 
i n s e n s i t i v e s p e c t r o s c o p i c t e c h n i q u e t h a t i t i s d i f f i c u l t t o 
a p p r e c i a t e the füll p o t e n t i a l f o r f u t u r e a p p l i c a t i o n s . Nor would 
i t be s a f e t o assume t h a t f u r t h e r d r a m a t i c improvements i n 
s e n s i t i v i t y are u n l i k e l y . The v e r y h i g h r e s o l u t i o n work o f 
Owyoung has a l r e a d y shown how i t i s p o s s i b l e t o o b t a i n d e t a i l e d 
s t r u c t u r e s o f v i b r a t i o n a l Q branches and no doubt t h i s work i s 
c a p a b l e o f e x t e n s i o n t o i n v e s t i g a t e the d e t a i l e d s t r u c t u r e s of 
complete v i b r a t i o n - r o t a t i o n bands a l t h o u g h t h e r e w i l l c l e a r l y be 
d i f f i c u l t i e s i n such work because o f the problems a s s o c i a t e d w i t h 
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s c a n n i n g o v e r v e r y wide s p e c t r a l r e g i o n s a t such h i g h r e s o l u t i o n . 
The s e n s i t i v i t y a v a i l a b l e has e n a b l e d the workers a t the Sandia 
N a t i o n a l L a b o r a t o r i e s t o r e c o r d Q b r a n c h s p e c t r a o f CH4 and CD4 
c o o l e d t o > 13 K i n a p u l s e d m o l e c u l a r j e t £l5j[ and t o r e c o r d 
sub-Doppler l i n e w i d t h s p e c t r a o f the Q Q^ (2) t r a n s i t i o n i n 
d e u t e r i u m u s i n g I n v e r s e Raman t e c h n i q u e s p.63 analogous t o sub
D o p p l e r IR Saturation s p e c t r o s c o p y . I n t h i s l a t t e r s t u dy i t i s 
shown t h a t , by d e l a y i n g the p u l s e d measurement from the p u l s e d 
Saturation, the t e c h n i q u e can be used t o s t u d y v e l o c i t y r e l a x 
a t i o n p r o c e s s e s i n homonuclear d i a t o m i c s o r o t h e r Raman-active 
m o l e c u l e s . 

Rahn [l7"] n a s shown how i t i s p o s s i b l e t o r e c o r d s e n s i t i v e , 
h i g h l y - r e p r o d u c i b l e Raman s p e c t r a r e s o l v e d i n time and Space 
u s i n g s i n g l e pump p u l s e s from a Nd/YAG pumped dye l a s e r and a 
s i n g l e f r e q u e n c y argon i o n probe l a s e r a t a r e s o l u t i o n o f 
0.003 cm""1. The a u t h o r p o i n t s out t h a t the h i g h s e n s i t i v i t y 
and e x c e l l e n t r e j e c t i o n o f background r a d i a t i o n p r o v i d e s i g n i f i -
c a nt new c a p a b i l i t i e s f o r s t u d i e s o f t u r b u l e n t combustion, 
r e a c t i o n k i n e t i c s and o t h e r t r a n s i e n t phenomena and f o r time 
averaged s p e c t r o s c o p i c a p p l i c a t i o n s the t e c h n i q u e p e r m i t s the 
p r e c i s e measurement of l i n e w i d t h s and l i n e shapes, thus a i d i n g 
s t u d i e s o f c o l l i s i o n a l p r o c e s s e s . 

The p o t e n t i a l a p p l i c a t i o n s f o r the use o f p i c o s e c o n d l a s e r s 
a t a lower r e s o l u t i o n l i m i t are e q u a l l y e x c i t i n g , p a r t i c u l a r l y 
f o r the s t u d y o f s u r f a c e adsorbed s p e c i e s , g a s - s o l i d , g a s - l i q u i d 
and l i q u i d - s o l i d , i n w h i c h f i e l d s the need f o r a s e n s i t i v e probe 
o f the n a t u r e of adsorbed s p e c i e s i s e x t r e m e l y g r e a t . 
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HIGH RESOLUTION INVERSE RAMAN AND RAMAN GAIN SPECTROSCOPY 

P. E s h e r i c k and A. Owyoung 

S a n d i a N a t i o n a l L a b o r a t o r i e s 
A lbuquerque, New M e x i c o 87185 
U n i t e d S t a t e s 

1. HISTORICAL BACKGROUND 

A l t h o u g h spontaneous Raman s p e c t r o s c o p y has a h i s t o r y 
d a t i n g back t o the d i s c o v e r y of t h e Raman e f f e c t i n 1928, 
n o n l i n e a r Raman phenomena have o n l y been r e p o r t e d s i n c e the 
i n t r o d u c t i o n o f l a s e r s o u r c e s i n the p a s t 20 y e a r s [ 1 ] . 

I n p a r t i c u l a r , Jones and S t o i c h e f f [ 2 ] , i n t h e i r r e p o r t of 
the i n v e r s e Raman e f f e c t , r e c o g n i z e d t h e p o t e n t i a l U t i l i t y of 
the t e c h n i q u e i n o b t a i n i n g s p e c t r a l d a t a under c o n d i t i o n s o f 
h i g h background lurainescence o r where t t m e - r e s o l v e d Raman d a t a 
would be u s e f u l . N e v e r t h e l e s s s p e c t r o s c o p i c a p p l i c a t i o n s of 
the t e c h n i q u e were r a t h e r slow i n Coming, and i t was not u n t i l 
s e v e r a l y e a r s l a t e r t h a t s t i m u l a t e d Raman s p e c t r o s c o p y (SRS) 
d emonstrated h i g h s p e c t r a l r e s o l u t i o n c a p a b i l i t i e s i n a gaseous 
medium [ 3 ] . 

I n the decade t h a t f o l l o w e d t h e s e e a r l y s t u d i e s , v e r y 
few i n v e s t i g a t i o n s were conducted i n w h i c h the s p e c t r o s c o p i c 
c a p a b i l i t i e s o f e i t h e r the SRS o r f r e q u e n c y m i x i n g t e c h n i q u e s 
were u t i l i z e d . The s t u d i e s by L a l l e m a n d and h i s co-workers 
a t H a r v a r d [3-5] p r o v i d e d an a d m i r a b l e example o f the g r e a t 
p o t e n t i a l o f SRS as a h i g h - r e s o l u t i o n s p e c t r o s c o p i c probe 
i n H 2 , y e t t h i s was a r a t h e r i s o l a t e d case i n w h i c h l a r g e 
Raman g a i n s i g n a l s c o u l d be g e n e r a t e d i n a gaseous medium a t 
h i g h d e n s i t i e s w i t h o u t a p p r e c i a b l e p r e s s u r e broadening« 
On the whole i t i s f a i r to say t h a t most of the work i n t h i s 
p e r i o d c o n c e n t r a t e d e i t h e r on t h e p o t e n t i a l a p p l i c a t i o n o f 
c o h e r e n t Raman e f f e c t s as a means of n o n l i n e a r f r e q u e n c y 
c o n v e r s i o n , o r on the c h a r a c t e r o f t h e n o n l i n e a r s u s c e p t i b i l i t y 
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i t s e l f . I n the l a t t e r c a s e , t h e n o n l i n e a r d i s p e r s i o n w h i c h 
a r o s e from the i n t e r f e r e n c e o f Raman c o n t r i b u t i o n s t o t h i s 
s u s c e p t i b i l i t y p r o v i d e d o p p o r t u n i t i e s t o d e t e r m i n e Raman c r o s s 
s e c t i o n s r e l a t i v e t o two-photon c r o s s s e c t i o n s and e l e c t r o n i c 
h y p e r p o l a r i z a b i l i t i e s [ 6 - 9 ] . The f a i l u r e to e x p l o i t t he 
s p e c t r o s c o p i c c a p a b i l i t i e s o f t h e s e phenomena d u r i n g t h i s 
p e r i o d i s a t l e a s t p a r t i a l l y a t t r i b u t a b l e t o the absence o f 
t u n a b l e n a r r o w - l i n e w i d t h s o u r c e s w hich f a c i l i t a t e d l a t e r s t u d i e s . 
I t must a l s o be acknowledged t h a t even a f t e r the i n t r o d u c t i o n 
o f t h e s e s o u r c e s , b o t h f r e q u e n c y m i x i n g s t u d i e s [6-7] and t h e 
few s t i m u l a t e d Raman s t u d i e s which were r e p o r t e d emphasized the 
d e t e r m i n a t i o n o f Raman c r o s s s e c t i o n s and the c h a r a c t e r o f the 
n o n l i n e a r d i s p e r s i o n r a t h e r t h a n the g e n e r a l s p e c t r o s c o p i c 
U t i l i t y o f the t e c h n i q u e s [ 8 - 1 1 ] . 

2. STIMULATED RAMAN TECHNIQUES 

S t i m u l a t e d Raman t e c h n i q u e s use a s t r o n g "pump" l a s e r 
s o u r c e t o i n d u c e a r e s o n a n t g a i n i n a Raman a c t i v e medium 
a t a f r e q u e n c y w h i c h i s d o w n s h i f t e d from t h e pump source by 
the Raman t r a n s i t i o n f r e q u e n c y . S i m u l t a n e o u s l y , a c o r r e s p o n d i n g 
a b s o r p t i o n i s i n d u c e d a t a f r e q u e n c y which i s u p s h i f t e d by t h a t 
same amount. The p r o c e s s o f u s i n g a "probe" l a s e r source t o 
measure t h e i n d u c e d Raman g a i n p r o f i l e has been termed " s t i m u l a t e d 
Raman g a i n s p e c t r o s c o p y " ( F i g . l a ) whereas the p r o b i n g o f the 
a b s o r p t i o n p r o f i l e i s r e f e r r e d t o as " i n v e r s e Raman s p e c t r o s c o p y " 
[2] ( F i g . 1 b ) . S i n c e t he two p r o c e s s e s a r e i d e n t i c a l , e x c e p t 
f o r an i n v e r s i o n i n t h e s i g n s o f b o t h the s i g n a l and the Raman 
fr e q u e n c y s h i f t between the pump and probe beams, we s h a l l use 
the term " s t i m u l a t e d Raman s p e c t r o s c o p y " (SRS) i n d e s c r i b i n g 
b o t h t e c h n i q u e s . 

Stokes 
Probe 

Pump 

Pump 
Anti-Stokes 
Probe 

(a) (b) 

F i g . 1 Energy l e v e l d i a grams f o r ( a ) s t i m u l a t e d Raman g a i n 
and (b) i n v e r s e Raman a b s o r p t i o n p r o c e s s e s . 
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The U t i l i t y o f the s t i m u l a t e d Raman p r o c e s s e s a r i s e 
p r i m a r i l y from two c o n s i d e r a t i o n s : r e s o l u t i o n and s i g n a l 
s t r e n g t h . U n l i k e spontaneous Raman s p e c t r o s c o p y , where 
r e s o l v i n g power i s l i m i t e d by s p e c t r o g r a p h s t o 0.05-0.1 c m ~ l , 
t h e r e s o l u t i o n o f the s t i m u l a t e d p r o c e s s e s i s l i m i t e d o n l y by 
t h e l i n e w i d t h s o f the l a s e r s used t o i n d u c e and probe t h e 
a b s o r p t i o n or g a i n p r o f i l e s . Hence, D o p p l e r - l i m i t e d s p e c t r a 
a r e a r e a l i s t i c g o a l . F u r t h e r m o r e , i n c o n t r a s t t o the 
90-degree s c a t t e r i n g geometry common t o c o n v e n t i o n a l l i g h t 
s c a t t e r i n g s t u d i e s [ 1 2 ] , t h e c o l i n e a r f o r w a r d s c a t t e r i n g 
geometry n o r m a l l y used i n SRS s t u d i e s m i n i m i z e s the Doppler 
w i d t h . 

The r e l a t i o n s w h i c h g o v e r n the s t i m u l a t e d Raman p r o c e s s e s 
are e s s e n t i a l l y q u i t e s i m p l e and can be summarized by the 
g a i n e q u a t i o n , w h i c h i n the plane- wave a p p r o x i m a t i o n can be 
w r i t t e n i n the form [ 1 3 - 1 5 ] , 

Here ÖP(UÜ) i s t h e change i n d u c e d i n t h e probe power P(w) a t 
f r e q u e n c y tt) by t h e pump beam o f i n t e n s i t y I(Q) [ J sec""-*- cm"^] 
a t f r e q u e n c y Q, N i s the d i f f e r e n c e i n p o p u l a t i o n between t h e 
l o w e r and upper s t a t e s , d2<j/dQd(l/\) [cm^ s t e r " ~ l (cm""l)"~l] i s 
the s p e c t r a l l y r e s o l v e d d i f f e r e n t i a l Raman c r o s s s e c t i o n , X i s 
the vacuum w a v e l e n g t h o f the probe beam, and i i s the p a t h over 
w h ich the beams i n t e r a c t i n t h e medium. 

E a r l y i n 1977 our i n v o l v e m e n t i n s t u d i e s of n o n l i n e a r 
r e f r a c t i v i t y and d i s p e r s i o n i n l i q u i d s [9] caused us t o 
re-examine the p o s s i b i l i t y o f u s i n g SRS as a p r e c i s i o n t o o l 
f o r Raman s p e c t r o s c o p y . I n c o n t r a s t t o e a r l i e r s t u d i e s where 
high-power l a s e r s were used t o i n d u c e changes i n t r a n s m i s s i o n 
s u f f i c i e n t l y l a r g e 10%) t o be c o n v e n i e n t l y d e t e c t e d , 
i t was our i n t e n t i o n t o use h i g h l y s t a b l e l a s e r s and s e n s i t i v e 
d e t e c t i o n t e c h n i q u e s to measure v e r y s m a l l i n d u c e d g a i n s . 
Indeed, i f shot n o i s e l i m i t s o f d e t e c t i o n c o u l d be r e a l i z e d , 
t h e n t r a n s m i s s i o n changes o f l e s s t h a n 10""^ would be m e a s u r a b l e . 
T h i s would i m p l y t h a t even v e r y modest cw l a s e r s o u r c e s would 
be adequate to i n d u c e measurable t r a n s m i s s i o n changes, 
s u f f i c i e n t f o r p r e c i s i o n s p e c t r o s c o p i c s t u d i e s , even i n some 
gaseous samples. 

The f i r s t cw SRS s t u d i e s were r e p o r t e d [14] l a t e i n 1977 
and e n t a i l e d the use o f a 100-mW am p l i t u d e - m o d u l a t e d dye l a s e r 
as the pump s o u r c e and a single-mode HeNe l a s e r as the probe. 
The 0.5 cm"-"- l i n e w i d t h o f the pump l a s e r was q u i t e s u f f i c i e n t 

(1) 
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f o r d e m o n s t r a t i n g t he f e a s i b i l i t y o f t h e t e c h n i q u e i n l i q u i d s 
and Raman s p e c t r a o f a v a r i e t y o f l i q u i d samples were o b t a i n e d 
by o b s e r v i n g t he i n d u c e d g a i n p r o f i l e as a f u n c t i o n o f pump 
l a s e r w a v e l e n g t h [ 1 3 - 1 5 ] . The t r u e s i g n i f i c a n c e of t h e s e 
r e s u l t s , however, l i e s not i n t h e s p e c t r a l d a t a o b t a i n e d , but 
i n the f a c t t h a t t h e s e s t u d i e s demonstrated t h a t cw l a s e r 
s o u r c e s c o u l d be employed i n an SRS st u d y and t h a t probe 
sources c o u l d be o p e r a t e d w i t h n e a r s h o t - n o i s e - l i m i t e d 
a m p l i t u d e s t a b i l i t y . 

Subsequent gas-phase s t u d i e s o f d i a t o m i c m o l e c u l e s [13,16] 
e s t a b l i s h e d t h e a b i l i t y o f SRS t o s u p p l y d e t a i l e d l i n e s h a p e and 
p r e s s u r e b r o a d e n i n g d a t a . I t was n o t u n t i l the p u b l i c a t i o n [17] 
of t he f i r s t f u l l y r e s o l v e d Q-branch spectrum of the mode 
i n methane ( F i g . 2) t h a t the s i g n i f i c a n c e o f p u r e l y s p e c t r o s c o p i c 
a p p l i c a t i o n s o f SRS became a p p a r e n t . 

29178 29176 29174 29172 29170 2916.8 2916.6 

STOKES SHIFT (cm*1) 

F i g . 2 S t i m u l a t e d Raman g a i n spectrum of the Vi band o f methane 
o b t a i n e d u s i n g cw l a s e r sources and l o c k - i n a m p l i f i e r d e t e c t i o n 
t e c h n i q u e s . The sample p r e s s u r e was 35 T o r r and sample was 
l o c a t e d i n an o p t i c a l c e l l t h a t p r o v i d e d a m u l t i p a s s g a i n o f 50X. 
The c a l c u l a t e d p o s i t i o n s and s t r e n g t h s o f a l l l i n e s h a v i n g J < 10 
ar e i n d i c a t e d beneath t he spectrum. 

A l t h o u g h t he stu d y o f th e Vj_ fundamental i n metnane i s an 
i n d i s p u t a b l e d e m o n s t r a t i o n o f the p o t e n t i a l U t i l i t y o f cw SRS f o r 
h i g h - r e s o l u t i o n Raman s t u d i e s , i t a l s o s e r v e s t o i l l u s t r a t e the 
l i m i t a t i o n s o f t h i s t y p e of system. A l t h o u g h the methane c r o s s 
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s e c t i o n i s q u i t e l a r g e , i t i s spread out i n a h i g h - r e s o l u t i o n 
spectrum and each i n d i v i d u a l r e s o l v e d t r a n s i t i o n can be q u i t e 
weak. C o n s e q u e n t l y , t h e spectrum i s o b s e r v a b l e w i t h cw l a s e r s 
o n l y w i t h the a i d o f m u l t i p a s s t e c h n i q u e s . 

A. P u l s e d S t i m u l a t e d Raman S t u d i e s 

I n s e e k i n g t o f u r t h e r improve t h e s e n s i t i v i t y o f SRS i t 
became app a r e n t t h a t the s e n s i t i v i t y s c a l e d as P ( Q ) { P ( U))/AF}l/2 
where P ( H ) and P(UÜ) a r e the pump and probe power l e v e l s , 
r e s p e c t i v e l y , and AF i s t h e d e t e c t i o n b a n d w i d t h . The l a r g e s t 
g a i n w i l l be r e a l i z e d by i n c r e a s i n g t h e pump power P ( Q ) t o i t s 
p r a c t i c a l l i m i t . The probe power P(uu) may t h e n be a d j u s t e d t o 
a v o i d b o t h Saturation o f the Raman t r a n s i t i o n and o f t h e 
d e t e c t o r . Of c o u r s e , the use o f a p u l s e d pump s o u r c e r e s u l t s 
i n an i n c r e a s e d d e t e c t i o n bandwidth and a consequent i n c r e a s e 
i n n o i s e l e v e l s , but some o f t h i s w i l l be compensated f o r i n 
time a v e r a g i n g t h e s i g n a l o v e r many p u l s e s , t h u s e f f e c t i v e l y 
s t r e t c h i n g t he p u l s e d u r a t i o n . 

F i g u r e 3 shows a schematic r e p r e s e n t a t i o n of the p u l s e d 
l a s e r v e r s i o n o f the e x p e r i m e n t a l a p p a r a t u s d e t a i l e d i n R e f . 18. 
The p u l s e d pump l a s e r s o u r c e i s a single-mode e l e c t r o n i c a l l y 
s c annable dye o s c i l l a t o r o f ~ 1-MHz l i n e w i d t h which has been 
p u l s e a m p l i f i e d up t o 1 MW by t h r e e dye a m p l i f i e r s pumped w i t h 
a f r e q u e n c y - d o u b l e d Nd:YAG l a s e r s o u r c e . An e l e c t r o - o p t i c 
g ate s h u t t e r s the o s c i l l a t o r s y n c h r o n o u s l y w i t h t h e a m p l i f i e r 
pump s o u r c e , t h u s a v o i d i n g any p o s s i b l e t h e r m a l beam d i s t o r t i o n s 
t h a t c o u l d r e s u l t from a b s o r p t i o n o f t h e cw o s c i l l a t o r beam by 
the dye a m p l i f i e r s . 

CW SCANNABLE 
SINGLE MODE 
OYE OSCILLATOR 

10 pps PULSED 
DYE AMPLIFIERS 

REFERENCE 
PHOTODIODE 

MICRO-PROCESSOR 
BASED DATA 

ACQUISITION SYSTEM 

F i g . 3 Schematic r e p r e s e n t a t i o n o f t h e a p p a r a t u s d e v e l o p e d f o r 
h i g h - r e s o l u t i o n p u l s e d s t i m u l a t e d Raman s p e c r o s c o p y e x p e r i m e n t s . 
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The system o p e r a t e s a t a 10 pps r e p e t i t i o n r a t e and e m i t s p u l s e s 
o f ~ 60-MHz s p e c t r a l l i n e w i d t h (FWHM) and 12-nsec d u r a t i o n . The 
probe source i s e i t h e r an argon o r k r y p t o n i o n l a s e r o p e r a t i n g 
i n a s i n g l e l o n g i t u d i n a l mode w i t h n o m i n a l l y 0.6-watt ou t p u t a t 
514.5 o r 647.1 nm, r e s p e c t i v e l y . To pr e v e n t premature S a t u r a t i o n 
of the d e t e c t o r System, the probe s o u r c e i s gated t o produce 
100 | i s p u l s e s a t 10 pps by a m e c h a n i c a l chopper which a l s o sends 
s i g n a l s t o s y n c h r o n o u s l y t r i g g e r t h e e l e c t r o - o p t i c g a t e and 
NdrYAG l a s e r . An i n t e r f e r o m e t r i c cw wave meter [18-21] and 
s c a n n 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 e r s c o n t i n u o u s l y m o n i t o r the 
s p e c t r a l c h a r a c t e r and a b s o l u t e f r e q u e n c i e s of b o t h l a s e r s o u r c e s . 

The pump and probe beams a r e b o t h sent through a 
4 0 - c m - f o c a l - l e n g t h l e n s t h a t d i r e c t s the two beams t o a common 
fo c u s i n t h e gas sample c e l l . Here the s t i m u l a t e d Raman e f f e c t 
produces a s m a l l t r a n s i e n t s i g n a l on the probe s o u r c e as a 
r e s u l t o f the 12 ns pump. Two P e l l i n - B r o c a prisms and a 
g r a t i n g - p i n h o l e p a i r a r e used t o i s o l a t e the probe s i g n a l from any 
r e s i d u a l pump r a d i a t i o n t h a t i s not e l i m i n a t e d by the beam s t o p . 

The probe s i g n a l i s d e t e c t e d by a f a s t S i l i c o n p h o t o-diode. 
The t r a n s i e n t e l e c t r i c a l s i g n a l i s i s o l a t e d by h i g h - p a s s f i l t e r s , 
w h i c h e l i m i n a t e the 100 u s g a t e d w a v e f o r a , l e a v i n g the 12 ns 
p e r t u r b a t i o n . T h i s s i g n a l i s t h e n d i r e c t e d t o a boxcar a v e r a g e r 
t h a t o p e r a t e s w i t h a 10 ns g a t e . Here a 12 ns s i g n a l d e r i v e d 
from the pump l a s e r Output s e r v e s as a n o r m a l i z a t i o n source f o r 
improved s t a b i l i t y i n the s i g n a l a v e r a g i n g p r o c e s s . 

I n F i g . 4 we i l l u s t r a t e t h e improved s e n s i t i v i t y o f p u l s e d 
SRS v i a s p e c t r a t a k e n i n the v i c i n i t y o f the fundamental i n 
SF^. I n the 4-Torr spectrum ( F i g . 4 a ) , the 0.002 cm" 1 

i n s t r u m e n t a l bandwidth f u l l y r e s o l v e s the r o t a t i o n a l s t r u c t u r e 
i n t h i s Q-branch [ 2 2 ] . I n c o n t r a s t , the 100-Torr spectrum 
( F i g . 4b) o f the same r e g i o n i s c o l l i s i o n a l l y broadened t o a 
p o i n t where the r o t a t i o n a l s t r u c t u r e i s c o m p l e t e l y b l e n d e d , 
l e a v i n g t he broad r o t a t i o n a l c o n t o u r s o f the fundamental band 
and s e v e r a l u n d e r l y i n g hotbands. Even i n t h i s l a t t e r spectrum, 
however, w h i c h r e q u i r e d a s c a n n i n g time of 20 m i n u t e s , t h e 
r e s o l u t i o n i s c o n s i d e r a b l y b e t t e r t h a n the h i g h e s t r e s o l u t i o n 
(0.05 cm" 1) c a p a b i l i t i e s o f f e r e d by spontaneous Raman t e c h n i q u e s . 
Such a spectrum r e c o r d e d on a h i g h - r e s o l u t i o n s p e c t r o g r a p h i c 
i n s t r u m e n t d e s i g n e d f o r such s t u d i e s would r e q u i r e over 60 hours 
of exposure [ 2 3 ] . Due t o the h i g h e r e f f i c i e n c y o f p h o t o e l e c t r i c 
d e t e c t i o n , however, a Raman s p e c t r o p h o t o m e t e r w i t h comparable 
r e s o l v i n g power (0.05 cm"-*-) c o u l d y i e l d such a spectrum i n 
about an hour [ 2 4 , 2 5 ] . The weak s i g n a l l e v e l s and l i m i t e d 
r e s o l v i n g power o b t a i n e d from c o n v e n t i o n a l s p e c t r o s c o p i c t o o l s 
a r e c h a r a c t e r i s t i c o f the spontaneous Raman methods when a p p l i e d 
to v e r y - h i g h - r e s o l u t i o n gas-phase s t u d i e s . 
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772.8 ' 773.2 ' 773.6 ' 774 ' 774.4 

RAMAN SHIFT / (cm' 1) 

F i g . 4 S t i m u l a t e d Raman s p e c t r a o f t h e fundamental of 
SF/- t a k e n w i t h an i n s t r u m e n t a l r e s o l u t i o n o f 0.002 cm" . 
( a ; 100 minute scan a t 4 T o r r , (b) 20 minute s c a n a t 100 T o r r . 
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3. APPLICATIONS 

Our a p p l i c a t i o n s o f s t i m u l a t e d Raman s p e c t r o s c o p y have 
p r o g r e s s e d t h r o u g h t h r e e main a r e a s [ 1 8 ] • I n i t i a l work 
e x p l o i t e d the u l t r a - h i g h r e s o l u t i o n c a p a b i l i t i e s o f the 
t e c h n i q u e i n a number of fundamental s t u d i e s of the s p e c t r o s c o p y 
o f vi modes i n s p h e r i c a l - t o p m o l e c u l e s . Subsequent e f f o r t s , 
d e s i g n e d to take advantage of s p a t i a l r e s o l u t i o n c a p a b i l i t i e s , 
l e d t o t h e a p p l i c a t i o n o f SRS t o s t u d i e s i n s u p e r s o n i c m o l e c u l a r 
f r e e - e x p a n s i o n j e t s . Our most r e c e n t e x p e r i m e n t s i n t e n d e d t o 
i l l u s t r a t e a c a p a b i l i t y f o r t e m p o r a l r e s o l u t i o n , use SRS 
to probe the dynamics o f i n f r a r e d e x c i t a t i o n i n the p r o t o t y p e 
system: C02~laser-pumped SF^. 

A. S p e c t r o s c o p y o f Gas-Phase M o l e c u l e s 

P u r e l y s p e c t r o s c o p i c a p p l i c a t i o n s o f SRS o r i g i n a t e d w i t h 
t h e O b s e r v a t i o n o f the Vi spectrum o f methane [ 1 7 ] . T h i s work 
c o n s t i t u t e d the f i r s t o c c a s i o n i n which a Raman t e c h n i q u e was 
s u c c e s s f u l i n o b t a i n i n g a f u l l y r e s o l v e d Q-branch spectrum o f 
a complex m o l e c u l e . Encouraged by the t h e o r e t i c a l s u p p o r t and 
c o l l a b o r a t i o n o f R o b i n McDowell and C h r i s P a t t e r s o n o f Los 
Alamos N a t i o n a l L a b o r a t o r y , vi s p e c t r a o f s e v e r a l o t h e r l i g h t 
s p h e r i c a l - t o p m o l e c u l e s were o b t a i n e d and a n a l y z e d [ 2 6 - 2 8 ] . 
These m o l e c u l e s c o n s t i t u t e d a s p e c i a l case f o r SRS f o r s e v e r a l 
r e a s o n s . F i r s t , the vi hydrogen s t r e t c h i n g V i b r a t i o n i s a 
s t r o n g Raman mode, and i t o c c u r s a t a l a r g e (2000 t o 3000 cnT*) 
Stokes s h i f t t h a t t u r n s out t o be e x p e r i m e n t a l l y c o n v e n i e n t 
f o r a v a i l a b l e l a s e r s . Second, i n s p h e r i c a l - t o p m o l e c u l e s , 
o n l y the Q-branch o f the Symmetrie Vi mode appears. I n s p i t e 
of an i n c r e a s e d i n t e r e s t i n the s p e c t r o s c o p y of s p h e r i c a l - t o p 
m o l e c u l e s , t h e s e bands had never been p r e v i o u s l y r e s o l v e d by 
Raman t e c h n i q u e s , and th u s they p r e s e n t e d t h e m s e l v e s as o b v i o u s 
s u b j e c t s f o r d e t a i l e d s t udy u s i n g t h e h i g h - r e s o l u t i o n 
c a p a b i l i t i e s o f SRS. 

The most s t r i k i n g Observation i n the Q-branch s p e c t r a o f t h e 
l i g h t s p h e r i c a l t o p s (CH4, CD4, and S1H4) was t h e appearance o f 
d i s t i n e t S p l i t t i n g o f the h i g h e r J r o t a t i o n a l t r a n s i t i o n s . 
T h i s added c o m p l e x i t y , p a r t i c u l a r l y f o r the methanes, makes i t 
v e r y d i f f i c u l t t o v i s u a l i z e any p r o g r e s s i o n i n J a t a l l . 

F o r the t o t a l l y Symmetrie Vi modes o f s p h e r i c a l - t o p 
m o l e c u l e s t h i s S p l i t t i n g i s p r i m a r i l y due t o t e n s o r components 
of the c e n t r i f u g a l d i s t o r t i o n terms t h a t a r e e i t h e r f o u r t h - o r 
s i x t h - r a n k i n J . U s i n g an e x p r e s s i o n g i v e n by M o r e t - B a i l l y [29] 
f o r the f o u r t h - o r d e r H a m i l t o n i a n i n c l u d i n g t h e s e terms, a l l o f 
the ^1 s p e c t r a o b s e r v e d t o date have been s u c c e s s f u l l y a n a l y z e d 
and f i t to o b t a i n the r e l e v a n t s p e c t r o s c o p i c p a r a m e t e r s . 
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Subsequent s p e c t r o s c o p i c s t u d i e s [22,30-31] i n v e s t i g a t e d 
the s p e c t r a o f t h e heavy s p h e r i c a l - t o p m o l e c u l e s C F 4 and SF$. 
I n marked c o n t r a s t t o t h e l i g h t e r s p h e r i c a l t o p s , t h e s e m o l e c u l e s 
e x h i b i t e x t r e m e l y regulär s p e c t r a ( F i g . 4a) w i t h a b s o l u t e l y no 
e v i d e n c e o f t e n s o r S p l i t t i n g o f t h e i n d i v i d u a l r o t a t i o n a l l i n e s . 
I n f a c t , t h e i r s p e c t r a can be f i t r e a d i l y by a s i m p l e r i g i d 
r o t o r e x p r e s s i o n v ( j ) = a + A|ÜJ(J + 1) r e q u i r i n g o n l y the two 
c o n s t a n t s (X and Aß. 

Due to t h e i r s m a l l e r r o t a t i o n a l B v a l u e s , t h e s p e c t r a o f 
t h e s e h e a v i e r m o l e c u l e s a r e s p r e a d out o v e r many more r o t a t i o n a l 
l e v e l s and a r e c o n s e q u e n t l y o v e r an o r d e r o f magnitude weaker 
i n peak s i g n a l s t r e n g t h . The i n d i v i d u a l r o t a t i o n a l l i n e s a r e 
more c l o s e l y spaced t h a n i n the l i g h t e r m o l e c u l e s , and t h u s 
r e s o l u t i o n becomes c r i t i c a l l y i m p o r t a n t . A l t h o u g h D o p p l e r 
b r o a d e n i n g i s not as i m p o r t a n t as i n the methanes, c o l l i s i o n 
b r o a d e n i n g can c o n t r i b u t e s i g n i f i c a n t l y , as shown i n F i g . 4b. 
The i m p o r t a n c e of m a i n t a i n i n g h i g h - s e n s i t i v i t y w h i l e d e v e l o p i n g 
SRS as a h i g h - r e s o l u t i o n s p e c t r o s c o p i c t e c h n i q u e i s t h u s r e a d i l y 
a p p a r e n t from t h e s e s t u d i e s . 

B. M o l e c u l a r J e t S t u d i e s 

Over the past s e v e r a l y e a r s m o l e c u l a r beam t e c h n i q u e s have 
been a p p l i e d more and more f r e q u e n t l y t o l a s e r s p e c t r o s c o p y 
problems. One of the major advantages i s the s i m p l i f i c a t i o n 
o f gas phase s p e c t r a t h a t r e s u l t s from the r o t a t i o n a l and 
v i b r a t i o n a l State c o o l i n g o c c u r r i n g i n the m o l e c u l a r e x p a n s i o n . 
Recent l a s e r e x c i t e d f l u o r e s c e n c e s t u d i e s [32] a r e e x c e l l e n t 
examples o f t h e d r a m a t i c improvement a v a i l a b l e i n s i m p l i f y i n g 
t he e l e c t r o n i c s p e c t r a o f p o l y a t o m i c s ; s i m i l a r b e n e f i t s s h o u l d 
be r e a l i z a b l e i n Raman s p e c t r a . 

I n a d d i t i o n to s p e c t r a l s i m p l i f i c a t i o n , t h e a d i a b a t i c 
c o o l i n g i n a f r e e e x p a n s i o n a l s o r e d u c e s t h e w i d t h s o f v e l o c i t y 
d i s t r i b u t i o n s and thus p r o v i d e s a means f o r i m p r o v i n g t h e 
r e s o l u t i o n o f D o p p l e r - l i m i t e d s p e c t r a . However, u n l i k e 
S a t u r a t i o n s p e c t r o s c o p y t e c h n i q u e s , w h i c h can produce sub-Doppler 
Raman l i n e w i d t h s i n room temperature gases [ 3 3 ] , m o l e c u l a r beam 
t e c h n i q u e s a r e not r e a l l y "sub-Doppler" i n the same sense, but 
r a t h e r t hey a r e a c t u a l l y " r e d u c e d - D o p p l e r " t e c h n i q u e s . 

F o l l o w i n g the development o f new h i g h d e n s i t y p u l s e d 
m o l e c u l a r beam s o u r c e s [ 3 4 ] , Duncan and Byer [35] proposed t h a t 
u l t r a - h i g h - r e s o l u t i o n , r e d u c e d - D o p p l e r - w i d t h Raman s p e c t r a were 
now r e a l i z a b l e w i t h CARS. ( I t s h o u l d be n o t e d here t h a t t h e 
development of such h i g h - d e n s i t y m o l e c u l a r beams was c r u c i a l f o r 
the CARS approach w i t h i t s q u a d r a t i c dependence o f s i g n a l on 
m o l e c u l a r d e n s i t y . ) M o t i v a t e d by Duncan and Byer's p r o p o s a l , we 
began a c o l l a b o r a t i v e e f f o r t w i t h J . V a l e n t i n ! of Los Alamos 
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The room-temperature D o p p l e r w i d t h f o r t h i s t r a n s i t i o n i n 
methane i s 270 MHz, as i l l u s t r a t e d i n t h e t o p spectrum. Under 
m i l d e x p a n s i o n c o n d i t i o n s ( c e n t e r spectrum) a t e m p e r a t u r e o f 
50°K i s r e a c h e d (1.8 mm downstream from t h e n o z z l e ) t h a t would 
g i v e a minimum D o p p l e r w i d t h o f 110 MHz were i t n o t f o r t h e 
r e l a t i v e l y l a r g e a n g u l a r s a m p l i n g o f t h e e x p a n s i o n a t t h i s 
p o i n t . The improvement i n r e s o l u t i o n , however, i s s t i l l 
s i g n i f i c a n t , p a r t i c u l a r l y as seen i n the w e l l - r e s o l v e d 
t e n s o r s p l i t components o f Q(3) and Q ( 4 ) . Under s t r o n g e r 
e x p a n s i o n c o n d i t i o n s (bottom spectrum) the r e s o l u t i o n improves 
e v en f u r t h e r , b o t h because of t h e reduced t e m p e r a t u r e , 13°K 
i n t h i s c a s e , and because a t 4.5 mm downstream we a r e p r o b i n g 
a s m a l l e r a n g u l a r ränge of t h e e x p a n s i o n . I n t h i s p a r t i c u l a r 
example, a r e s i d u a l D o p p l e r w i d t h o f 105 MHz was measured 
w h i c h i s a l m o s t e n t i r e l y due t o the a n g u l a r spread o f t h e 
f r e e - e x p a n s i o n . F o l l o w i n g t h e s e i n i t i a l s t u d i e s a p u l s e d 
v a l v e was i n s t a l l e d i n the m o l e c u l a r beam a p p a r a t u s w h i c h , 
by r e d u c i n g the open-time d u t y c y c l e , a l l o w s f o r much h i g h e r 
m o l e c u l a r d e n s i t y Operation w h i l e m a i n t a i n i n g r e a s o n a b l e 
pumping speed requirements. The p u l s e d v a l v e , d e s i g n e d by 
V a l e n t i n i and C r o s s [37] , i s a m o d i f i c a t i o n o f a commerical 
p i e z o e l e c t r i c l e a k v a l v e (Veeco, PV-10). T h i s m o d i f i e d v a l v e 
has been o p e r a t i n g i n our beam a p p a r a t u s w i t h o u t f a i l u r e s i n c e 
i t s i n s t a l l a t i o n . 

The SFß spectrum shown i n F i g . 6 i l l u s t r a t e s the superb 
s i g n a l l e v e l s t h a t can be a c h i e v e d , even w i t h weak t r a n s i t i o n s , 
u s i n g t h e p u l s e d f r e e - e x p a n s i o n j e t . Note t h a t due t o the 
r e d u c e d r o t a t i o n a l and v i b r a t i o n a l p a r t i t i o n f u n e t i o n s a t reduced 
t e m p e r a t u r e s , the s i g n a l l e v e l i n the p u l s e d m o l e c u l a r j e t 
i s a c t u a l l y s t r o n g e r t h a n t h a t o b s e r v e d a t 4 T o r r under s t a t i c 
c e l l c o n d i t i o n s ( F i g . 4 a ) . F u r t h e r m o r e , because o f the reduced 
k i n e t i c t e m p e r a t u r e , we a r e a b l e t o a c h i e v e a r e d u c t i o n i n 
c o l l i s i o n l i n e w i d t h f o r a g i v e n d e n s i t y . 

The most p r o m i s i n g f u t u r e a p p l i c a t i o n s f o r m o l e c u l a r 
j e t s w i l l t a k e advantage o f t h e reduced c o l l i s i o n a l r e l a x a t i o n 
r a t e s t h a t a r e p r e s e n t a t low t e m p e r a t u r e s . T h i s phenomenon 
makes i t p o s s i b l e t o s t u d y any number o f t r a n s i e n t s p e c i e s 
t h a t would o t h e r w i s e be v e r y d i f f i c u l t t o o bserve u s i n g 
spontaneous Raman t e c h n i q u e s . 

C. Time R e s o l v e d S t u d i e s 

As a p r o t o t y p i c a l i l l u s t r a t i o n of the c a p a b i l i t y o f SRS 
t o make t i m e - r e s o l v e d measurements on a transient s p e c i e , we 
have r e c e n t l y u n d e r t a k e n the study o f t h e Raman s p e c t r o s c o p y 
o f SF5 during and f o l l o w i n g e x c i t a t i o n of t h e V3 Vibration 
by CO2 l a s e r r a d i a t i o n [ 3 8 ] . 
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F i g . 6 Raman g a i n spectrum o f the V]_ band of SF5 o b t a i n e d i n 
a p u l s e d f r e e - e x p a n s i o n j e t by p r o b i n g 7 mm downstream from a 
2 mm n o z z l e . B a c k i n g p r e s s u r e = 86 p s i a . I n s t r u m e n t a l 
r e s o l u t i o n i s ^ 7 0 MHz. 

The energy diagram of F i g . 7a i l l u s t r a t e s the use o f t h e V]_ 
band as a means o f m o n i t o r i n g the r o t a t i o n a l l y s p e c i f i c r e m o v a l 
o f p o p u l a t i o n from t h e ground State v i a CO2 l a s e r e x c i t a t i o n i n 
t h e V3 band. E x p e r i m e n t a l l y t h i s i s a c h i e v e d by o p e r a t i n g t h e 
SRS system a t 10 Hz and s y n c h r o n i z i n g a CO2 l a s e r t o e x c i t e 
t h e sample a t 5 Hz. Two a l t e r n a t e l y t r i g g e r e d b o x c a r a v e r a g e r s 
a r e then used t o o b t a i n b o t h the u n p e r t u r b e d , "normal," spectrum 
and the " p e r t u r b e d , " CO2 l a s e r pumped spectrum. 

The spectrum shown i n F i g . 8 i l l u s t r a t e s t h e s e l e c t i v e 
d e p l e t i o n o f the fundamental when pumped by the P(18) l i n e o f 
t h e g r a t i n g tuned CO2 l a s e r TEA l a s e r . The spectrum was r e c o r d e d 
a t the peak o f the 100 nsec CO2 l a s e r probe (+25 ns) a t a f l u e n c e 
l e v e l o f ~ 80 kW/cm^, Comparison w i t h t h e "normal" spectrum 
shows s i g n i f i c a n t d e p l e t i o n i n the J = 33 r e g i o n where the P(18) 
l i n e o f C 0 2 a t 945.980 cm" 1 o v e r l a p s the v 3 P b r a n c h [ 3 9 ] . 
A d d i t i o n a l scans t a k e n a t l o n g e r d e l a y t i m e s (up t o 1 us) show a 
t h e r m a l i z a t i o n o f t h e r o t a t i o n a l s t a t e s , w h i c h r e s u l t s i n a 
d e p l e t i o n of the e n t i r e band and a f i l l i n g o f t h e " h o l e " n e a r 
J = 33. At h i g h e r f l u e n c e l e v e l s (~ 600 kW/cm^), more e x t e n s i v e 
d e p l e t i o n i s seen over the e n t i r e band, even a t s h o r t d e l a y t i m e s . 
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F i g . 7 Energy l e v e l s c h e m a t i c i l l u s t r a t i n g t he use of SRS to 
probe SFß m o l e c u l e s e x c i t e d by a C 0 2 l a s e r i n the V3 band, 
(a) M o n i t o r i n g o f the fundamental t o measure ground State 
d e p l e t i o n . (b) M o n i t o r i n g o f the + V3 V3 hot band 
p o p u l a t e d by the C 0 2 l a s e r . 
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RAMAN SHIFT / (om"1 ) 

F i g . 8 Raman g a i n s p e c t r a o f the fundamental o f SF5 showing 
the e f f e c t o f e x c i t a t i o n o f the V3 band near P(33) by the P(18) 
l i n e of t h e C 0 2 l a s e r . The C 0 2 l a s e r " p e r t u r b e d " spectrum 
( s o l i d l i n e ) i s compared t o the "normal" spectrum (dashed l i n e ) . 
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The l i n e s around the r e g i o n of strongest depletion a r e a l s o 
found to be strongly pushed away from the frequency o f the 
saturated line« T h i s frequency s h i f t a r i s e s from the near 
resonant i n t e r a c t i o n o f the C 0 2 l a s e r i n t e n s i t y with the V3 
P-branch t r a n s i t i o n s . The resultant up- and down-shifting 
o f the V3 levels are consequently r e f l e c t e d i n the vj_ tr a n s i t i o n s 
through the S t a r k s h i f t i n t h e i r common ground s t a t e s . C a r e f u l 
e x a m i n a t i o n o f F i g . 8 r e v e a l s that such a s h i f t i s a l s o present 
i n this spectrum, although not nearly as e v i d e n t as i t would be 
a t h i g h e r fluences. 

An unexpected feature o f t h i s spectrum i s the appearance of 
a strong selective depletion of the band, i n the v i c i n i t y o f 
J = 16. Indeed, t h i s Observation could not be accounted for on 
the basis o f d i r e c t e x c i t a t i o n o f the ground State v i a either one-, 
two-, o r three-photon p r o c e s s e s a t the CO2 l a s e r frequency [ 4 0 - 4 1 ] . 
I n addition, no e f f e c t on J = 16 l e v e l s was observed by S t e i n f e l d , 
e t a l . [ 4 2 ] , i n an IR-IR double resonance study which employed a 
diode l a s e r t o monitor ground State populations v i a changes i n 
the V3 absorption spectrum. 

We have subsequently explained these observations on the 
b a s i s of an AC S t a r k s h i f t which a f f e c t s only the upper l e v e l 
o f the Raman t r a n s i t i o n . S p e c i f i c a l l y , t h e C 0 2 P(18) l i n e i s 
v e r y nearly resonant with the R(16) t r a n s i t i o n o f V]_ + V3 y^. 
T h i s results i n spectral s h i f t s o f those l i n e s adjacent to 
J = 16 i n the Raman spectrum. I n a manner very similar t o 
that observed a t J = 33, the S t a r k s h i f t s near J = 16 are i n a 
direction away from the resonant frequency, such that the C 0 2 

l a s e r e s s e n t i a l l y carves out a spectral depletion without 
actually affecting the ground State populations. 

In a d d i t i o n t o detecting depletion of the ground state 
p o p u l a t i o n s , SRS techniques can also y i e l d b o t h s p e c t r o s c o p i c 
and dynamic information on the excited species. T h i s i s 
diagramed i n F i g . 7b where SRS i s employed t o monitor the CO2 
l a s e r populated + V3 «- V3 hotband. The free-expansion j e t 
becomes an essential p a r t o f t h i s e x p e r i m e n t because o f the 
necessity t o eliminate thermally populated "hotbands" which, a t 
room temperature, would obscure the presence o f the C 0 2 ~ l a s e r -
pumped s p e c i e s . F i g u r e 9 i l l u s t r a t e s the Vj_ + V3 «- V3 spectrum, 
with band o r i g i n a t 771.637 c m ~ l , as r e c o r d e d a t s h o r t delays 
following exc i t a t i o n by the P(14) l i n e o f CO2. The r o t a t i o n a l 
structure i n this band i s not as well r e s o l v e d as i n the V]_ 
fundamental due to the e f f e c t s o f C o r i o l i s S p l i t t i n g o f the V3 
mode. The observed structure i s r e p r o d u c i b l e , however, and can 
be analyzed using AB from the v i fundamental spectrum and the 
value ^ = 0.690 o b t a i n e d for the C o r i o l i s coupling c o e f f i c i e n t 
from the analysis o f V3 [ 4 3 ] . Note t h a t i n addition t o new 
spectral information, we a r e also a b l e to observe s p e c i f i c a l l y 
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the nonthermal r o t a t i o n a l S t a t e d i s t r i b u t i o n t h a t i s c r e a t e d i n 
the V3 = 1 l e v e l d u r i n g t he C 0 2 - l a s e r e x c i t a t i o n p r o c e s s . 

These p r e l i m i n a r y r e s u l t s c l e a r l y demonstrate t h e 
a p p l i c a b i l i t y o f SRS t e c h n i q u e s t o s t u d y i n g t he dynamics o f 
m u l t i - p h o t o n e x c i t a t i o n p r o c e s s e s i n m o l e c u l a r Systems. They 
i l l u s t r a t e the p o t e n t i a l c a p a b i l i t y f o r o b t a i n i n g time r e s o l v e d 
s p e c t r a l i n f o r m a t i o n w i t h SRS, and may l e a d t h e way t o e v e n t u a l 
Raman p r o b i n g o f m o l e c u l a r p h oto-fragments o r o t h e r t r a n s i e n t 
s p e c i e s . 

771.35 771.45 771.55 771.65 

RAMAN SHIFT / < onT 1 ) 

F i g . 9 Raman g a i n spectrum o f t h e + v 3 *~ v3 t r a n s i t i o n i n 
SFß, observed d u r i n g e x c i t a t i o n o f the V3 mode by a C 0 2 l a s e r . 
T e n t a t i v e J assi g n m e n t s o f the v± + V3 spectrum a r e shown. 
The CO2 P(14) l i n e used here pumps the R(28) t r a n s i t i o n i n V3 
o f SF5. Note t h e nonthermal d i s t r i b u t i o n o f i n t e n s i t y i n the 
r e g i o n of J = 29. 

4. CONCLUSIONS 

The development of s t i m u l a t e d Raman s p e c t r o s c o p y o v e r the 
past f o u r y e a r s has c l e a r l y e s t a b l i s h e d t h e t e c h n i q u e as a v a l u a b l e 
t o o l i n gas-phase Raman s t u d i e s . I n t h i s b r i e f a r t i c l e we have 
t r a c e d t h a t development, d e t a i l e d t h e c a p a b i l i t i e s o f the s t i m u 
l a t e d Raman s p e c t r o m e t e r , and surveyed a v a r i e t y o f a p p l i c a t i o n s 
of t he system t o problems i n the gas phase. For a more thorough 
d i s c u s s i o n o f t h i s t o p i c , we r e f e r t h e r e a d e r t o Ref. 18. 
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SRS i s c l e a r l y most a t t r a c t i v e i n u l t r a - h i g h - r e s o l u t i o n 
(< 0.01 cm~l) s t u d i e s t h a t a r e beyond the r e a c h o f spontaneous 
Raman s p e c t r o s c o p y . C o l l i s i o n b r o a d e n i n g e f f e c t s d i c t a t e t h a t 
such s t u d i e s be performed a t low p r e s s u r e s i n o r d e r t o maximize 
s e n s i t i v i t y . C u r r e n t l y , sample p r e s s u r e s below a p p r o x i m a t e l y 
5 T o r r a r e r e q u i r e d i n o r d e r t o a c h i e v e l i n e w i d t h s a p p r o a c h i n g 
o u r 0.002 cm"-*- i n s t r u m e n t a l r e s o l u t i o n . S e n s i t i v i t y 
c o n s i d e r a t i o n s have thus l i m i t e d our s t u d i e s a t t h e s e low 
p r e s s u r e s t o r e l a t i v e l y s t r o n g Raman s c a t t e r i n g modes. I t i s 
our e x p e c t a t i o n t h a t i n the near f u t u r e the i n t r o d u c t i o n o f 
higher-power s o u r c e s and a m u l t i - p a s c e l l w i l l s i g n i f i c a n t l y 
change t h i s Situation by i n c r e a s i n g t h e o v e r a l l s e n s i t i v i t y 
o f SRS by a t l e a s t two o r d e r s o f magnitude. T h i s s h o u l d open 
up a much w i d e r ränge o f p o s s i b l e a p p l i c a t i o n s , w h i c h s h o u l d , 
i n t u r n , e s t a b l i s h SRS as the Standard f o r h i g h - r e s o l u t i o n 
Raman s t u d i e s . 
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INVERSE RAMAN AND RAMAN GAIN SPECTRA OF LIQUIDS AND SOLUTIONS 

M. D. M o r r i s and C. E. B u f f e t t 

Department of Ch e m i s t r y 
U n i v e r s i t y of M i c h i g a n 
Ann A r b o r , MI 48109, USA 

1. INTRODUCTION 

A l t h o u g h i t i s t h e o l d e s t f o r m o f c o h e r e n t Raman 
s p e c t r o s c o p y , i n v e r s e Raman s p e c t r o s c o p y i s l e s s w i d e l y p r a c t i c e d 
t h a n CARS. The i n v e r s e Raman e f f e c t was f i r s t o bserved by Jones 
and S t o i c h e f f [ l 1. That p i o n e e r i n g p a p e r p r o p o s e d t h e use o f 
the i n v e r s e Raman e f f e c t f o r the s t u d y o f s h o r t - l i v e d s p e c i e s and 
s u g g e s t e d t h a t r o t a t i o n a l and e l e c t r o n i c i n v e r s e Raman e f f e c t s 
c o u l d be ob s e r v e d , as w e l l as v i b r a t i o n a l s p e c t r a , The p o s s i b l e 
u t i l i t y o f i n v e r s e Raman s p e c t r o s c o p y a s a means o f o b s e r v i n g 
Raman s p e c t r a over an i n t e n s e f l u o r e s c e n c e b a c k g r o u n d was v e r y 
c l e a r l y s t a t e d . 

The work o f Jones and S t o i c h e f f was c i t e d f r e q u e n t l y 
t h roughout the 1 9 6 0's and gave r i s e to a s m a l l group o f 
p r a c t i t i o n e r s . However, the weakness o f the e f f e c t and the l a c k 
o f v e r s a t i l e I n s t r u m e n t a t i o n f o r o b s e r v i n g i t , p r e v e n t e d 
w i d e s p r e a d i n v e s t i g a t i o n o r a p p l i c a t i o n . Even l e s s a t t e n t i o n was 
p a i d to Raman g a i n s p e c t r o s c o p y , which remained v i r t u a l l y 
untouched d u r i n g t h i s p e r i o d . 

I n v e r s e Raman s p e c t r o s c o p y was l a r g e l y e c l i p s e d by CARS i n 
t h e e a r l y 1 9 7 0 ' s . The s u c c e s s e s o f CARS i n g e n e r a t i n g h i g h 
r e s o l u t i o n gas phase s p e c t r a and S o l u t i o n s p e c t r a i n l u m i n e s c e n t 
m e d i a overshadowed i m p o r t a n t work i n i n v e r s e Raman s p e c t r o s c o p y . 
I n 1 9 7 4 Yeung [ 2 ] and Werncke and c o - w o r k e r s [ 3 ] m e a s u r e d 
i n v e r s e Raman s p e c t r a from broadband dye l a s e r s u s i n g Q-switched 
ruby l a s e r s as pump s o u r c e s . I n b o t h c a s e s , t h e f l u o r e s c e n c e 
r e j e c t i o n p o s s i b i l i t i e s were p o i n t e d o u t . I n f a c t , O b s e r v a t i o n 
o f Raman s p e c t r a o f f l u o r e s c e n t m e d i a a p p e a r s t o have been a 
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major goal o f Yeung, w h i l e the Verncke group s t r e s s e d the a b i l i t y 
t o m e a s u r e s p e c t r a on t h e n a n o s e c o n d t i m e s c a l e as w e l l a s 
f l u o r e s c e n c e r e j e c t i o n . B o t h groups used P h o t o g r a p h i e d e t e c t i o n , 
w h i c h o f f e r e d l i m i t e d s e n s i t i v i t y . However, the Verncke group 
used i n t r a - e a v i t y g e n e r a t i o n , a f f o r d i n g a f a c t o r o f a b o u t 10 
improvement i n d e t e c t i o n l i m i t s . 

A l t h o u g h i t s f e a s i b i l i t y was w e l l - e s t a b l i s h e d , i n v e r s e Raman 
s p e c t r o s c o p y remained d e c i d e d l y l e s s populär than CARS t h r o u g h o u t 
t h e m i d - 1 9 7 0 ' s . The i n t r o d u e t i o n o f m o d u l a t i o n t e c h n i q u e s to 
i n v e r s e Raman and Raman g a i n s p e c t r o s c o p y by Owyoung [ 4 , 5 ] 
b r o u g h t a f u r t h e r i n c r e a s e i n s e n s i t i v i t y o f these t e c h n i q u e s . 
Owyoung 1 s work a l s o marked the b e g i n n i n g o f w i d e s p r e a d i n t e r e s t 
i n i n v e r s e Raman a n d Raman g a i n s p e c t r o s c o p y a s a s e r i o u s 
a l t e r n a t i v e to CARS. At p r e s e n t , a v a r i e t y o f d i r e c t a b s o r p t i o n 
and m o d u l a t i o n schemes a r e u s e d to o b t a i n h i g h q u a l i t y i n v e r s e 
Raman s p e c t r a i n Condensed and gas phases. The same measurement 
t e c h n i q u e s a r e a p p l i c a b l e to Raman g a i n s p e c t r o s c o p y . 

2. THEORY 

The t h e o r y o f i n v e r s e Raman and Raman g a i n s p e c t r o s c o p y i s 
d i s c u s s e d i n d e t a i l e l s e w h e r e i n t h i s volume. We p r e s e n t o n l y a 
summary h e r e . The i n v e r s e Raman a b s o r p t i o n /V^/P^, i s d e f i n e d by 
e q u a t i o n 1. 

2 
AP 1 96TT cü-Cüp m 

= 3 I m X U
; / i i i ( - a ) 1 , a ) 1 ,03 2,-a) 2)P 22d (1) 

P 1 c n 

H e r e , a r e t h e power d e n s i t i e s i n the pump and probe beams 
r e s p e c t i v e l y , a t f r e q u e n c i e s cô  and co^, n i s the r e f r a c t i v e i n d e x 
o f the sample and Imx i s the i m a g i n a r y p a r t o f t h e t h i r d - o r d e r 
s u s c e p t i b i l i t y , w h i c h i s p r o p o r t i o n a l to the Raman c r o s s - s e c t i o n 
and the c o n c e n t r a t i o n o f t h e R a m a n - a c t i v e m o l e c u l e . The p a t h 
l e n g t h i s taken to be 2d, where d i s the d i s t a n c e from the c e n t e r 
o f the sample c e l l to one end. The c e n t e r - t o - e n d d e f i n i t i o n w i l l 
be used l a t e r . 

The same e x p r e s s i o n h o l d s f o r Raman g a i n , i f the pump beam 
i s d e f i n e d as t h e l a s e r o f h i g h e r o p t i c a l f r e q u e n c y , and the 
p r o b e a s t h e l o w e r f r e q u e n c y beam. The g a i n s i g n a l i s an 
i n c r e a s e i n pump i n t e n s i t y , r a t h e r t h a n an a t t e n u a t i o n . 
O t h e r w i s e , away from an e l e c t r o n i c resonance, the t e c h n i q u e s a r e 
e q u i v a l e n t , and the use o f one r a t h e r than the o t h e r i s 
determined by e x p e r i m e n t a l c o n v e n i e n c e . 

E q u a t i o n 1 i s t h e s m a l l s i g n a l a p p r o x i m a t i o n to an 
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e x p o n e n t i a l l y i n c r e a s i n g b u i l d - u p o f i n v e r s e Raman o r Raman g a i n 
i n t e n s i t y . The s m a l l s i g n a l a p p r o x i m a t i o n i s s u f f i c i e n t f o r g a i n 
o r a t t e n u a t i o n o f l e s s t h a n about 5$. I n p r a c t i c e , v e r y l a r g e 
s i g n a l s are not encountered e x c e p t p e r h a p s i n n e a t s o l v e n t s o r 
g a s e s a t v e r y h i g h p r e s s u r e . T h u s , t h e s i g n a l s h o u l d remain 
e x a c t l y a nalogous to a spontaneous Raman s i g n a l . 

Both p o l a r i z a t i o n components o f the spontaneous Raman s i g n a l 
a r e o b s e r v a b l e i n i n v e r s e Raman and Raman g a i n s p e c t r o s c o p y . I f 
pump and p r o b e l a s e r a r e l i n e a r l y p o l a r i z e d i n the same p l a n e , 
t h e p a r a l l e l p o l a r i z a t i o n component o f t h e Raman s i g n a l i s 
o b s e r v e d . I f th e y are p o l a r i z e d 90 to each o t h e r , the 
p e r p e n d i c u l a r component i s o b t a i n e d . 

E q u a t i o n 1 assumes t h a t power d e n s i t i e s r e m a i n c o n s t a n t a s 
t h e beams p r o p a g a t e through the sample. F o r t h i s geometry, one 
would p r e d i c t t h a t i n d e f i n i t e l y l a r g e s i g n a l s c o u l d be o b t a i n e d 
by t h e use o f v e r y l o n g s a m p l e p a t h s . I n p r a c t i c e , a l m o s t a l l 
work i s done u s i n g s h o r t path l e n g t h c e l l s , t y p i c a l l y 1-10 cm, 
and f o c u s e d beams. Under these c o n d i t i o n s a l i m i t i n g s i g n a l i s 
reached when the p a t h l e n g t h r e a c h e s 50-75 c o n f o c a l p a r a m e t e r s 
[ 6 1 . 

The r e a s o n i s t h a t t h e power d e n s i t y i s not c o n s t a n t i n a 
foc u s e d beam, but i n c r e a s e s t o a l i m i t a t beam f o c u s and t h e n 
d e c r e a s e s a g a i n . F o r the assumption o f a G a u s s i a n beam, e q u a t i o n 
2 h o l d s . 

P z 2 

P(d) = — T^—Z (2) 
TTÜJ 2 ( d 2 + Z 2) 

o o 

H e r e , P ( d ) i s t h e power d e n s i t y o f the beam at d i s t a n c e d from 
f o c u s , P i s t h e power o f t h e beam and z i s t h e c o n f o c a l 
parameter o f the l e n s / l a s e r p a i r . 

I f b o t h the pump and probe beams a r e assumed to be i d e n t i c a l 
G a u s s i a n s , S u b s t i t u t i o n o f e q u a t i o n 2 f o r the power density -
c e l l l e n g t h p r o d u c t i n e q u a t i o n 1 l e a d s t o t h e c o n c l u s i o n t h a t 
i n v e r s e Raman o r Raman g a i n ' s i g n a l s s h o u l d obey e q u a t i o n 3 . 

Ap 96TT2Ü) ü) ( 3 ) d 

= = Imx i i ü ^ , w 2 , - 0 ) 2 ) P 2 a r c t a n - (3) 
P 1 c n o 

3 . EXPERIMENTAL TECHNIQUES 
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Two g e n e r a l c l a s s e s o f e x p e r i m e n t a r e i n f a i r l y w i d e s p r e a d 
u s e . T h e s e a r e t h e i n t r a - c a v i t y a b s o r p t i o n method and t h e 
m o d u l a t i o n / d e m o d u l a t i o n method. 

The Werncke group has d e v e l o p e d the i n t r a - c a v i t y a b s o r p t i o n 
m ethod e x t e n s i v e l y [ 3 , 7 ] . I n v e r s e Raman a b s o r p t i o n o r Raman 
g a i n i s measured from the Output o f a broad band dye l a s e r . I n 
most e x p e r i m e n t s t h e dye l a s e r i s pumped by the second harmonic 
o f a ruby l a s e r , w h i l e the r e s i d u a l r u b y f u n d a m e n t a l pumps t h e 
i n v e r s e Raman o r Raman g a i n p r o c e s s . A P h o t o g r a p h i e p l a t e o r an 
o p t i c a l m u l t i c h a n n e l a n a l y z e r s e r v e s as the d e t e c t o r system. 

The i n t r a e a v i t y method h a s t h e a d v a n t a g e o f e x p e r i m e n t a l 
s i m p l i c i t y and an i n t r i n s i c m u l t i p l e x advantage. A l t h o u g h i n t r a -
c a v i t y a b s o r p t i o n from a CW l a s e r i s enhanced by a f a c t o r o f as 
much as 10 , e n h a n c e m e n t s o f o n l y 5 - 1 0 a r e t y p i c a l f o r s h o r t 
p u l s e Systems. The enhancement f a c t o r i s a p p r o x i m a t e l y e q u a l to 
the number o f c a v i t y round t r i p s a photon can make. The i n t r a -
c a v i t y e n hancement a p p e a r s t o compensate f o r the f a c t t h a t the 
system o p e r a t e s w i t h an u n f o c u s e d beam, c a u s i n g a d e c r e a s e i n 
s e n s i t i v i t y . 

A l t h o u g h t h e Werncke work h a s been done w i t h ruby l a s e r s , 
the same c o n f i g u r a t i o n can be used w i t h any s h o r t p u l s e l a s e r s , 
s u c h a s Nd/YAG o r e x c i m e r / n a r r o w band dye/broad band dye. W h i l e 
t h e use o f u n f o c u s e d beams d e c r e a s e s t h e s e n s i t i v i t y o f t h e 
ex p e r i m e n t somewhat, i t a l s o s i m p l i f i e s the a l i g n m e n t g r e a t l y . 

More commonly, m o d u l a t i o n / d e m o d u l a t i o n schemes a r e used to 
a c h i e v e good s e n s i t i v i t y i n i n v e r s e Raman o r Raman g a i n 
e x p e r i m e n t s . T h e s e d e r i v e f r o m experiments o f Owyoung and co
w o r k e r s , who used a modulated CW dye l a s e r to observe Raman g a i n 
f r o m a S i n g l e mode He-Ne l a s e r [ 4 , 5 ] . T h i s e x p e r i m e n t was 
r e p o r t e d as ' cw s t i m u l a t e d Raman s p e c t r o s c o p y . ' E l e c t r o - o p t i c 
m o d u l a t i o n o f the dye l a s e r was used, and a l o c k - i n a m p l i f i e r was 
e m p l o y e d to e x t r a c t t h e Raman s i g n a l . The s e n s i t i v i t y o f the 
ex p e r i m e n t was improved by m u l t i - p a s s i n g . 

M o d u l a t i o n / d e m o d u l a t i o n a c h i e v e s two g o a l s s i m u l t a n e o u s l y . 
F i r s t , i t a l l o w s good s e n s i t i v i t y , s i n c e n o i s e l e v e l s can 
approach the shot n o i s e l i m i t . S e c o n d , i t a l l o w s m e a s u r e m e n t s 
w i t h l a s e r - l i m i t e d r e s o l u t i o n , r a t h e r than m o n o c h r o m a t o r - l i m i t e d 
r e s o l u t i o n . I n Solution, t h e f i r s t p r o p e r t y i s extremely 
i m p o r t a n t , w h i l e i n the gas phase, b o t h advantages are used. The 
beam q u a l i t y and band w i d t h o f a CW dye l a s e r a r e s u p e r i o r to 
those o b t a i n a b l e w i t h p u l s e d dye l a s e r s . However, a p u l s e d dye 
l a s e r i s s i m p l e r t o use t h a n a CW d e v i c e . W i t h o s c i l l a t o r -

a m p l i f i e r S y s t e m s , the beam p r o f i l e can a p p r o a c h G a u s s i a n . ^ The 
band w i d t h o f t h e t y p i c a l p u l s e d dye l a s e r i s 0 . 1 - 1 ^ cm and, 
even w i t h an e t a l o n , band w i d t h s o f l e s s t han 0 . 0 3 cm a r e n o t 
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c o m m e r c i a l l y a v a i l a b l e . Fo;p Condensed p h a s e s , Raman b a n d w i d t h s 
a r e r a r e l y l e s s than 2 cm , so t h a t the a v a i l a b l e r e s o l u t i o n i s 
q u i t e a d e q u a t e . T h u s , p u l s e d S y s t e m s may be p r e f e r r e d f o r 
S o l u t i o n work. 

The a d v a n t a g e s o f p u l s e d dye l a s e r s and o f m o d u l a t i o n / 
d e m o d u l a t i o n measurement can be combined i n a measurement scheme 
u s i n g a p u l s e d p r o b e and a CW pump c a l l e d a c - c o u p l e d i n v e r s e 
Raman by us [ 8 , 9] and quasi-cw i n v e r s e Raman b y Owyoung [ l o j . 
The e x p e r i m e n t a l c o n f i g u r a t i o n used i n our l a b o r a t o r i e s i s 
o u t l i n e d i n F i g u r e 1. 

CHOPPER 

DYE 

LASER 

DICHROIC BS L SAMPLE L GRATING 

MIRROR 

F i g . 1 E x p e r i m e n t a l conf i g u r a t i o n f o r A C - c o u p l e d i n v e r s e Raman 
s p e c t r o s c o p y . BS, 4% b e a m s p l i t t e r ; F, d i e l e c t r i c f i l t e r ; L, 
l e n s ; M, m i r r o r . 

The beams from the argon i o n l a s e r and the p u l s e d dye l a s e r 
a r e c o m b i n e d c o l l i n e a r l y t h r o u g h a d i c h r o i c m i r r o r and f o c u s e d 
onto the sample c e l l w i t h an achromat. A f t e r passage through the 
c e l l , t h e beams a r e r e - c o l l i m a t e d and t h e n s e p a r a t e d w i t h a 
d i f f r a c t i o n g r a t i n g . The e n t i r e a r g o n i o n l a s e r beam i s f o c u s e d 
onto a f a s t p h o t o d i o d e , which i s c a p a c i t i v e l y c o u p l e d to a p u l s e 
a m p l i f i e r . 
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Because the argon i o n l a s e r i s a CW s y s t e m , no s i g n a l g o e s 
t h r o u g h t h e c o u p l i n g c a p a c i t o r u n l e s s t h e r e i s a change i n the 
beam i n t e n s i t y . Thus, i n d u c e d Raman s i g n a l s a p p e a r as p u l s e s , 
s y n c h r o n o u s w i t h t h e dye l a s e r p u l s e , and f r e e f r o m t h e CW 
background s i g n a l . Gated I n t e g r a t i o n s e r v e s t o i s o l a t e t h e s e 
p u l s e d s i g n a l s . 

T h i s m o d u l a t i o n scheme p r o v i d e s b e t t e r s e n s i t i v i t y t h a n a 
d i r e c t s u b t r a c t i o n m e a s u r e m e n t , s i n c e i t does n o t depend on 
m a i n t a i n i n g h i g h common-mode r e j e c t i o n r a t i o i n an RF d i f f e r e n c e 
a m p l i f i e r [ 1 1 , 1 2 ] . We have r e p o r t e d d e t e c t i o n l i m i t s s i m i l a r to 
t h o s e o b t a i n a b l e i n s p o n t a n e o u s Raman s p e c t r o s c o p y , u s i n g a 
n i t r o g e n l a s e r pumped dye l a s e r ( p u l s e w i d t h 6 ns e c , peak power 
100 kw). B e t t e r s e n s i t i v i t y c o u l d be o b t a i n e d w i t h more p o w e r f u l 
dye l a s e r s , o r dye l a s e r s w i t h b e t t e r beam q u a l i t y . 

The use o f a d i c h r o i c m i r r o r a s a beam c o m b i n e r m a x i m i z e s 
t h e s i g n a l f r o m t h e s y s t e m , by a l l o w i n g c o l i n e a r beam 
p r o p a g a t i o n . However, the d i c h r o i c m i r r o r ^ i m i t s measurements to 
Raman s h i f t s g r e a t e r t h a n a b o u t 600 cm" . A c r o s s e d beam 
g e o m e t r y , o r the use o f c o u n t e r - p r o p a g a t i n g beams, a l l o w s 
measurements o f Raman s h i f t s a s s m a l l as t h e sum o f t h e l a s e r 
band w i d t h s [ l 2 l . 

F o r l o w CW l a s e r p o w e r s , t h e m e c h a n i c a l c h o p p e r i s n o t 
n e c e s s a r y . I t s f u n c t i o n i s to l i m i t the l a s e r power i n c i d e n t on 
t h e p h o t o d i o d e i n o r d e r to p r e v e n t damage to the d e v i c e . I n our 
l a b we use a wheel r o t a t i n g a t a b o u t 30 Hz, w i t h a n o t c h w h i c h 
g e n e r a t e s a p u l s e w i d t h o f a b o u t 150 m i c r o s e c . Our p u l s e 
a m p l i f i e r s have e s s e n t i a l l y no f r e q u e n c y response below 100 k H z , 
so t h a t t h e o p e n i n g and c l o s i n g o f the chopper do not gen e r a t e 
any s i g n a l . W i t h the p r o t e c t i v e c h o p p e r , we have been a b l e to 
use t h e same ph o t o d i o d e f o r ove r t h r e e y e a r s w i t h no evidence o f 
damage. 

A s i n g l e l o n g i t u d i n a l mode l a s e r i s r e q u i r e d f o r t h i s 
e x p e r i m e n t , but not f o r bandwidth. I n the absence o f an e t a l o n , 
the mode b e a t i n g s i g n a l g e n e r a t e d by a t y p i c a l argon i o n l a s e r i s 
much l a r g e r than the d e s i r e d i n v e r s e Raman s i g n a l . T h i s s i g n a l , 
w h i c h o c c u r s a t a f r e q u e n c y o f 150-200 MHz f o r t y p i c a l c a v i t y 
l e n g t h s , i s s a m p l e d by t h e g a t e d i n t e g r a t o r , and g e n e r a t e s 
a r t i f a c t s which o b s c u r e the Raman bands. 

S t o n e h a s u s e d l e n g t h s o f s i l i c a f i b e r t o o b t a i n l o n g 
i n t e r a c t i o n l e n g t h s f o r i n v e r s e Raman me a s u r e m e n t s u s i n g a 20 
m i l l i w a t t k r y p t o n i o n l a s e r and a Xenon a r c lamp [ 1 3 ] . By u s i n g 
i n t e r n a l d i a m e t ^ r s o f about 4 m i c r o n s , power d e n s i t i e s o f a b o u t 
0.1 megawatt/cm a r e o b t a i n e d . The s m a l l d i a m e t e r , combined w i t h 
p a t h l e n g t h s o f 1-20 m e t e r s , g e n e r a t e s f a i r l y i n t e n s e s p e c t r a 
w i t h o u t r e c o u r s e to m o d u l a t i o n . A l t h o u g h the s e n s i t i v i t y o f t h i s 
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t e c h n i q u e i s g r e a t , i t has two d i s a d v a n t a g e s . F i r s t , i t i s 
l i m i t e d to l i q u i d s whose r e f r a c t i v e i n d e x i s g r e a t e r than t h a t o f 
q u a r t z . Aqueous S o l u t i o n s can not be used. Second, the f i l l i n g 
p r o c e s s i s t e d i o u s , r e q u i r i n g as much as an h o u r f o r f i b e r s o f 
10-20 meter l e n g t h . 

4. SPECTROSCOPIC PROPERTIES OF LIQUIDS AND SOLUTIONS 

F i g u r e 2 shows the i n v e r s e Raman spectrum o f n - b u t y l 
a c e t a t e . The spectrum was taken i n t^pe r a p i d s c a n mode, a s t h e 
a v e r a g e o f 2 l a s e r p u l s e s , a t 1 cm i n t e r v a l s C141 • The l o w e r 
wavenumber l i m i t i s s e t by the p r o p e r t i e s o f the d i c h r o i c mirror, 
w h i c h s w i t c h e s from r e f l e c t i v e to t r a n s m i s s i v e n e a r 600 cm t o 
the r e d o f the argon i o n l i n e . The upper wavenumber l i m i t i s the 
red end o f the dye l a s e r g a i n c u r v e . 

F i g . 2 I n v e r s e Raman spectrum o f ne a t n - b u t y l a c e t a t e , 2 l a s e r 
p u l s e s p e r d a t a p o i n t . 

Comparison o f the spectrum to a spo n t a n e o u s Raman s p e c t r u m 
o f n - b u t y l a c e t a t e shows them to be i d e n t i c a l . The example 
shown h e r e i l l u s t r a t e s two o t h e r f e a t u r e s o f i n v e r s e Raman 
s p e c t r o s c o p y . F i r s j ; , the s i g n a l / n o i s e r a t i o i s good. The scan 
r a t e i s about 350 cm"" / m i n , l i m i t e d by t h e t u n i n g ^ r a t e o f t h e 
g r a t i n g . Second, d e s p i t e the ränge o f o v e r 1000 cm c o v e r e d , no 
c r o s s i n g a n g l e a d j u s t m e n t i s n e e d e d , u n l i k e CARS o r CSRS. I n 
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f a c t , c o l i n e a r , o r any o t h e r geometry can be m a i n t a i n e d o v e r t h e 
e n t i r e t u n i n g ränge o f ̂ he d y e , a l l o w i n g c o l l e c t i o n o f s p e c t r a 
o v e r a ränge o f 2000 cm~ o r more. The l i n e a r i t y o f i n v e r s e 
Raman s i g n a l s w i t h c o n c e n t r a t i o n i s d e m o n s t r a t e d by the d a t a o f 
F i g u r e 3 . Here, the h e i g h t o f the 1050 cm band o f t h e niträte 
i o n i n water i s p l o t t e d a g a i n s t c o n c e n t r a t i o n . V e r y good 
l i n e a r i t y i s o b s e r v e d . Moreover, u n l i k e CARS, IRS s i g n a l s r e t a i n 
a L o r e n t z i a n band shape a t a l l d i l u t i o n s . 

"=0.00 0.50 I.CO 1.53 ZÜ0 2.S2 
CONCENTRfiTION in) 

F i g . 3 P l o t o f NO- 1052 cm band h e i g h t v s . c o n c e n t r a t i o n . 

F i g u r e 4 shows the IRS s i g n a l o f 5 x 10 M ^ p i träte i n w a t e r . 
A l t h o u g h much s m a l l e r than the water 1650 cm band, the n i t r a t e 
s i g n a l remains L o r e n t z i a n . 

F i g u r e 4 demonstrates t h a t the d e t e c t i o n l i m i t s o f i n v e r s e 
Raman s p e c t r o s c o p y a r e s i m i l a r to those o f normal Raman 
s p e c t r o s c o p y [ H ] under s i m i l a r c o n d i t i o n s . We h a v e p r e v i o u s l y 
r e p o r t e d d e t e c t i o n l i m i t s o f 5 x 10 M NO ~ u s i n g about 100 mW 
CW power and 250 m i c r o j o u l e p u l s e s [ 9 ] . System improvements have 
l o w e r e d c u r r e n t d e t e c t i o n l i m i t s t o a b o u t 1 x 10 M, and some 
f u r t h e r improvement i s p o s s i b l e w i t h o u t i n c r e a s i n g l a s e r power. 

I n p r i n c i p l e , i n v e r s e Raman and Raman g a i n s p e c t r o s c o p y a r e 
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l i m i t e d by t h e d e t e c t o r s h o t n o i s e g e n e r a t e d by the pump l a s e r 
[ 1 5 ] . I n s o l u t i o n s o t h e r f a c t o r s s e t t h e o b s e r v a b l e d e t e c t i o n 
l i m i t s . F i r s t , t h e s o l v e n t has a Raman s i g n a l w h i c h may be weak, 
but w h i c h i s r a r e l y i d e n t i c a l l y z e r o . The d e s i r e d s i g n a l must be 
s u b t r a c t e d from any s o l v e n t s i g n a l , and the n o i s e a s s o c i a t e d w i t h 
t h e s o l v e n t s i g n a l may u l t i m a t e l y be l i m i t i n g . „Second, a l l 
s o l v e n t s have weak a b s o r p t i o n s , t y p i c a l l y 10 - 10 a b s o r b a n c e / 
cm. Thus, the s o l v e n t g e n e r a t e s a s m a l l t h e r m a l l e n s s i g n a l , 
w h i c h can not be c o m p l e t e l y r e j e c t e d . T h i s s i g n a l may a l s o l i m i t 
l o w c o n c e n t r a t i o n measurements. F i n a l l y , the presence o f s m a l l 
p a r t i c l e s , w h i c h r a n domly s c a t t e r l i g h t , may g e n e r a t e s m a l l n o i s e 
s p i k e s , w h i c h can o b s c u r e s m a l l s i g n a l s . I n any c a s e , i n r e a l 
s a m p l e s i t w o u l d a p p e a r d i f f i c u l t t o a p p r o a c h t h e shot n o i s e 
l i m i t c l o s e r t h a n perhaps a f a c t o r o f two o r t h r e e . However, the 
beam q u a l i t y , peak power and r e p e t i t i o n r a t e o f c u r r e n t l y 
a v a i l a b l e YAG o r e x c i m e r l a s e r pumped dye l a s e r s s h o u l d a l l o w 
d e t e c t i o n l i m i t s o f 1 x 10 M NO, o r l o w e r , w i t h o u t r e s o n a n t 
e n h a n c e m e n t . D e t e c t i o n l i m i t s r o r d i r e c t a b s o r p t i o n t e c h n i q u e s 
might be somewhat h i g h e r , l i m i t e d by the dynamic ränge o f a r r a y 
d e t e c t o r s . 

A l t h o u g h t h e r e i s no n o n - r e s o n a n t b a c k g r o u n d expected i n 
i n v e r s e Raman o r Raman g a i n s p e c t r o s c o p y , t w o - p h o t o n a b s o r p t i o n 
c a n be l i m i t i n g i n some c a s e s . Yeung has suggested t h a t two-
p h o t o n a b s o r p t i o n w i l l be a p r o b l e m w i t h h i g h l a s e r p o w e r 
d e n s i t i e s [ 2 ] . Two p h o t o n a b s o r p t i o n has been observed by N e s t o r 
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as a weak, p o l a r i z e d band near the 790 cm band o f t o l u e n e [ 1 2 ] . 
I n a q u e o u s S o l u t i o n s , h o w e v e r , two p h o t o n a b s o r p t i o n c a n be 
n e g l e c t e d . 

B e c a u s e i n v e r s e Raman s i g n a l s a r e d i r e c t l y p r o p o r t i o n a l to 
ImX , th e y a r e a d d i t i v e . There a r e no c r o s s - t e r m e f f e c t s and no 
i n t e r f e r e n c e s b e t w e e n a d j a c e n t s i g n a l s , as i s o f t e n observed i n 
CARS. As F i g u r e 2 s h o w s , c l o s e l y s p a c e d b a n d s may n o t be 
c o m p l e t e l y r e s o l v e d , b u t t h e y a p pear as the s i m p l e sums o f the 
i n d i v i d u a l band i n t e n s i t i e s . 

I n v e r s e Raman s p e c t r o s c o p y a l s o p r e s e r v e s p o l a r i z a t i o n 
p r o p e r t i e s o f Raman s p e c t r a . W e r n c k e and co - w o r k e r s [3] have 
r e p o r t e d the i n v e r s e Raman l i n e s o f benzene t o be p o l a r i z e d and 
d e p o l a r i z e d as the spontaneous Raman l i n e s . ^ We have measured the 
d e p o l a r i z a t i o n r a t i o o f the benzene 1178 cm l i n e to be 0.73, i n 
good a g r e e m e n t w i t h t h e 0.75 v a l u e e x p e c t e d f o r a d e p o l a r i z e d 
l i n e . We £ind the d e p o l a r i z a t i o n r a t i o o f t h e 992 cm l i n e t o 
be 3 x 10" , i n adequate agreement w i t h the l i t e r a t u r e v a l u e o f 2 
x 10 r e p o r t e d f o r spontaneous Raman s p e c t r o s c o p y [lol. 

5 . SOME APPLICATIONS TO LIQUIDS AND SOLUTIONS 

I n the f i r s t O b s e r v a t i o n o f i n v e r s e Raman s p e c t r o s c o p y 
S t o i c h e f f and Jones p o i n t e d o u t t h e p o t e n t i a l use f o r 
f l u o r e s c e n c e r e j e c t i o n . T h i s use has remained a major a r e a o f 
a p p l i c a t i o n . Werncke and c o - w o r k e r s [ 7 ] have r e c o r d e d the 
i n v e r s e Raman s p e c t r a o f l i g h t o i l and t r a n s f o r m e r o i l . They 
d e m o n s t r a t e t h a t v e r y good s p e c t r a o f t h e h y d r o c a r b o n s a r e 
o b t a i n e d , d e s p i t e t h e p r e s e n c e o f f l u o r e s c e n t components which 
a l m o s t c o m p l e t e l y mask the spontaneous Raman s p e c t r a . 

More commonly, i n v e r s e Raman and Raman g a i n s p e c t r o s c o p y a r e 
used to o b t a i n resonance-enhanced Raman s p e c t r a o f l u m i n e s c e n t 
m o l e c u l e s [ l 7 - 2 l l . F o r t h i s a p p l i c a t i o n , t h e s e t e c h n i q u e s 
compare f a v o r a b l y w i t h CARS i n s e n s i t i v i t y . However, w h i l e Raman 
g a i n band shapes remain L o r e n t z i a n i n t h e e l e c t r o n i c r e s o n a n c e 
r e g i o n , i n v e r s e Raman band shapes change [ 2 0 , 21 ] . T h i s 
phenomenon i s d i s c u s s e d i n d e t a i l e l s e w h e r e i n t h i s volume. 

Wit h c r o s s e d o r c o u n t e r - p r o p a g a t i n g beams, a l l f o r m s o f 
c o h e r e n t Raman s p e c t r o s c o p y a r e u s e f u l f o r e x a m i n i n g the r e g i o n 
o f s m a l l wavenumber s h i f t . I n p r i n c i p l e , c o h e r e n t Raman 
s p e c t r o s c o p y a l l o w s O b s e r v a t i o n o f wavenumber d i f f e r e n c e s as 
s m a l l as the sum o f the two lase;p b a n d w i d t h s . F o r p u l s e d l a s e r s 
t h i s d i f f e r e n c e i s 0 . 0 5 - 0 . 5 cm . F o r cw l a s e r s , i t can be l e s s 
than 0 .001 cm" . 

L i t t l e use has been made o f t h i s p r o p e r t y , y e t . However, 
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N e s t o r [ 1 2 ] h a s r e p o r t e d Raman ga^.n s p e c t r a o f s e v e r a l n e a t 
l i q u i d s down t o a b o u t 0 . 5 cm . A z e r o f r e q u e n c y b a n d , 
a t t r i b u t e d to b u l k m o t i o n o f the s o l v e n t , i s o b s e r v e d . 

5. DEPHASING MEASUREMENTS 

H e r i t a g e has used Raman g a i n to measure ^the d e p h a s i n g t i m e 
f o r t h e C S ^ s t r e t c h i n g mode a t 656 .5 cm [ 2 2 ] . A p a i r o f 
s y n c h r o n i z e d p u l s e s from two i n d e p e n d e n t l y t u n a b l e mode-locked cw 
dye l a s e r s i s used to g e n e r a t e a Raman g a i n s i g n a l . One o f t h e 
l a s e r s i s m e c h a n i c a l l y chopped to g e n e r a t e a modulated s i g n a l . A 
s e c o n d p a i r o f p u l s e s , d e l a y e d w i t h r e s p e c t to the f i r s t p a i r , 
p r o b e s the d e p h a s i n g , w h i c h i s measured by t h e i n t e n s i t y o f t h e 
m o d u l a t e d g a i n on t h e second p a i r , as a f u n c t i o n o f d e l a y t i m e . 
T h i s V a r i a t i o n o f t h e pump-probe exp e r i m e n t a p p e a r s t o be q u i t e 
s e n s i t i v e and i s r e a d i l y e x t e n d e d to any Raman-active Vibration. 

6. SOLIDS 

I n v e r s e Raman and Raman g a i n s p e c t r o s c o p y , l i k e o t h e r 
c o h e r e n t Raman s p e c t r o s c o p i e s , a r e i n h e r e n t l y t r a n s m i s s i o n 
t e c h n i q u e s . As s u c h , t h e y have l i m i t e d a p p l i c a b i l i t y to s o l i d s . 
T h e r e have b e e n a f e w r e p o r t s o f m e a s u r e m e n t s o n o p t i c a l l y 
t r a n s p a r e n t s o l i d s [ 2 3 , 2 4 ] . Most n o t a b l y , H e r i t a g e and A l l a r a 
h a v e d e m o n s t r a t e d t h e Raman g a i n m e a s u r e m e n t s a r e s e n s i t i v e 
e nough to m e a s u r e m o n o l a y e r s o f m a t e r i a l on t r a n s p a r e n t 
Substrates w i t h o u t the need f o r s u r f a c e enhancement o r e l e c t r o n i c 
r esonance enhancement. 

G e n e r a t i o n o f i n v e r s e Raman o r Raman g a i n s p e c t r a w o u l d 
a p p e a r to be an a r e a r e a d y f o r s u b s t a n t i a l p r o g r e s s . 
P h o t o a c o u s t i c o r t h e r m a l l e n s d e t e c t i o n w o u l d a p p e a r to be a 
u s e f u l method f o r o b s e r v i n g s u c h s p e c t r a , as would a t t e n u a t e d 
t o t a l r e f l e c t i o n measurements, u s i n g s a p p h i r e r e f l e c t a n c e 
e l e m e n t s . A l t h o u g h g e n e r a t i o n o f spontaneous Raman s p e c t r a from 
evanescent waves i s e s t a b l i s h e d as a method f o r d e p t h p r o f i l i n g 
by Raman s p e c t r o s c o p y , t h e r e h a v e b e e n no r e p o r t s o f s i m i l a r 
c o h e r e n t Raman e x p e r i m e n t s . I t s h o u l d be n o t e d t h a t t h e r m a l 
a r t i f a c t s w o u l d be f o r m i d a b l e i n b o t h t h e p h o t o a c o u s t i c and 
i n t e r n a l r e f l e c t i o n schemes. 
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I n accompanying c h a p t e r s a n t i - S t o k e s Raman s p e c t r o s c o p y has 
been shown to be a p o w e r f u l t o o l f o r the stu d y of m o l e c u l a r spe
c i e s . However a few drawbacks have l i m i t e d the a p p l i c a b i l i t y of 
the t e c h n i q u e . F i r s t , the complex l i n e s h a p e s e x h i b i t e d by CARS r e 
q u i r e Computer e v a l u a t i o n i n o r d e r t o o b t a i n a c c u r a t e f r e q u e n c i e s . 
Second the nonresonant s u s c e p t i b i l i t y may overshadow the Raman 
peak, l i m i t i n g t he d e t e c t a b i l i t y . F i n a l l y , the hardware r e q u i r e d 
for s c a n n i n g i s complex and w i t h o u t the Computer c o n t r o l p r e v i o u s 
l y m e ntioned, o b t a i n i n g s p e c t r a i s a v e r y time-consuming p r o c e d u r e . 
Because of the drawbacks s e v e r a l p r o c e s s e s have been proposed t o 
o b t a i n s i m i l a r i n f o r m a t i o n w i t h fewer problems: R i k e s [1,2,3], 
O p t i c a l Heterodyne D e t e c t i o n (OHD) [4,5], P h o t o - A c o u s t i c Raman 
Sp e c t r o s c o p y (PARS) t6] as well as Raman g a i n / l o s s s p e c t r o s c o p y [7 ]. 

The Raman g a i n / l o s s p r o c e s s i s r e p r e s e n t e d i n F i g . 1 when the 
f i e l d s of two l a s e r beams a r e c r o s s e d i n a medium. There can be 
a s t i m u l a t e d g a i n i n ü)2 (oo2 <0)j) o r l o s s i n oo2 (u)<| <ü)2) . I f we stu d y 
the i n d u c e d g a i n i n U)2 , we w i l l be d o i n g s t i m u l a t e d Raman o r Raman 
g a i n s p e c t r o s c o p y . E i t h e r way as the f r e q u e n c y d i f f e r e n c e between 
the two l a s e r s approaches a Raman l e v e l (o)<|-U)2=u) ) the i n d u c e d 
s i g n a l i n c r e a s e s . 

I n t h i s c h a p t e r we r e p o r t the a p p l i c a t i o n of s t i m u l a t e d Raman 
and i n v e r s e Raman (Raman g a i n / l o s s ) t o o b t a i n i n g near z e r o f r e 
quency Raman s p e c t r a of s e v e r a l Compounds. T h i s t e c h n i q u e has the 
advantage of d i s c r i m i n a t i n g a g a i n s t R a y l e i g h s c a t t e r i n g so t h a t 
a scan may be t a k e n t h r o u g h z e r o Raman s h i f t . The l i n e s h a p e s ob
t a i n e d i n these s t u d i e s are e x p l a i n e d i n l i g h t of the b e h a v i o u r 
of the t h i r d o r d e r s u s c e p t i b i l i t y , X • 
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F i g u r e 1. The Raman g a i n / l o s s p r o c e s s . 

The e x p e r i m e n t a l arrangement was s i m i l a r t o t h a t i n t r o d u c e d 
by Owyoung [8,9] which combined a s i n g l e mode cw Argon l a s e r and 
a p u l s e d dye l a s e r t o produce the Raman g a i n ( l o s s ) spectrum. I n 
o r d e r t o reduce s t r a y l i g h t we i n c o r p o r a t e d the c o u n t e r p r o p a g a t i n g 
p l a n e - p o l a r i z e d beam c o n f i g u r a t i o n used p r e v i o u s l y [10,11]. The 
e x p e r i m e n t a l s e t up i s shown i n F i g . 2. The s i n g l e mode Argon i o n 
l a s e r ( S p e c t r a P h y s i c s 164-03) was chopped a t 60 Hz and each p u l s e 
has a w i d t h of 100 usec. The l e a d i n g edge of each p u l s e drove a 
b i n a r y u p - c o u n t e r and ev e r y s i x t h p u l s e t r i g g e r e d a monostable 
w h i c h f i r e d t he N 2 l a s e r ( M o l e c t r o n UV-1000). The N 2 l a s e r pumped 
a dye l a s e r ( M o l e c t r o n DL-200) t o p r o v i d e the pump beam. S i n c e 
s p e c t r a l f i l t e r i n g was u s e l e s s a t z e r o f r e q u e n c y d i f f e r e n c e , g r e a t 
c a r e was t a k e n t o e l i m i n a t e pump beam r e f l e c t i o n s from c o - p r o p a -
g a t i n g w i t h the chopped CW beam. A l l l e n s e s and sample h o l d e r s were 
t i l t e d w i t h r e s p e c t to the l a s e r beam a x i s and the beams were spa-
t i a l l y f i l t e r e d as shown i n F i g . 2. C a r e f u l s p a t i a l f i l t e r i n g e l i -
m i n a ted the n e c e s s i t y of a Faraday r o t a t o r [11] t o p r e v e n t cw beam 
m o d u l a t i o n by the pump beam. The l a r g e RF b u r s t t h a t accompanied 
the f i r i n g of t h e N 2 l a s e r proved v e r y troublesome and a l t h o u g h RF 
s h i e l d i n g reduced t h e problem c o n s i d e r a b l y i t s t i l l i n t e r f e r e d a t 
low s i g n a l l e v e l s . To overcome t h i s problem, the 5145 Ä probe beam 
was f o c u s s e d i n t o a 100 meter o p t i c a l f i b e r (Math A s s o c i a t e s 
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F i g u r e 2. Raman g a i n / l o s s e x p e r i m e n t a l s e t u p . 

QSF-300A). The r e s u l t i n g ~^500 nsec o p t i c a l d e l a y a l l o w e d t h e 
s i g n a l t o be measured w e l l a f t e r the RF b u r s t . S i g n a l a t t e n u a t i o n 
by the f i b e r a t 5145 A was o n l y a f a c t o r of two over the 100 me-
t e r s . The o p t i c a l b a n dwidth f o r t he f i b e r was c a l c u l a t e d t o be 
w e l l o v e r 200 MHz and no a p p r e c i a b l e p u l s e b r o a d e n i n g was ob
s e r v e d . The o p t i c a l f i b e r was p o s i t i o n e d so t h a t i t s Output j u s t 
f i l l e d t h e a c t i v e a r e a of a p h o t o d i o d e d e t e c t o r (EG and G, FND-100). 
The Output of the p h o t o d i o d e was f i l t e r e d t o pass o n l y t he h i g h 
f r e q u e n c y g a i n ( l o s s ) s i g n a l , a m p l i f i e d u s i n g two 10x a m p l i f i e r s 
( o r t e c 9301) i n s e r i e s and averaged u s i n g a b o x c a r i n t e g r a t o r 
(PAR 162-165). A PDP-11/34 Computer c o n t r o l l e d p o s i t i o n i n g of the 
beams, s c a n n i n g of t h e pump l a s e r and c o l l e c t i o n of the d a t a . 

The s o l v e n t s used i n t h i s s t u d y were Baker r e a g e n t grade and 
were used w i t h o u t f u r t h e r p u r i f i c a t i o n . The 3~carotene was ob
t a i n e d f r o m Sigma Che m i c a l Company. 

Raman g a i n / l o s s phenomena a r e governed by the t h i r d - o r d e r 
s u s c e p t i b i l i t y , X ^ 3 ^ ( ~ w 2 » w2 ,ü)-j ,-o)^) . C a r r e i r a [12] have d e r i v e d 
a l i n e s h a p e e q u a t i o n assuming o n l y one Raman l e v e l comes i n t o 
p l a y . 
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Imx 
A6 B (1) 

where 2 T D 
A = (D 2 + P ) 2 and B = (D 2 + P ) 2 (2) 

and D = oo -̂Co)̂ +032 )/2 where 0) i s the f r e q u e n c y of the e l e c t r o n i c 
e x c i t e d s t a t e w i t h a dumping f a c t o r , F '6 = 03̂ -0)2 . 

The f i r s t term i n e q u a t i o n (1) w i l l produce a d i s p e r s i v e 
shaped l i n e c e n t e r e d a t z e r o Raman s h i f t . The second term i s a 
L o r e n t z i a n shape c e n t e r e d a t a z e r o f r e q u e n c y . Away from an e l e c 
t r o n i c a b s o r p t i o n the A terms w i l l dominate. 

A p r e l i m i n a r y s t u d y i n t h i s r e g i o n has been doneby Song et a l . 
on carbon d i s u l f i d e . We have re p r o d u c e d t h i s work t o t r y our t h e o 
r y and f i t t i n g scheme. F i g u r e 3 (bottom) shows t h e e x p e r i m e n t a l 
d a t a o b t a i n e d a l o n g w i t h our f i t . As shown i n F i g . 3 ( t o p ) , t he 
f i t i s composed of two l i n e s h a p e s , the d i s p e r s i v e term a t z e r o , 

F i g u r e 3. E x p e r i m e n t a l near z e r o f r e q u e n c y d a t a (bottom) and 
l i n e s h a p e components f o r t h e o r e t i c a l f i t of carbon d i s u l f i d e ( t o p ) . 

5. 

- 2 0 0 20 10 60 80100120 
FREQUENCY (CM-1) 
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and a L o r e n t z i a n Raman term a t ̂ 3 4 c n f l . The s p e c t r a of s e v e r a l 
s o l v e n t s were then o b t a i n e d and a r e shown i n F i g s . 4-9. A f e a t u r e 
n o t seen i n the CS 2 s p e c t r u m i s seen i n a l l of t h e s e s p e c t r a a t 
<1.0 cm . That i s , a v e r y sharp cm"^) L o r e n t z i a n term has 
been added i n t h i s r e g i o n . T h i s can b e s t be d i s p l a y e d by showing 
the i n d i v i d u a l components of the benzene f i t . I n F i g . 4a we can 

F i g u r e 4. I n d i v i d u a l components of the benzene f i t . 

see the f i r s t Raman component a t .255 cm~^, F i g . 4b shows the d i s 
p e r s i v e component about z e r o , F i g . 4c shows a second Raman band a t 
33.3 cm~^, the a d d i t i o n of t h e s e components i s shown i n F i g . 4d. 
The o r i g i n a l d a t a o v e r l a y e d w i t h t h i s t h r e e component f i t i s shown 
i n F i g . 5. A p o s s i b l e e x p l a n a t i o n f o r t h i s v e r y sharp peak i s 
B r i l l o u i n s c a t t e r i n g . J a c o b s o n and Shen [13] have o b s e r v e d B r i l l -
o u i n s c a t t e r i n g w i t h t h e RIKES t e c h n i q u e i n t h i s f r e q u e n c y ränge. 
The s p e c t r a of carbon t e t r a c h l o r i d e shown i n F i g . 6 d i s p l a y s the 
sharp Raman peak a t ̂ 0 . 5 cm"^ and a v e r y b r oad band c e n t e r e d 
a t «-»40 cm 1. F i g s . 7,8 and 9 a r e more d e t a i l e d s p e c t r a of t h i s 
low f r e q u e n c y peak f o r ca r b o n t e t r a c h l o r i d e , a c e t o n e and e t h a n o l , 
r e s p e c t i v e l y . 

F i n a l l y , we o b t a i n e d t he s p e c t r a of ß-carotene near a one-
photon r e s o n a n c e . F i g u r e 10 shows a c o n c e n t r a t i o n s t u d y of ß-
c a r o t e n e i n benzene. 
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3. 

g l 

CCLV 

- V - 2 0 2 

FREQUENCY (CM-O 

F i g u r e 7. A more d e t a i l e d spectrum of carb o n t e t r a c h l o r i d e over-
l a y e d w i t h the t h r e e component f i t . 

Ct. o 
v— 3 

w 1 

ACETONE 

V - 2 0 2 

FREQUENCY (CM-1) 

F i g u r e 8. A d e t a i l e d spectrum of acetone o v e r l a y e d w i t h t h e t h r e e 
component f i t . 
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i— 3 

y 1 

ETOH 

V - 2 0 2 
FREQUENCY (CM-1) 

F i g u r e 9. A d e t a i l e d spectrum of e t h a n o l o v e r l a y e d w i t h the t h r e e 
component f i t . 

F i g u r e 10. Near z e r o f r e q u e n c y s p e c t r a o f ß-carotene i n benzene 
a t t he f o l l o w i n g c o n c e n t r a t i o n s : a) 1 x 10~^M, b) 5 x 10~^M, 
c) 1 x 10" 5 M, d) 1 x 10" 4M. 
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At h i g h e r c o n c e n t r a t i o n s ( F i g s . 10c,d) the shape of the s p e c t r a 
change c o m p l e t e l y as g a i n and l o s s exchange s i d e s a t z e r o f r e 
quency. The change i n l i n e shape can be e x p l a i n e d i n two ways. The 
sign of D i n e q u a t i o n (2) w i l l change i f the w f o r ß - c a r o t e n e 
i s such t h a t ü)f>U)e . How e v e r ^ i f one i s s e e i n g a Vibration enhan
ced t o t h e r e d of t h e 0 - 0 t r a n s i t i o n , then the l i n e shape i s 
due t o a v i b r a t i o n a l r a t h e r than an e l e c t r o n i c e f f e c t . I t i s known 
f o r ß - c a r o t e n e t h a t co^<co . T h e r e f o r e , we a r e s e e i n g a v e r y l o w 
f r e q u e n c y h e r e t o f o r e u n r e p o r t e d resonance enhanced s i g n a l due t o 
a t o r s i o n a l Vibration about ß - c a r o t e n e f s double bonds. 

REFERENCES 

1. Heiman, D., H e l l w a r t h , R.W., Levenson, M.D. and M a r t i n , G., 
Phys. Rev. L e t t . , 36,189 (1976). 

2. D u t t a , N.K., J . A p p l . P h y s . , 5J_> 40 (1980). 

3. L e v e n s o n , M.D. and Song,J.J., J . Opt. Soc. Am., 66_, 641 
( 1 9 7 6 ) . 

4. E e s l e y , G.L., Levenson, M.D. and T o l l e s , W.M.,IEEE J . Quant. 
E l e c . , QE-14, 45 (1978 ) . 

5. Leve n s o n , M.D. and E e s l e y , G.L., A p p l . Phys., J_9, (1979). 

6. C h e m i c a l A p p l i c a t i o n s of N o n l i n e a r Raman S p e c t r o s c o p y (Harvey, 
A.B., ed.) 89, Academic P r e s s , New Y o r k , 1981. 

7. C h e m i c a l A p p l i c a t i o n s of N o n l i n e a r Raman S p e c t r o s c o p y ( H a r v e y , 
A.B., ed.) 281, Academic P r e s s , New Y o r k , 1981. 

8. Owyoung, A. and P e r c y , D.S., J . A p p l . Phys. 48., 674 ( 1 9 7 7 ) . 

9. Owyoung, A. and Toney, E.D., Opt. L e t t . J_, 152 (1977). 

10. N e s t o r , J.R., A p p l . Spec. 35, 81 (1981). 

11. Scurpano, M.A.F., Lee, T.H. and Song, J . J . , Opt. L e t t . 6̂ , 
193 (1981). 

12. C a r r e i r a , L.A., A n t c l i f f , R. and H o r o v i t z , M.L., t o be pub
l i s h e d . 

13. J a c o b s o n , A. and Shen, Y.R., A p p l . Phys. L e t t . 34, 464 ( 1 9 7 9 ) . 





APPLICATIONS OF RESONANCE INVERSE RAMAN AND RAMAN GAIN SPECTROSCOPY 
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U n i v e r s i t y of M i c h i g a n 
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1. INTRODUCTION 

Resonance Raman s p e c t r o s c o p y r a n k s among the most p o w e r f u l 
p r o b e s o f b i o c h e m i c a l m o l e c u l e s c u r r e n t l y a v a i l a b l e . Few, i f 
any, o t h e r t e c h n i q u e s p r o v i d e t h e c o m b i n a t i o n o f f a i r l y high 
r e s o l u t i o n , a p p l i c a b i l i t y t o a q u e o u s Solutions and good 
s e n s i t i v i t y . However, s p o n t a n e o u s Raman s p e c t r o s c o p y i s 
i n a p p l i c a b l e t o h i g h l y l u m i n e s c e n t m e d i a and many Systems o f 
b i o c h e m i c a l i n t e r e s t are f l u o r e s c e n t . Among the i m p o r t a n t 
f l u o r e s c e n t c h r o m o p h o r e s are the f l a v i n s , the b i l e pigments and 
a r o m a t i c amino a c i d s . I n a d d i t i o n , many i m p o r t a n t p r o b e 
m o l e c u l e s are l u m i n e s c e n t , i n c l u d i n g almost a l l o f those which 
i n t e r c a l a t e w i t h n u c l e i c a c i d s . 

Coherent Raman s p e c t r o s c o p y has e s t a b l i s h e d i t s e l f a s an 
i m p o r t a n t Supplement t o spontaneous Raman t e c h n i q u e s f o r 
g e n e r a t i o n o f Raman s p e c t r a o f l u m i n e s c e n t Systems. C e r t a i n l y , 
CARS i s the most familiär o f the c o h e r e n t Raman s p e c t r o s c o p i e s , 
w i t h well known advantages and p r o b l e m s . I n v e r s e Raman 
s p e c t r o s c o p y has r e c e n t l y emerged as a u s e f u l a l t e r n a t i v e to CARS 
f o r c e r t a i n a p p l i c a t i o n s . Away f r o m an e l e c t r o n i c resonance 
i n v e r s e Raman s p e c t r o s c o p y p r o v i d e s background-free Raman s p e c t r a 
which are e x a c t l y a n a l o g o u s to spontaneous Raman s p e c t r a . Using' 
modern m o d u l a t i o n / d e m o d u l a t i o n t e c h n i q u e s , i n v e r s e Raman 
s p e c t r o s c o p y p r o v i d e s s e n s i t i v i t i e s e q u a l to those a c h i e v a b l e by 
spontaneous Raman s p e c t r o s c o p y [ l ] . 

S e v e r a l g r o u p s h a v e r e p o r t e d resonance and near resonance 
i n v e r s e Raman and Raman g a i n s p e c t r a . L i n and co-workers 
o b s e r v e d n e a r r e s o n a n c e s p e c t r a . o f n i t r o a n i l i n e [ 2 ] by d i r e c t 
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a b s o r p t i o n , U s i n g i n t r a - c a v i t y a b s o r p t i o n o r g a i n f r o m a 
b r o a d b a n d dye l a s e r , Werncke and co-workers have observed b o t h 
r e s o n a n c e i n v e r s e Raman and r e s o n a n c e Raman g a i n s p e c t r a o f 
v a r i o u s f l u o r e s c e n t dye m o l e c u l e s [ 2 , 3 ] -

Our g r o u p h a s e m p l o y e d m o d u l a t i o n t e c h n i q u e s t o o b t a i n 
r e s o n a n c e i n v e r s e Raman s p e c t r a a t h i g h s e n s i t i v i t i e s . We ha v e 
u s e d a c - c o u p l e d i n v e r s e Raman s p e c t r o s c o p y [5] to o b t a i n 
r e s o n a n c e Raman s p e c t r a o f a c r i d i n g s , f l a v i n s , b i l e p i g m e n t s and 
c a r o t e n e s a t c o n c e n t r a t i o n s o f 10" - 1 0 " M. 

Much o f the i n t e r e s t i n resonance i n v e r s e Raman s p e c t r o s c o p y 
has a r i s e n from the a s s u m p t i o n t h a t the s p e c t r a would, l i k e o t h e r 
i n v e r s e Raman s p e c t r a , be L o r e n t z i a n and background f r e e . As 
s u c h , i t was assumed t h a t i n v e r s e Raman s p e c t r o s c o p y w o u l d 
p r e s e r v e the CARS advantage o f l u m i n e s c e n c e r e j e c t i o n , but would 
y i e l d more e a s i l y i n t e r p r e t a b l e s p e c t r a and be u s a b l e a t l o w e r 
c o n c e n t r a t i o n s . There a r e , however, c e r t a i n c o m p l i c a t i o n s . 
I n v e r s e Raman s p e c t r a , under e l e c t r o n i c resonance c o n d i t i o n s , a r e 
o b s e r v a b l e a t low c o n c e n t r a t i o n s i n l u m i n e s c e n t Solutions. They 
a r e f a i r l y e a s y to i n t e r p r e t , B u t , t h e y a r e not always 
L o r e n t z i a n [ 6 , 7 ] . 

2. THE RESONANCE INVERSE RAMAN EFFECT 

Near an e l e c t r o n i c r e s o n a n c e , i n v e r s e Raman s i g n a l s d i f f e r 
d r a m a t i c a l l y from spontaneous Raman s i g n a l s . Band shapes change 
from p o s i t i v e L o r e n t z i a n s to d i s p e r s i v e shapes to i n v e r t e d 
L o r e n t z i a n s . These band shapes a r e due to the i n t e r a c t i o n o f the 
e l e c t r o m a g n e t i c f i e l d s o f the pump and probe l a s e r beams w i t h the 
s a m p l e . T h i s i n t e r a c t i o n i s d e s c r i b e d by the e x p a n s i o n o f the 
t h i r d o r d e r s u s c e p t i b i l i t y t e n s o r [8-1 O l . F i g u r e 1 shows t h e 
i n t e r a c t i o n s p o s s i b l e i n a resonance i n v e r s e Raman e f f e c t . The 
t h r e e - l e v e l s y s t e m , 1 a , i s a p p r o p r i a t e on t h e r e d s i d e o f 
r e s o n a n c e . H e r e o n l y g r o u n d s t a t e v i b r a t i o n s o c c u r i n t h e 
i n v e r s e Raman spe c t r u m . N e g l e c t i n g t h e e f f e c t s o f s t i m u l a t e d 
e m i s s i o n , we have shown t h a t e q u a t i o n 1 d e s c r i b e s t h i s case [ 7 ] , 

w VVV^e^VV^'V'V^ 1
 m 

X T = 6NLK 5 j- j—7 ( 1 ) 

1 [ ( o ) e - ü > 1 ) + r ] [ ( o y - ( o ) r o ) 2 ) ) % r £ ] 

H e r e , X r > i s t h e i m a g i n a r y p a r t o f the t h i r d o r d e r 
s u s c e p t i b i l i t y , w i t h p o l a r i z a t i o n s u b s c r i p t s o m i t t e d . T r a n s i t i o n 
moments and c o n s t a n t s a r e lumped i n t o K. N i s the number d e n s i t y 
o f the sample, and f r e q u e n c i e s and damping c o n s t a n t s a r e d e f i n e d 
by the t r a n s i t i o n s i n F i g u r e 1a. 
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Ib 

FIG. 1. Energy l e v e l diagram f o r resonance i n v e r s e Raman 
s p e c t r o s c o p y ; a. t h r e e - l e v e l system ; b. f o u r - l e v e l system. 

E q u a t i o n 1 i s the l e a d i n g term o f a sum o v e r e x c i t e d s t a t e s . 
F o r h i g h l y s t r u c t u r e d n a r r o w band a b s o r p t i o n s p e c t r a , i t i s 
g e n e r a l l y adequate to r e t a i n o n l y t h i s l e a d i n g term. E q u a t i o n 1 
a l s o n e g l e c t s s t i m u l a t e d e l e c t r o n i c t r a n s i t i o n s [ 6 ] , w h i c h 
c o n t r i b u t e a b r o a d , s t r u c t u r e l e s s background. 

F o r the f o u r l e v e l system d e p i c t e d i n F i g u r e 1b, one must 
add a n o t h e r s e t o f t e r m s , a n a l o g o u s to e q u a t i o n 1, i n u^', the 
e x c i t e d s t a t e v i b r a t i o n a l f r e q u e n c y . T h e s e c o n t r i b u t i o n s may 
d o m i n a t e when b o t h l a s e r s a r e w e l l i n s i d e the e l e c t r o n i c 
a b s o r p t i o n band [ l 0 , 1 l ] . 

The band shapes p r e d i c t e d by e q u a t i o n 1 a r e shown 
s c h e m a t i c a l l y i n F i g u r e 2. W e l l below e l e c t r o n i c r e s o n a n c e , one 
p r e d i c t s the u s u a l L o r e n t z i a n bands. As resonance i s approached, 
the band shape becomes d i s p e r s i v e a n d , u l t i m a t e l y , a n i n v e r t e d 
L o r e n t z i a n . F i g u r e 3 d e m o n s t r a t e s t h i s b e h a v i o r f o r a c r i d i n e 
orange. 

The n o n - L o r e n t z i a n band shapes o b t a i n e d n e a r an e l e c t r o n i c 
r e s o n a n c e a r e an added c o m p l i c a t i o n i n resonance i n v e r s e Raman 
s p e c t r o s c o p y . I f a b s o r p t i o n from a n a r r o w band pump l a s e r i s 
u s e d , a l l b a n d s w i l l h a ve t h e same s h a p e , s i n c e band s h a p e 
depends o n l y on d e t u n i n g o f the pump l a s e r f r o m t h e e l e c t r o n i c 
o r i g i n . I f , however, a b s o r p t i o n from a broad band pump l a s e r i s 
e m p l o y e d , i t i s p o s s i b l e t o have band s h a p e s s y s t e m a t i c a l l y 
change a c r o s s the spectrum. 

Resonance Raman g a i n s p e c t r o s c o p y , f o r the t h r e e - l e v e l c a s e , 
h a s a f r e q u e n c y f a c t o r o f somewhat d i f f e r e n t form from e q u a t i o n 



546 M. D. MORRIS AND R. J . BIENSTOCK 

F i g . 2. I d e a l i z e d resonance i n v e r s e Raman band shapes. 

1. E q u a t i o n 2 d e s c r i b e s the Raman g a i n case. 

\2 . P 2-
£ J e r 

[(<D--cO**r 2 l 2 [co +(ü) 0-üL)]^[(ü).-üL)^r ^ f r 
L e 1 e r 2 1 J L e 1 e " 

2i2„ 2 
(2) 

E q u a t i o n 2 p r e d i c t s L o r e n t z i a n b e h a v i o r i n 
resonance r e g i o n . 

the e l e c t r o n i c 

We have v e r i f i e d t h e pump f r e q u e n c y dependence o f i n v e r s e 
Raman band s h a p e s i n t h e r e s o n a n c e r e g i o n Iv]. E q u a t i o n 1 
p r e d i c t s t h a t band shapes depend o n l y upon pump l a s e r f r e q u e n c y . 
I f a narrow band l a s e r i s employed as the pump, as i n A C - c o u p l e d 
i n v e r s e Raman s p e c t r o s c o p y , a l l o f the resonance enhanced bands 
i n a s p e c t r u m w i l l h a v e t h e same s h a p e . T h i s b e h a v i o r i s 
f o r t u n a t e , s i n c e i t s i m p l i f i e s the e v a l u a t i o n o f s p e c t r a . 

3- EXPERIMENTAL PROBLEMS 

The resonance enhanced experiment p r e s e n t s some problems n o t 
encountered i n non-resonance work [5-7]. How bothersome these a r e 
depends upon the way i n which the experiment i s performed. 

The most s e r i o u s e x p e r i m e n t a l problem i n AC-coupled i n v e r s e 
Raman e x p e r i m e n t s i s t h e r m a l blooming [7]. T h e r m a l b l o o m i n g o f 
ev e n p u r e water i s r e a d i l y o b s e r v e d . I n a sample which may have 
a b s o r b a n c e 0.1 - 1, t h e t h e r m a l l e n s e f f e c t i s v e r y s t r o n g . 
A l t h o u g h i n v e r s e Raman s p e c t r o s c o p y i s most commonly employed 
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Acridine Orange 

1 3 0 0 . 1 3 2 5 . 1 3 5 0 . 1 3 7 5 . 1 4 0 0 . 

Aw, cm"1 

F i g . 3- Band s h a p e s f o r r e s o n a n c e i n y e r s e Raman s p e c t r a qjf 
a c r i d i n e orang.e. a =20,492 cm ; b. co 1 =20,141 cm ; 
c w =19,932 ein ; d. 0)-=! 9,436 cm" 1. 

w i t h l u m i n e s c e n t Systems, these do n o t have u n i t quantum 
e f f i c i e n c y . C o n s e q u e n t l y , t h e r m a l l e n s e f f e c t s remain i m p o r t a n t . 

A thermal l e n s g e n e r a t e d w i t h a p u l s e d l a s e r has a r i s e t i m e 
d e t e r m i n e d by the focused beam s i z e and the speed o f sound i n the 
medium. I n a q u e o u s S o l u t i o n s , thermal l e n s r i s e t i m e s w i l l 
t y p i c a l l y be i n the ränge 10-50 n s e c , d e p e n d i n g upon t h e f o c a l 
l e n g t h o f t h e l e n s u s e d . F a l l t i m e s a r e dete r m i n e d by t h e r m a l 
d i f f u s i o n and are t y p i c a l l y 10-100 msec. 

I t i s p o s s i b l e t o m i n i m i z e t h e t h e r m a l l e n s s i g n a l b y 
c a r e f u l e x p e r i m e n t a l d e s i g n . I n p r i n c i p l e , t h e r m a l l e n s s i g n a l s 
would be u n d e t e c t a b l e i f t h e r e were no l i m i t i n g a p e r t u r e s i n the 
o p t i c a l system. The one l i m i t i n g a p e r t u r e w h i c h must e x i s t i s 
t h e d e t e c t o r i t s e l f . B e c a u s e t h e r e s p o n s e o f a photod i o d e i s 
l i m i t e d by i t s j u n e t i o n c a p a c i t a n c e , w h i c h i s p r o p o r t i o n a l t o 
a r e a , t h e r e i s a maximum p r a c t i c a l s i z e to t h i s d e v i c e . T h i s i s 
about 0.05 cm w i t h c o m m e r c i a l l y a v a i l a b l e S i l i c o n p h o t o d i o d e s . 
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I t i s a l s o n e c e s s a r y t o m a i r i t a i n good beam c o l i n e a r i t y , s i n c e the 
t h e r m a l l e n s e f f e c t s a r e more e a s i l y m i n i m i z e d when t h e y a p p e a r 
as beam e x p a n s i o n r a t h e r t h a n a s beam d e f l e c t i o n . W i t h these 
p r e c a u t i o n s , t h e r m a l l e n s e f f e c t s a r e t o l e r a b l e , even i n Systems 
w i t h r e l a t i v e l y low quantum e f f i c i e n c y f o r f l u o r e s c e n c e . 

The h i g h power d e n s i t i e s o b t a i n e d w i t h f o c u s e d l a s e r p u l s e s 
can cause l o c a l pho t o c h e m i c a l damage to many p o t e n t i a l l y 
i n t e r e s t i n g s a m p l e s , s u c h a s the b i l e pigments and many o f the 
a c r i d i n e s . We have found t h a t the s i m p l e s t way to m i n i m i z e t h i s 
p r o b l e m i s t o . p l a c e t h e s a m p l e c e l l on a m o t o r i z e d s t a g e t o 
c o n s t a n t l y expose f r e s h Solution to the l a s e r . T r a n s l a t i o n i s a 
more s a t i s f a c t o r y m o t i o n t h a n s t i r r i n g . S t i r r i n g a g i t a t e s s m a l l 
p a r t i c l e s p r e s e n t i n even f i l t e r e d b i o c h e m i c a l samples and o f t e n 
produces v e r y n o i s y s p e c t r a . 

I n Systems w i t h s i n g l e t l i f e t i m e s comparable to o r l o n g e r 
t h a n t h e l a s e r p u l s e d u r a t i o n , i t i s p o s s i b l e t o g e n e r a t e a 
s i g n i f i c a n t e x c i t e d s t a t e p o p u l a t i o n , 1 to 10 p e r c e n t o f the 
ground s t a t e . Under t h e s e c o n d i t i o n s , the t r a n s m i s s i o n o f the CW 
l a s e r r a d i a t i o n i n c r e a s e s . S i n c e t h a t i n c r e a s e i s s y n c h r o n o u s 
w i t h t h e p u l s e , i t i s c a p t u r e d by t h e g a t e d d e t e c t i o n system. 
The e f f e c t i s t o g e n e r a t e a s l o p i n g b a c k g r o u n d s i g n a l , w h i c h 
r e s e m b l e s t h e a b s o r p t i o n spectrum [ 6 ] . Because t h i s background 
w i l l g e n e r a l l y be s t r u c t u r e l e s s , i t i s f a i r l y easy to s u b t r a c t i t 
by t h e c o n v e n t i o n a l t e c h n i q u e s . I t i s o b s e r v e d l a r g e l y b e c a u s e 
o f the s e n s i t i v i t y o f a c - c o u p l e d measurements. 

I n a d d i t i o n , o r d i n a r y s t i m u l a t e d e m i s s i o n o c c u r s , and 
g e n e r a t e s a s i g n a l w h i c h more o r l e s s f o l l o w s t h e a b s o r p t i o n 
s p e c t r u m . T h i s s i g n a l , t o o , i s o f imp o r t a n c e o n l y because o f the 
s e n s i t i v i t y o f the measurements. 

What i s a c t u a l l y o b s e r v e d a s a b a c k g r o u n d i n r e s o n a n c e 
enhanced measurements i s t h e r e s u l t a n t o f a l l o f these p r o c e s s e s . 
The measurement system d e t e c t s o n l y p u l s e d t r a n s m i s s i o n c h a n g e s , 
i n d e p e n d e n t o f t h e i r s o u r c e . I n our e x p e r i m e n t s , t h e s e 
background p r o c e s s e s t y p i c a l l y c o n t r i b u t e a s i g n a l b e t w e e n two 
and f i v e t i m e s l a r g e r t h a n the l a r g e s t s i g n a l peaks, a r e l a t i v e l y 
m i n o r problem. 

A l t h o u g h r e s o n a n c e Raman s i g n a l s w o u l d , i n p r i n c i p l e , be 
most s e n s i t i v e a t e x a c t r e s o n a n c e , we f i n d i t u s e f u l to w o r k 
somewhat on t h e r e d s i d e o f r e s o n a n c e . T y p i c a l l y , we p o s i t i o n 
our a r g o n i o n l a s e r about two h a l f bandwidths from the a b s o r p t i o n 
maximum. T h i s a p p r o a c h has the e f f e c t o f m i n i m i z i n g t h e 
a r t i f a c t s a s s o c i a t e d w i t h e x a c t resonance because i t p l a c e s the 
p u l s e d dye l a s e r i n a r e g i o n o f l o w a b s o r p t i o n . M o r e o v e r , t h e 
system behaves a s a t h r e e - l e v e l , n o t a f o u r - l e v e l system. 
C o n s e q u e n t l y , t h e o b s e r v e d s p e c t r a a r e t r u e g r o u n d s t a t e 
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resonance Raman s p e c t r a . They a r e a l s o o n l y i n s i g n i f i c a n t l y 
p e r t u r b e d f r o m L o r e n t z i a n band shap e s , so t h a t one can e v a l u a t e 
them i n the u s u a l way. These a d v a n t a g e s more t h a n compensate f o r 
the l o s s , i f any, o f s e n s i t i v i t y . 

The a r t i f a c t s a s s o c i a t e d w i t h t h e A C - c o u p l e d measurement do 
n o t c o m p l i c a t e d i r e c t a b s o r p t i o n m e a s u r e m e n t s from broad band 
p u l s e d l a s e r s [ 3 , 4 ] . I n t h i s c a s e , t h e r m a l l e n s i n g and g r o u n d 
s t a t e d e p l e t i o n s i m p l y c h a n g e t h e a b s o l u t e m a g n i t u d e o f t h e 
s i g n a l . S t i m u l a t e d e m i s s i o n , o r , i n d e e d , o r d i n a r y a b s o r p t i o n 
cause p r e f e r e n t i a l t r a n s m i s s i o n o f some w a v e l e n g t h s , and g e n e r a t e 
a s l o p e d b a c k g r o u n d . S i n c e t h e i n t e n s i t y o f t h e p u l s e f o l l o w s 
the dye l a s e r g a i n c u r v e anyway, t h i s does n o t seem to add a new 
c o m p l i c a t i o n . However, i f the p u l s e d dye l a s e r O u t p u t i s 
p o s i t i o n e d v e r y c l o s e t o r e s o n a n c e , i t i s q u i t e p o s s i b l e f o r 
Raman band s h a p e s t o be a f u n c t i o n o f wave number s h i f t . T h i s 
problem c o u l d c o m p l i c a t e the measurement o f weak bands. 

4. FLAVINS 

F l a v o p r o t e i n s a r e a v e r y v e r s a t i l e g r o u p o f o x i d a t i o n -
r e d u c t i o n enzymes. Almost 200 o f t h e s e enzymes have been 
i s o l a t e d . I n most c a s e s , but not a l l , t h e n a t u r a l S u b s t r a t e i s 
known. D e s p i t e c l o s e t o a Century o f r e s e a r c h i n t h i s f i e l d , 
t h e r e i s v i g o r o u s c o n t r o v e r s y a b o u t t h e m e c h a n i s m s o f t h e i r 

d i f f e r e n t subgroups [ 1 2 ] . 

What i s perhaps most r e m a r k a b l e about t h e f l a v o p r o t e i n s i s 
t h a t a l m o s t a l l o f them c o n t a i n the same co-enzyme, 7 , 8 - d i m e t h y l 
i s o a l l o x a z i n e . I n the g r e a t m a j o r i t y o f c a s e s , t h i s g r o u p i s 
n o n - c o v a l e n t l y bound to the p r o t e i n a c t i v e s i t e . Two groups a r e 
common a t p o s i t i o n 10, a r i b o s e - p h o s p h o r i c a c i d c h a i n and a 
r i b o s e - p y r o p h o s p h a t e - a d e n o s i n e c h a i n . The f i r s t m o l e c u l e i s 
c a l l e d f l a v i n m o n o n u c l e o t i d e (FMN) and t h e s e c o n d i s f l a v i n 
a d e n i n e d i n u c l e o t i d e (FAD). I n some enzymes, however, the f l a v i n 
i s l i n k e d c o v a l e n t l y t o the p r o t e i n , u s u a l l y t h r o u g h the 8-methyl 
group as 8 - c c - h i s t i d y l f l a v i n o r 8 - c o - c y s t e i n y l f l a v i n . 

There a r e o n l y a few known n a t u r a l l y o c c u r r i n g f l a v i n s w h i c h 
do n o t c o n t a i n t h e b a s i c 7 , 8 - d i m e t h y l i s o a l l o x a z i n e s t r u c t u r e . 
These i n c l u d e r o s e o f l a v i n ( 8 - d i m e t h y l a m i n o f l a v i n ) , 6-
h y d r o x y f l a v i n , 8 - h y d r o x y f l a v i n a n d 8-OH, 5 - d e a z a f l a v i n . The 
f u n e t i o n s o f t h e s e C o m p o u n d s a r e u n c l e a r a t p r e s e n t , b u t i t i s 
t h o u g h t t h a t r o s e o f l a v i n i s a n a n t i b i o t i c , produced by 
S t r e p t o m y c e s sp. to d i s r u p t the f l a v o - e n z y m e f u n e t i o n s o f o t h e r 
b a c t e r i a . 

T h e r e a r e s e v e r a l schemes f o r c l a s s i f y i n g t h e t y p e s o f 

C l a s s i f i c a t i o n o f the 
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r e a c t i o n s c a t a l y z e d by f l a v o p r o t e i n s . A l t h o u g h t h e r e i s 
d i s a g r e e m e n t on t h e c l a s s i f i c a t i o n s and the mechanisms [ 1 2 , 1 3 ] , 
i t i s known t h a t a l l f l a v i n s c y c l e between t h e f u l l y o x i d i z e d , 
o r quinone s t a t e , the semiquinone s t a t e g e n e r a t e d by one e l e c t r o n 
r e d u c t i o n a n d / o r t h e d i h y d r o q u i n o n e s t a t e g e n e r a t e d by two-
e l e c t r o n r e d u c t i o n . 

I t i s w i d e l y u n d e r s t o o d t h a t t h e p r o t e i n m a t r i x must be a 
m a j o r f a c t o r i n d e t e r m i n i n g the b e h a v i o r o f any f l a v o p r o t e i n . To 
some e x t e n t , t h e p r o t e i n c o n t r o l s the s t e r e o c h e m i s t r y ; l i m i t i n g 
t h e S u b s t r a t e s w h i c h w i l l be a good f i t a t t h e a c t i v e s i t e . 
However, the p r o t e i n must a l s o c o n t r o l the redox p o t e n t i a l o f the 
e n z y m e , s i n c e t h i s i s a l s o known t o v a r y w i d e l y among t h e 
f l a v o p r o t e i n s . M o r e o v e r , t h e p r o t e i n must a l s o i n f l u e n c e t h e 
c h o i c e o f r e a c t i v e s i t e on the i s o a l l o x a z i n e , s i n c e t h e r e a r e 
s e v e r a l p o s s i b l e r e a c t i v e c e n t e r s [ 1 2 ] . These two c o n s i d e r a t i o n s 
a r e not c o m p l e t e l y i n d e p e n d e n t . 

The d i f f i c u l t y o f p r e p a r i n g s u i t a b l e c r y s t a l s h a s l i m i t e d 
t h e p e n e t r a t i o n o f x - r a y s p e c t r o s c o p y i n t h i s f i e l d . Moreover, 
f l a v o p r o t e i n s may c o n t a i n h u n d r e d s o f a m i n o - a c i d r e s i d u e s , so 
t h a t s o l v i n g c r y s t a l s t r u c t u r e s i s e x c e e d i n g l y d i f f i c u l t i n any 
c a s e . A l t h o u g h t h e r e have been some e l e g a n t NMR s t u d i e s d o n e , 
two f a c t o r s l i m i t s u c c e s s i n t h i s f i e l d . F i r s t , the 
i s o a l l o x a z i n e r i n g system c o n t a i n s p r o t o n s d i r e c t l y bonded o n l y 
a t t h r e e s i t e s . P r o t o n NMR s p e c t r o s c o p y i s o f l i m i t e d v a l u e . 
Carbon-13 NMR i s much more u s e f u l , but the f l a v i n c o n c e n t r a t i o n 
i n a l l but a h a n d f u l o f f l a v o p r o t e i n s can not be made much h i g h e r 
t h a n 10 jjL. B e c a u s e f l a v i n c o n c e n t r a t i o n s a r e so low, n a t u r a l 
abundance C s p e c t r o s c o p y i s i m p r a c t i c a l . S p e c t r o s c o p y o f 
i s o t o p i c a l l y e n r i c h e d f l a v i n s i s p o s s i b l e , but even t h i s work has 
b e e n l a r g e l y l i m i t e d t o f r e e f l a v i n s , b e c a u s e o f the 
c o n c e n t r a t i o n c o n s t r a i n t s [H]. 

F o r these r e a s o n s , r e s o n a n c e Raman s p e c t r o s c o p y has emerged 
as t h e o n l y s t r u c t u r a l p r o b e b r o a d l y a p p l i c a b l e to f l a v i n s and 
f l a v o p r o t e i n s . However, the i s o a l l o x a z i n e r i n g system i s h i g h l y 
l u m i n e s c e n t . Quantum y i e l d s a r e t y p i c a l l y 0.2-0.3* T h i s 
f l u o r e s c e n c e i s quenched e f f i c i e n t l y b y some p r o t e i n , n o t a b l y 
r i b o f l a v i n b i n d i n g p r o t e i n . B u t o t h e r p r o t e i n s l e a v e quantum 
y i e l d s u n d i m i n i s h e d o r o n l y s l i g h t l y r e d uced. Over the p a s t f o u r 
y e a r s s e v e r a l groups have begun s y s t e m a t i c i n v e s t i g a t i o n s o f t h e 
Raman s p e c t r o s c o p y o f f l a v i n s . The f i r s t c r i t i c a l r e v i e w o f 
r e s u l t s i n t h i s a r e a h a s a l r e a d y a p p e a r e d [ 1 5 ] . S p o n t a n e o u s 
Raman s p e c t r o s c o p y has been used to s t u d y f l a v i n s i n s e r t e d i n the 
f l u o r e s c e n c e quenching r i b o f l a v i n b i n d i n g p r o t e i n . However, 
s t u d y o f f r e e f l a v i n s a nd o f most enzymes, r e q u i r e s c o h e r e n t 
Raman s p e c t r o s c o p y . 

S p i r o and c o - w o r k e r s c o n d u c t e d t h e f i r s t CARS s t u d i e s o f 
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f l a v i n s [ l 6 l . They p r e s e n t e d resonance CARS s p e c t r a f o r FAD and 
g l u c o s e o x i d a s e and p r o v i d e d t e n t a t i v e i n t e r p r e t a t i o n s . The 
S p i r o group has a l s o p r e s e n t e d t h e CARS s p e c t r a o f 8-
a m i n o r i h o f l a v i n and 8 - h y d r o x y r i b o f l a v i n . 

Our i n t e r e s t has been i n the s p e c t r o s c o p y o f f l a v i n s 
c o n t a i n i n g e l e c t r o n - d o n a t i n g groups i n the 8 - p o s i t i o n . T y p i c a l 
d o n o r g r o u p s i n c l u d e -NH.^, -NCCH-)^, -0~ and -S~. The 
d i m e t h y l a m i n o and h ydroxy (0~) are n a t u r a l l y o c c u r r i n g , w h i l e the 
s u l f i d e - s u b s t i t u t e d f l a v i n a p p e a r s t o be e x t r e m e l y u s e f u l a s a 
p r o b e o f e l e c t r o n d i s t r i b u t i o n i n f l a v i n s imbedded i n 
f l a v o p r o t e i n s [12I. 

The 8 - t h i o s u b s t i t u t e d f l a v i ^ n i s u s e d t o p r o b e e l e c t r o n 
d i s t r i b u t i o n c h a n g e s as r e d s h i f t s i n the a b s o r p t i o n s p e c t r a o f 
the m o d i f i e d f l a v o p r o t e i n [12J. We have r e c e n t l y shown [ 1 7 , 1 8 ] 
t h a t r e s o n a n c e Raman s p e c t r o s c o p y o f t h e m o d i f i e d f l a v o p r o t e i n s 
p r o v i d e s a more d e t a i l e d p i c t u r e o f e l e c t r o n i c d i s t r i b u t i o n t h a n 
does a b s o r p t i o n s p e c t r o s c o p y . 

Raman s p e c t r a o f f l a v i n s 8 - s u b s t i t u t e d w i t h e l e c t r o n 
d o n a t i n g groups a r e s u b s t a n t i a l l y d i f f e r e n t f r o m t h o s e o f t h e 
Standard chromophore, o r f l a v i n s s u b s t i t u t e d w i t h e l e c t r o n 
w i t h d r a w i n g groups [l7 ,18,19 ] . The r e s o n a n c e i n v e r s e Raman 
spectrum o f 8-0 r i b o f l a v i n and 8-NH p r i b o f l a v i n , shown as F i g u r e 
4, i l l u s t r a t ^ e t h i s p o i n t . M o s t n o x a b l y ^ t h e i n t e n s e band a t 
1560-1565 cm i s d i s p l a c e d a b o u t 20 cm w i t h r e s p e c t t o i t s 
p o s i t i o n i n n o r m a l f l a v i n s (1580-1 585 cm ). S i m i l a r l y , o t h e r 
bands a r e d i s p l a c e d , t y p i c a l l y t o l o w e r f r e q u e n c y . The t h i o 
s u b s t i t u t e d Compounds show t h i s b e h a v i o r even more s t r o n g l y . As 
we h a v e shown, band p o s i t i o n s i n t h e t h i o d e r i v a t i v e s a r e 
p r o t e i n - d e p e n d e n t [ l 8 l . 

We i n t e r p r e t these s h i f t s as e v i d e n c e f o r the Charge 
r e d i s t r i b u t i o n p i c t u r e d i n F i g u r e 5. The normal f l a v i n s t r u c t u r e 
most c l o s e l y r e s e m b l e s the b e n z e n o i d f o r m . However, i f t h e r e i s 
a s t r o n g l y e l e c t r o n d o n a t i n g group i n p o s i t i o n 8, and/or i f the 
p r o t e i n c a r r i e s a p o s i t i v e Charge n e a r t h e s i t e o f p o s i t i o n 1 , 
the s t r u c t u r e can s h i f t toward the q u i n o n o i d form. The amino and 
h y d r o x y s u b s t i t u t e d f l a v i n s a r e p r e s u m a b l y i n t e r m e d i a t e between 
the two l i m i t i n g forms, a l t h o u g h n o t v e r y f a r from the b e n z e n o i d 
form. 

S i m i l a r l y , t h e i n v e r s e Raman s p e c t r u m o f r o s e o f l a v i n ( 8 -
d i m e t h y l a m i n o r i b o f l a v i n ) shows i t to be s l i g h t l y p e r t u r b e d f r o m 
t h e b e n z e n o i d f o r m , as shown i n F i g u r e 6. S i m i l a r r e s u l t s have 
been o b t a i n e d i n CARS f o r 8 - m e t h y l a m i n o r i b o f l a v i n [ 2 0 ] and b y 
spontaneous Raman s p e c t r o s c o p y f o r f l u o r e s c e n c e quenched 8-
m e t h o x y r i b o f l a v i n [21 1 . 
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1*60 
C H 

A u , cm"' 

F i g . 4. I n v e r s e Raman s p e c t r a o f s u b s t i t u t e d F l a v i n s ; a . 8-OH 
R i b o f l a v i n , b. 8-NH R i b o f l a v i n 

Benzenoid Quinonoid 

F i g 5. L i m i t i n g f o r m s o f t h e Charge d i s t r i b u t i o n s on f l a v i n s 
e l e c t r o n d o n a t i n g 8 - s u b s t i t u e n t s . 

The s i g n i f i c a n c e o f these f i n d i n g s i s t h a t t h e y s u g g e s t a 
means b y w h i c h f l a v i n r e a c t i v i t y can be c o n t r o l l e d i n enzymes. 
S t u d i e s w i t h s u b s t i t u t e d f l a v i n s show c l e a r l y t h a t t h e p r o t e i n 
Charge d e n s i t y n e a r r i n g I I I v a r i e s among the o x i d a s e s [17,183• 
The r e s u l t i n g s h i f t s i n e l e c t r o n d e n s i t y i n t h e f l a v i n c a u s e 
c h a n g e s i n t h e r e d o x p o t e n t i a l and, perhaps, even i n the a c t i v e 
s i t e . A l t h o u g h t h i s e f f e c t i s e a s i l y o b s e r v e d w i t h s u b s t i t u t e d 
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F i g 6. I n v e r s e Raman spectrum o f r o s e o f l a v i n . 

Compounds, i t i s s m a l l e r w i t h t h e n a t i v e f l a v i n s t h e m s e l v e s . 
H o w e v e r , S p i r o and c o - w o r k e r s have obse r v e d t h a t the 1580 
cm band s h i f t s t o a b o u t 1575 i n g l u c o s e o x i d a s e . T h i s 
O b s e r v a t i o n i s c o n s i s t e n t w i t h the Charge r e d i s t r i b u t i o n 
h y p o t h e s i s . At p r e s e n t , however, t h e r e i s no l a r g e and 
s y s t e m a t i c body o f resonance Raman d a t a on n a t i v e and s u b s t i t u t e d 
enzymes to v e r i f y o r d i s p r o v e t h i s t h e o r y . 

5. BILE PIGMENTS 

The b i l e p i g m e n t s a r e l i n e a r t e t r a p y r r o l e s fonned by t h e 
breakdown o f hemoglobin i n humans and a n i m a l s [ 2 3 , 2 4 ] . Members 
o f t h i s c l a s s o f Compounds a l s o f u n c t i o n a s p h o t o s y n t h e t i c 
pigments i n c e r t a i n p l a n t s [ 2 5 ] . I n human m e t a b o l i s m t h e mos t 
i m p o r t a n t b i l e p i g m e n t s a r e b i l i r u b i n and i t s g l u c u r o n i c e s t e r . 
The b i l i r u b i n s t r u c t u r e i s shown as F i g u r e 7. 

COOH COOH 
CH2 CH2 

F i g . 7. B i l i r u b i n s t r u c t u r e . 
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The l i n e a r s t r u c t u r e o f F i g u r e 7 i s m i s l e a d i n g . The two 
d i p y r r o l e r i n g s f u n c t i o n as i n d e p e n d e n t l y c o n j u g a t e d r i n g 
Systems. I n c r y s t a l l i n e b i l i r u b i n and i n S o l u t i o n t h e y a r e 
i n t e r n a l l y hydrogen bonded to g i v e a b e n t , h y d r o p h o b i c s t r u c t u r e . 
I n t h e b o d y , f r e e b i l i r u b i n i s a l w a y s c o m p l e x e d t o a l b u m i n . 
B i l i r u b i n d i g l u c u r o n i d e i s n o t t i g h t l y i n t e r n a l l y hydrogen bonded 
and, u n l i k e b i l i r u b i n , i s q u i t e water s o l u b l e . 

B u i l d - u p o f b i l i r u b i n and b i l i r u b i n d i g l u c u r o n i d e i n t h e 
b o d y i s t h e c a u s e o f j a u n d i c e and i s i n d i c a t i v e o f l i v e r o r 
k i d n e y m a l f u n c t i o n . F o r t h i s r e a s o n , the b i l i r u b i n m e a s u r e m e n t s 
a r e common i n h o s p i t a l l a b o r a t o r i e s . However, the c o m p l i c a t i o n s 
o f i n t e r n a l hydrogen bonding and albumin c o m p l e x a t i o n make 
a u t o m a t i o n o f t h e s e measurements r a t h e r d i f f i c u l t . Thus, 
i n f o r m a t i o n about b i l e p i g m e n t s t r u c t u r e s and c h e m i s t r y i s o f 
p o t e n t i a l l y g r e a t p r a c t i c a l s i g n i f i c a n c e . 

B i l i r u b i n and i t s d i g l u c u r o n i d e a r e s u f f i c i e n t l y l u m i n e s c e n t 
t h a t s p o n t a n e o u s resonance Raman s p e c t r o s c o p y i s e x t r e m e l y 
d i f f i c u l t . I t i s p o s s i b l e t o f i n d o n l y o ne o r two o f t h e 
s t r o n g e s t b a n d s . I n v e r s e Raman s p e c t r o s c o p y , however, a l l o w s 
Observation o f b i l e p i g m e n t r e s o n a n c e Raman s p e c t r a a t 
b i o c h e m i c a l l y r e a l i s t i c c o n c e n t r a t i o n s . F i g u r e 8 shows the 
resonance i n v e r s e Raman spectrum o f b i l i r u b i n i n Chloroform a t 
1.3 x 10 M P l a c e m e n t o f t h e a r g o n i o n l a s e r a t 514.5 nm 
p r e s e r v e s L o r e n t z i a n l i n e s h a p e s b u t p r e s e r v e s a d e q u a t e 
s e n s i t i v i t y f o r b i o c h e m i c a l s t u d i e s . Attempts to o b s e r v e 
spontaneous Raman s p e c t r a a t t h i s e x c i t a t i o n f r e q u e n c y h a v e b e e n 
c o m p l e t e l y u n s u c c e s s f u l . 

The m a j o r b a n d s i r ^ t h e s p e c t r u m a r e t h e p y r r o l e r i n g 
b r e a t h i n g mode a t 1190 cm" and the exo C=C s t r e t c h a t J613 cm" . 
The l a c t a m c a r b o n y l s t r e t c h i s a l s o v i s i b l e a t 1640 cm 

In DMSO the l a c t a m c a r b o n y l s t r e t c h o c c u r s a t 1636 cm ^ . 
F o r b i l i r u b i n d i g l u c u r o n i d e , the lacta^n c a r b o n y l s t r e t c h o c c u r s 
a t 1637 cm" i n DMSO and a t 1639 cm" i n w a t e r . These d a t a 
d e m o n s t r a t e t h a t hydrogen bonding i n v o l v i n g the la c t a m c a r b o n y l s 
can not be y e r y s t r o n g , s i n c e the l a c t a m C=0 s t r e t c h v a r i e s o v e r 
o n l y 4 cm" i n t h e s e v e r a l m e d i a s t u d i e d . T h i s s t r u c t u r e i s 
p l a u s i b l e f o r b i l i r u b i n , b a s e d on t h e x - r a y s t r u c t u r e o f t h e 
s o l i d . E s t e r i f i c a t i o n o f the p r o p i o n i c a c i d s i d e c h a i n s 
e l i m i n a t e s t h i s p o s s i b i l i t y i n the d i g l u c u r o n i d e . 

6. CONJUGATED POLYENES 

Because c o n j u g a t e d p o l y e n e s a r e o n l y w e a k l y f l u o r e s c e n t , 
m e a s u r e m e n t o f t h e i r spontaneous resonance Raman s p e c t r a i s n o t 
un d u l y d i f f i c u l t . I n f a c t , t he s p e c t r o s c o p y o f po l y e n e s has been 



RESONANCE RAMAN LOSS/GAIN SPECTROSCOPY IN BIO-SYSTEMS 555 

BILIRUBIN in CHCI3 

514.5 nm 

1000. 1200. 1400. 1600. 1800. 

Aa;, cm'1 

F i g . 8. Resonance i n v e r s e Raman spectrum o f B i l i r u b i n , 1.33x10~4 
M i n CHC1,. CHC1, bands a r e marked, s. 

one o f t h e m a j o r a r e a s o f b i o c h e m i c a l resonance Raman 
s p e c t r o s c o p y [ 2 6 ] . The i n v e r s e Raman work w i t h t h e s e m o l e c u l e s 
has c o n s i s t e d l a r g e l y o f d e m o n s t r a t i o n s aimed a t v e r i f y i n g 
p r o p e r t i e s o f i n v e r s e Raman s p e c t r o s c o p y [ 7 , 2 7 ] . However, K u b o t a 
a n d c o - w o r k e r s h a v e o b t a i n e d t h e i n v e r s e Raman s p e c t r u m o f 
neurosporene o b t a i n e d by e x t r a c t i o n f r o m t h e b a c t e r i u m 
r h o d o p s e u d o m o n a s s p h a e r o i d e s . The spectrum appears to be 
i d e n t i c a l to the spontaneous Raman spectrum. They were a b l e t o 
o b t a i n m e a s u r e m e n t s i n s i n g l e dye l a s e r p u l s e s and suggest t h a t 
i n v e r s e Raman s p e c t r o s c o p y may p r o v e a d v a n t a g e o u s f o r t i m e -
r e s o l v e d work. 

7. ACRIDINES 

A c r i d i n e s a r e , i n g e n e r a l , h i g h l y l u m i n e s c e n t . Members o f 
t h i s f a m i l y have been used as f l u o r e s c e n t c e l l s t a i n s by 
b i o l o g i s t s . S e v e r a l s u b s t i t u t e d a c r i d i n e s a r e commonly employed 
by b i o c h e m i s t s and b i o p h y s i c i s t s because t h e y form s t r o n g 
c o m p l e x e s w i t h n u c l e i c a c i d s . T h i s c o m p l e x a t i o n , c a l l e d 
i n t e r c a l a t i o n , o c c u r s by i n s e r t i o n o f t h e a c r i d i n e b e t w e e n t h e 
c o i l s o f the n u c l e i c a c i d h e l i x . I t i s o f academic i n t e r e s t as a 
me a n s o f p e r t u r b i n g DNA c o n f o r m a t i o n and i s , t h e r e f o r e , a n 
im p o r t a n t probe o f DNA s t r u c t u r e . The i n t e r c a l a t i o n r e a c t i o n i s 



556 M. D. MORRIS AND R. J . BIENSTOCK 
a l s o the means by whi c h an i m p o r t a n t group o f a n t i - t u m o r 
m o l e c u l e s a c t s . T h i s r e l a t i o n t o C a n c e r c h e m o t h e r a p y g i v e s 
i n t e r c a l a t i o n wide p r a c t i c a l i n t e r e s t as w e l l . 

i—i | , , , i 
900 1075 1250 1425 1600 

Aw, cm"1 

F i g . 9. P r o f l a v i n - D N A i n v e r s e Raman s p e c t r u m . a . F r e e 
p r o f l a v i n . b. P r o f l a v i n i n t e r c a l a t e d w i t h DNA. S o l v e n t bands a r e 
marked, s. 

In some c a s e s , i t h a s b e e n p o s s i b l e t o o b t a i n s p o n t a n e o u s 
Raman s p e c t r a o f i n t e r c a l a t i n g m o l e c u l e s and t h e i r DNA complexes 
under resonance o r n e a r resonance c o n d i t i o n s . Spontaneous Raman 
s p e c t r o s c o p y h a s b e e n p a r t i c u l a r l y s u c c e s s f u l f o r a d r i a m y c i n , a 
h y d r o x y a n t h r a q u i n o n e , whose a b s o r p t i o n and e m i s s i o n s p e c t r a a r e 
s u f f i c i e n t l y d i s p l a c e d [ 2 8 - 3 0 ] . F o r the i n t e r c a l a t i n g a c r i d i n e s , 
c o h e r e n t Raman s p e c t r o s c o p y has been more a p p r o p r i a t e . T r e t z e l 
and S c h n e i d e r have r e p o r t e d CARS s t u d i e s o f f r e e and i n t e r c a l a t e d 
p r o f l a v i n [ 2 8 , 3 1 ] . They ob s e r v e i n t e n s i t y r e d u c t i o n s i n some o f 
t h e r i n g modes o f i n t e r c a l a t e d p r o f l a v i n . T h i s Raman 
hypochromism i s c h a r a c t e r i s t i c o f r i n g s t a c k i n g i n t e r a c t i o n s . 

We have observed s i m i l a r hypochromism i n t h e i n v e r s e Raman 
s p e c t r o s c o p y o f t h e p r o f l a v i n - D N A system, as shown i n F i g u r e 9* 
I n p a r t i c u l a r , we f i n d t h a t the 1370 cm - 1 and 1430 cm"1 a r e more 
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s t r o n g l y a t t e n u a t e d t h a n t h e o t h e r b a n d s i n t h e a r o m a t i c r i n g 
mode r e g i o n . T h i s s u g g e s t s t h a t the i n t e r a c t i o n o f p r o f l a v i n , 
w i t h DNA may be p a r t i a l l y l o c a l i z e d on the r i n g s y s t e m , 
presumably on the o u t e r r i n g s . 

8. CONCLUSIONS 

R e s o n a n c e i n v e r s e Raman s p e c t r o s c o p y and Raman g a i n 
s p e c t r o s c o p y a r e b o t h f a i r l y new t e c h n i q u e s . T h e r e i s n e e d f o r 
i m p r o v e d e x p e r i m e n t a l c o n f i g u r a t i o n s a s w e l l as f o r f u r t h e r 
t h e o r e t i c a l p r o g r e s s . At p r e s e n t , t h e s e forms o f c o h e r e n t Raman 
s p e c t r o s c o p y a r e p r o m i s i n g t o o l s f o r t h e b i o c h e m i s t . I n the 
f u t u r e , t h e y c o u l d r a n k among t h e more i m p o r t a n t p r o b e s o f 
b i o c h e m i c a l s t r u c t u r e s . 
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THEORY OF PHOTOACOUSTIC RAMAN SPECTROSCOPY 

J . J . B a r r e t t and D. F. H e l l e r 

A l l i e d C o r p o r a t i o n 
Warren, New J e r s e y 07060 

1. DESCRIPTION OF PROCESS 

P h o t o a c o u s t i c Raman s p e c t r o s c o p y i s a n o n l i n e a r s p e c t r o 
s c o p i c t e c h n i q u e based upon the s e l e c t i v e p o p u l a t i o n o f a g i v e n 
energy s t a t e of a system by the p r o c e s s o f coh e r e n t Raman a m p l i -
f i c a t i o n ( s t i m u l a t e d Raman s c a t t e r i n g ) . The c o n d i t i o n s r e q u i r e d 
f o r t h i s process a r e : (1) the t r a n s i t i o n i n v o l v i n g the i n i t i a l 
and f i n a l energy l e v e l s must be Raman-active, i . e . , the t r a n 
s i t i o n s must i n v o l v e a change i t i t h e m o l e c u l a r p o l a r i z a b i l i t y , 
and (2) the fre q u e n c y d i f f e r e n c e of the two i n c i d e n t l a s e r beams 
must be a d j u s t e d t o e q u a l t h e f r e q u e n c y of t h i s Raman-active 
t r a n s i t i o n . Raman-active t r a n s i t i o n s can o c c u r f o r m o l e c u l e s 
t h a t have no i n f r a r e d spectrum, s i n c e the o c c u r r e n c e of a Raman 
spectrum depends on the change i n p o l a r i z a h i l i t y o f the m o l e c u l e 
and not on the pr e s e n c e o f a t r a n s i t i o n d i p o l e moment. T h i s 
makes PARS a p a r t i c u l a r l y a t t r a c t i v e a n a l y t i c a l t e c h n i q u e f o r 
s t u d y i n g m o l e c u l e s w h i c h have TIO i n f r a r e d spectrum. The pho
t o a c o u s t i c Raman s c a t t e r i n g (PARS) p r o c e s s i s shown s c h e m a t i -
c a l l y i n F i g u r e 1. Two i n c i d e n t l a s e r beams w i t h f r e q u e n c i e s 
ü)p and w s i n t e r a c t w i t h two energy s t a t e s ( l a b e l l e d | a> and | b>) 
o r a m o l e c u l e ( F i g . l a ) . D u r i n g o r f o l l o w i n g s t i m u l a t e d Raman 
s c a t t e r i n g (SRS), c o l l i s i o n a l r e l a x a t i o n o f the e x c i t e d molecu
l e s produces a p r e s s u r e change i n t h e sample which i s d e t e c t e d 
by a microphone. The l a s e r beam a t the f r e q u e n c y top i s r e f e r r e d 
t o as the pump beam and the second l a s e r beam a t the f r e q u e n c y 
Ü) s i s r e f e r r e d t o as the Stokes beam. I f E a and E^ a r e the 
e n e r g i e s a s s o c i a t e d w i t h the l e v e l s | a> and] b>, then the 
f r e q u e n c y w 0 ( i n wavenumbers), f o r t h e Raman t r a n s i t i o n between 
t h o s e energy s t a t e s i s e q u a l to ( E ^ ^ E a ) / h c , where h i s P l a n c k 1 s 
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(a) U)P 

•Ib> 
•Ia> 

GAS SAMPLE CELL 

MICROPHONE ELECTRONIC 
PROCESSING 

F i g u r e 1. Schematic r e p r e s e n t a t i o n o f the p h o t o a c o u s t i c Raman 
s c a t t e r i n g (PARS) p r o c e s s . 

(a) An energy l e v e l diagram f o r a Raman ty p e p r o c e s s i n v o l v i n g 
t h e i n t e r a c t i o n of pump and Stokes photons a t f r e q u e n c i e s 
(Up and Ü3 S > r e s p e c t i v e l y , w i t h the energy s t a t e s | a> and | b> 
o f a m o l e c u l a r system. The h o r i z t o n a l dashed l i n e r e p r e 
s e n t s an i n t e r m e d i a t e V i r t u a l State of the i n t e r a c t i o n . 

(b) Schematic r e p r e s e n t a t i o n o f the arrangement f o r g e n e r a t i n g 
a PARS s i g n a l i n a gas. The pump and Stokes beams are 
o v e r l a p p e d s p a t i a l l y and t e r a p o r a l l y i n the gas sample. 
When the fr e q u e n c y d i f f e r e n c e ü)p-ü)s e q u a l s a Raman f r e 
quency o f the gas, a m p l i f i c a t i o n o f the Stokes beam and 
a t t e n u a t i o n o f the pump beam o c c u r s and the m o l e c u l a r popu
l a t i o n o f the upper energy l e v e l | b> i s i n c r e a s e d . 
R e l a x a t i o n o f these e x c i t e d m o l e c u l e s by V-T p r o c e s s e s 
r e s u l t s i n the - g e n e r a t i o n o f an a c o u s t i c wave which i s 
d e t e c t e d by a microphone. 

c o n s t a n t and c i s the speed o f l i g h t . When the f r e q u e n c i e s of 
t h e i n c i d e n t l a s e r s a r e a d j u s t e d such t h a t ü)p-ws = w 0, a non
l i n e a r i n t e r a c t i o n between the ü)p and cos beams occurs through 
t h e t h i r d - o r d e r n o n l i n e a r s u s c e p t i b i l i t y x ^ H w s ) o f the sample. 
T h i s n o n l i n e a r p r o c e s s r e s u l t s i n the a m p l i f i c a t i o n o f the S t o 
k e s beam and the a t t e n u a t i o n o f the pump beam. One m o l e c u l e 
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i s t r a n s f e r r e d from l e v e l | a> t o l e v e l | b> f o r each Stokes pho
t o n w h i c h i s g e n e r a t e d by t h i s i n t e r a c t i o n . An excess p o p u l a 
t i o n i n l e v e l I b> i s produced and the t r a n s l a t i o n a l energy of 
the m o l e c u l e s i n the gas sample i s i n c r e a s e d by c o l l i s i o n a l 
d e a c t i v a t i o n (V,R+T energy t r a n s f e r ) o f t h i s e x cess p o p u l a t i o n . 
A p r e s s u r e change which i s the m a n i f e s t a t i o n o f the i n c r e a s e i n 
t r a n s l a t i o n a l energy i s d e t e c t e d by a microphone as d e p i c t e d i n 
F i g . I b . The t h e o r e t i c a l a s p e c t s o f p h o t o a c o u s t i c Raman 
s p e c t r o s c o p y w i l l be d i s c u s s e d i n the n e x t two s e c t i o n s . 

2. THEORETICAL APPROACH 

The magnitude of the p r e s s u r e change i n a gaseous sample 
produced by the p h o t o a c o u s t i c Raman t e c h n i q u e may be determined 
by c a l c u l a t i n g the number of m o l e c u l e s w h i c h a re e x c i t e d to an 
upper energy State. S i n c e the number of Stokes photons which 
a r e produced by the s t i m u l a t e d Raman p r o c e s s i s e q u a l t o the 
number o f m o l e c u l e s w h i c h a re d e p o s i t e d i n the upper energy 
s t a t e , we b e g i n by c a l c u l a t i n g t he number of photons which are 
g e n e r a t e d i n the a m p l i f i e d S tokes wave. I n t h e f o l l o w i n g s e c 
t i o n s we d e r i v e the t h e o r e t i c a l e x p r e s s i o n s a s s o c i a t e d w i t h PARS. 
A k i n e t i c model, which c o n s i d e r s the r a t e s of v a r i o u s p r o c e s s e s 
f o r p o p u l a t i n g and d e p o p u l a t i n g the upper energy l e v e l , i s a l s o 
d i s c u s s e d . 

A. Stokes A m p l i f i c a t i o n P r o c e s s 

The i r r a d i a n c e of the Stokes wave a f t e r t r a v e r s i n g a 
d i s t a n c e z through a sample may be w r i t t e n as 

I s ( z ) = l s ( 0 ) e g s z ( 1 ) 

where I s(0) i s the i n i t i a l i r r a d i a n c e of the Stokes l a s e r beam 
a t the c e l l e n t r a n c e (z=0). The q u a n t i t y g s i s the Stokes g a i n 
c o e f f i c i e n t w h i c h i s e q u a l t o [1] 

16* 2fcs (2) 
g s = - — — * y c n n r 

s p 

where kg (=ÜJ s n s /c) i s the i n i t i a l magnitude of the Stokes wave 
v e c t o r b e f o r e a m p l i f i c a t i o n ( a t z=0); np and n s a r e the r e f r a c 
t i v e i n d i c e s o f the sample a t the pump and Stokes f r e q u e n c i e s , 
r e s p e c t i v e l y ; I p i s the i r r a d i a n c e o f the pump l a s e r beam and x" 
i s t h e i m a g i n a r y p a r t o f the t h i r d o r d e r n o n l i n e a r s u s c e p t i b i l 
i t y a t the Stokes f r e q u e n c y . I n g e n e r a l , the t h i r d o r d e r s u s 
c e p t i b i l i t y i s e q u a l t o the sum o f a complex r e s o n a n t term and a 
nonresonant term, v i s . , x ^ C ^ s ) = ( x ' + ^ X " ) R + XNR w n e r ^ the 
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pri m e and double prime denote r e a l and i m a g i n a r y p a r t s , r e s p e c 
t i v e l y . 

An e x p l i c i t e x p r e s s i o n f o r the s t i m u l a t e d Raman s c a t t e r i n g 
s u s c e p t i b i l i t y ^o) s, Ü ) s , ü>p, -ü3p) can be c a l c u l a t e d from the 
r e s p o n s e of a p o l a r i z a b l e o s c i l l a t o r t o the d r i v i n g (pump and 
S t o k e s ) f i e l d s . The e q u a t i o n of m o t i o n f o r a driven-damped 
c l a s s i c a l o s c i l l a t o r i n terms o f the ( d i s p l a c e m e n t c o o r d i n a t e q 
and resonance f r e q u e n c y w 0) i s [2,3] ~ 

3t 3 t m 3q 

where V i s the r a d i a t i v e damping r a t e , E i s the d r i v i n g f i e l d 
and P i s the e l e c t r o n i c p o l a r i z a b i l i t y o f the o s c i l l a t o r , i . e . , 

P = a-E + 1/2 3*EE + ... (4) 

Fo r the case of i n t e r e s t , s t i m u l a t e d Raman s c a t t e r i n g , o n l y the 
f i r s t term i n Eq. (4) i s needed and Eq. (3) becomes 

3 2
9 3<j 2 l / 3 a \ 

— j + r — + u>0q = - f — JE*. (5) 
3t 3 t ~ ra\3q/ 

F o r near r e s o n a n t d r i v i n g (ü)p-a)s « u) 0) o n l y those terms i n E^ 
w h i c h have F o u r i e r components near w 0 need be c o n s i d e r e d , i . e . , 

2 i * <6> 
E = — E E exp i [ (k —k ) Z - ( I Ü -o) ) t ] . 

Z p s p s p s 

The above e q u a t i o n s of m o t i o n [Eqs. (5) and ( 6 ) ] are now 
e a s i l y s o l v e d f o r q ( t ) by F o u r i e r t r a n s f o r m methods. D e f i n i n g 

q(ü>) 
icat 

e q ( t ) d t (7) 
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-u)2 q(o>) - iü)rq(w) + a)^q(o)) 

^ i ( k -k )z ( . 
E E e P S 6(u)-w +Ü) ) K Ö ) 

p s p s 

Ä i ( k -k ) z + E E e P 6(Ü)-W +0) ) p s s p 

f o r t h e t r a n s f o r m e d e q u a t i o n o f m o t i o n . Thus, 

(., 
^ i(k -k )z * p s 

JE E e 6(Ü)̂Ü) +u) ) /rkN 
g ( » ) = v » / p ; 2 2 - 2 - ( 9 ) 

2m [Ü ) -Ü) -iü>r] o s i n c e o n l y t he near resonance term c o n t r i b u t e s . 

Back t r a n s f o r m i n g 

/
-iü>t / q ( t ) = / e q(w)du) 

we a r r i v e a t our r e s u l t 

i ( k -k )z -i((ü-« a)t 
e P s

 e P s 

q(t) - f e . 
2mju -(« -o) ) -i(o> -u) ) r[ « o p s p s > 

The n o n l i n e a r (Raman) p o l a r i z a t i o n i n d u c e d i n a q u a n t i z e d 
enserable o f N such o s c i l l a t o r s i s 

NL 
P = NAq 

(10) 

(11) 

(12) 

where A = (N a-Nb)/N i s the f r a c t i o n a l p o p u l a t i o n d i f f e r e n c e be
tween t h e upper and l o w e r s t a t e s . We note t h a t the n o n l i n e a r 
c o n t r i b u t i o n s a r e e x p l i c i t l y c a r r i e d by q. The i t a component o f 

the n o n l i n e a r p o l a r i z a t i o n a t the Stokes f r e q u e n c y P ^ i s 
r e a d i l y d e t e r m i n e d from the complex c o n j u g a t e o f Eq. (11) and 
the pump component o f E. I t s c a r t e s i a n components a r e 
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p

N L NA 

4mju) -(OD -Ü) ) + i(u> -ÜJ )r} 
1 0 P 8 P S (13) 

ik z '|i.Y.. E . E . E . e 3q ) k l p j pk s l 
j k l x . , -/ 

The q u a n t i t y P^L i s r e l a t e d t o the t h i r d o r d e r s u s c e p t i b i l i t y 
t h r o u g h 

XTT / M N . i ( 2 k -k )z 

s i j k l ^ l j k l s p p a P J p k p l 

(14) 

(3) * i k + 2 Y . ( - W , w , -w , w )E ,E ,E .e s V. A i j k l s* p* p* s p j pk s l f 

Only the second term i n Eq, (14) l e a d s t o a m p l i f i c a t i o n a t the 
St o k e s f r e q u e n c y , i . e . , t o s t i m u l a t e d Raman s c a t t e r i n g . U s i n g 
Eq. (13) we can i d e n t i f y x ^ i n Eq. (14) 

( 3 )
 , , $ s ) i 4 a ) 

A i j k l s* p' p* s 
W l d q J i j l d q J k l (15) 

24m{o) - ( Ü J -co ) + i(u> -w ) r} ( o p s p s ' 

This expression can be reduced to a more Standard form by noting 
that ot(Q) = a ( Q 0 ) + (3a/3Q ) 0 Q + ... Taking harmonic o s c i l l a t o r 
matrix elements we obtain the r e l a t i o n 

(16) 

where the matrix elements of a are given by 

(<a| Q.| g><g| QJ b> <a| Q j g><g| Q | b> 
i - y L _ i _ + J L 

OJ + OJ OJ - OJ 

g ga s ga p 

(17) 

Here i s the i t n component o f the e l e c t r i c d i p o l e moment 
O p e r a t o r , | a> and | b> a r e the i n i t i a l and f i n a l s t a t e s , and the 
summation a s s o c i a t e d w i t h the i n d e x g i s over a l l i n t e r m e d i a t e 
s t a t e s . By n o t i n g t h a t near resonance ojp~io s * OJ0 (>> Y) and 
w 0

2 - (ü)p-ojs)2 * [o)0-(ü)p-ü)s)](2ü)0), we o b t a i n 
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( 3 ) 
A i j k l s p p 

•k 

_ NA r a i j a k i i ( 1 8 ) 

241T u> -(<ü -w ) + IT/2 # 

L o p s J 

Of c o u r s e , no r e a l system i s a s i m p l e two l e v e l system and thus 
t h e t o t a l t h i r d o r d e r s u s c e p t i b i l i t y a l s o c o n t a i n s o t h e r c o n t r i 
b u t i o n s from nonresonant s t a t e s . These c o n t r i b u t i o n s a r e 
c o l l e c t i v e l y l a b e l l e d y v m and 

NR 

X i ] k l < ^ 8 » V " V = X N R + X [ f r ° m E q * ( 1 8 > ] ( 1 9 > 

The d i f f e r e n t i a l spontaneous Raman s c a t t e r i n g c r o s s -
s e c t i o n , da/dQ, i s r e l a t e d t o the Raman p o l a r i z a t i o n m a t r i x 
elements by the e q u a t i o n s 

(20) 

where t h e h o r i z o n t a l b a r i n d i c a t e s an average o v e r a l l o r i e n 
t a t i o n s o f the m o l e c u l e s . Combining Eq. (18) thro u g h Eq. (20) 
y i e l d s 

(3) , v . NAc 4 | 1 |/do\ (21) 
X i m ( - V V V " V = X N R + - 7 4 

s 

[ 1 l/do\ 0 
iü) o-0) p+ü) s+ir/2 J \dü j 

where <D0 i s the. Raman t r a n s i t i o n f r e q u e n c y and Y i s the füll 
w i d t h a t h a l f maximum (FWHM) f o r the spontaneous Raman l i n e . 

The t o t a l t h i r d o r d e r Stokes s u s c e p t i b i l i t y f o r p a r a l l e l 
e l e c t r i c f i e l d s a t ojp and co s, i s 

x(3>(«8> - 6Xmi(^V V V " V 

(22) 
= 6[x f + i x " ] R + 6XNR 

where t h e term i n b r a c k e t s i s the complex r e s o n a n t p a r t o f the 
t h i r d o r d e r s u s c e p t i b i l i t y . The r e a l p a r t o f x ^ ( w s ) ^ s 
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[ X ( 3 ) ( w s ) r - 6 ( X
f + XNR) (23) 

4 I ? _ p _ s |/2pj + , 
XNR 

NAc 

41I6J 4 

s o p s 

and the i m a g i n a r y p a r t o f x^^C^s) * s 

[ CÜ^-W +oj g l / d a \ 

n c - J 

[ X ( 3 ) ( Ü ) S ) ] " - x" - -
NAc 

8tToj 
r 1/Ä 
I (OJ - O J +oj ) 2 + r 2/4 \dß/ 

o p s 

(24) 

At resonance, ojp-oj s » O J 0 and the peak v a l u e of x ^ 3 ^ ( w s ) * s 

- i 
Peak 

N A c 4 / d o \ 
+ 6 X 

(25) 
NR* 

S i n c e the i m a g i n a r y p a r t o f the Stokes s u s c e p t i b i l i t y (x ) i s a 
n e g a t i v e q u a n t i t y [Eq. ( 2 4 ) ] , g s i s p o s i t i v e [ c f . Eq. ( 2 ) ] and 
th e Stokes wave w i l l be a n p l i f i e d a c c o r d i n g to Eq. ( 1 ) . U s i n g 
Eq. (24) t o e l i m i n a t e x" f*om Eq. (28) y i e l d s 

_ 4TT 3NAC 2 f r 

h n n OJ I (w -O J +OJ ) + V /4|\ / p S S w O p S 

(26) 

At resonance {ojp-oj s=oj 0), t h e peak v a l u e of g s i s 

( \ = 16TT 3NAC 2 /do\ 
( 8 s / P e a k . 3 rldßy 
v 7 h n n OJ r \ / s p s 

(27) 

O f t e n , i t i s c o n v e n i e n t t o e x p r e s s the frequency f a c t o r s O J s and 
T(FWHM) i n wavenumber u n i t s {cm"^]. S i n c e oj(angular u n i t s ) = 
2TTC0j(cm~l-), Eq. (27) may be r e - w r i t t e n as 

{ g s f P e a k , 2 3 r ( d f l ) ] 

v ' Trhc n n OJ T \ / 
(28) 

s p s 

where O J s and V are i n wavenumber u n i t s . I n s e c t i o n C, we w i l l 
u se t h e s e r e s u l t s f o r t h e Raman a m p l i f i c a t i o n p rocess to d e r i v e 
an e x p r e s s i o n f o r t h e PARS p r e s s u r e change. 
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B. The Quantum M e c h a n i c a l Two-Level System 

The e x a c t dynamics o f a t w o - l e v e l s y s t e m i n the presence o f 
t h e pump and Stok e s f i e l d s can be determined by Standard t e c h 
n i q u e s . We c o n s i d e r t h e system shown i n F i g . l a where t h e upper 
l e v e l | b> undergoes some d e p h a s i n g ( o r relaxation) p r o c e s s w i t h 
rate r b . The h a m i l t o n i a n f o r t h i s s y stem i s 

H = H° - <x:EE ( 2 9> 

where H° i s the h a m i l t o n i a n f o r t h e z e r o - o r d e r s t a t e s | a> and 
| b> and a i s the p o l a r i z a b i l i t y . The e q u a t i o n s of m o t i o n f o r 
t h e time-dependent p r o b a b i l i t y a m p l i t u d e s C a ( t ) and C b ( t ) t o be 
i n s t a t e s | a> and | b> r e s p e c t i v e l y a r e 

C a ( t ) - - i / t i V a b C b e - ^ t ( 3 0 a ) 

C b ( t ) = - 1/K V b a C a e + i ü ) t - 1/2 T b C b ( t ) (30b) 

where 

Ü) = w b - o j a (31) 

* 
Vab - V b a = - ab,$EE (32) 

w i t h a b a b e i n g the (Raman s c a t t e r i n g ) m a t r i x element o f the 
p o l a r i z a b i l i t y c o n n e c t i n g s t a t e s \ a> and | b>. F o r near r e s o 
nant d r i v i n g , the o n l y i m p o r t a n t c o n t r i b u t i o n s t o E2 a r e a t f r e 
quency v - w p 

Vab 

CÜ s. T h e r e f o r e , we may w r i t e 

- <*ba E p E s c o s [ ( k p - k s ) z - v t ] . (33) 

The r e s u l t a n t e q u a t i o n s o f m o t i o n [Eq. ( 3 0 ) ] c a n be s o l v e d ana-
l y t i c a l l y i n the r o t a t i n g wave a p p r o x i m a t i o n t o g i v e 

p b ( t ) - | c b ( t ) | : 

a E E 
- | % ^ . s i n ( a R t / 2 ) 

2 - r ^ t 
D (34) 

•where A R t h e (complex) R a b i f r e q u e n c y i s g i v e n by 



572- J . J . BARRETT AND D. F. HELLER 

Ö R - ^ a b - v ) 2 + - i ( a > a b - v ) r b + ^ b a ^ p 5 j j 

a E E \2 11/2 
(35) 

The dephasing r a t e 

r = r D + r R ( 3 6 ) 

A b A b b 
i s w r i t t e n as the sum o f pure d e p h a s i n g ( T b

D ) and pure r e l a x a t i o n 
( T b ^ ) c o n t r i b u t i o n s . The above d e s c r i p t i o n i g n o r e s r e p o p u l a t i o n 
o f the s t a t e | a> t h r o u g h T b

R o r subsequent r e l a x a t i o n p r o c e s s e s . 
The r a t e t h a t energy i s d i s s i p a t e d by the system i s 

3E _ r R _ . . (37) 
T T " " ^ a b F b P b ( t ) 

and (-3E/3t) i s the r a t e a t w h i c h energy i s made a v a i l a b l e to 
o t h e r ( e . g . , a c o u s t i c ) p r o c e s s e s . I n most m o l e c u l a r Systems, 
T b i s dominated by c o l l i s i o n a l r e l a x a t i o n p r o c e s s e s at p r e s s u r e s 
above a few t o r r . Assuming T b

D > Re > T b^ co h e r e n t e f f e c t s 
become un i m p o r t a n t i n the o v e r a l l energy d i s s i p a t i o n dynamics 
and the dynamics o f the energy f l o w can be mo d e l l e d by s i m p l e 
k i n e t i c e q u a t i o n s . For s i m p l i c i t y we use t h i s l a t t e r approach 
i n the f o l l o w i n g s e c t i o n t o show how PARS s i g n a l magnitudes can 
be o b t a i n e d f o r any system and how these s i g n a l s are expected t o 
v a r y w i t h l a s e r i n t e n s i t y , e t c . Under c o n d i t i o n s where 
coherence e f f e c t s become i m p o r t a n t , e.g., at h i g h d r i v i n g f i e l d 
i n t e n s i t i e s and s m a l l c o l l i s i o n r a t e s , r e c o u r s e to Eqs. (34-37) 
c a n be ta k e n . 

3. Magnitude of PARS S i g n a l s 

The magnitude of the p h o t o a c o u s t i c Raman s i g n a l s may be 
deduced from the change i n i n t e r n a l t r a n s l a t i o n a l energy of the 
sample due t o the Stokes a m p l i f i c a t i o n p r o c e s s . One pump photon 
i s a n n i h i l a t e d f o r e v e r y Stokes photon which i s generated by the 
n o n l i n e a r i n t e r a c t i o n and a m o l e c u l e i s t r a n s f e r r e d from the 
l o w e r to the upper energy S t a t e a s s o c i a t e d w i t h the Raman t r a n 
s i t i o n . The i n t e r n a l t r a n s l a t i o n a l energy change i s found by 
Computing the number o f Stokes photons which are produced i n t h e 
a m p l i f i c a t i o n p r o c e s s and e q u a t i n g t h i s number to the number of 
v i b r a t i o n a l quanta which a r e formed. 

The a c o u s t i c p r e s s u r e wave i s produced by m o l e c u l e s i n the 
upper energy S t a t e which l o s e t h e i r v i b r a t i o n a l energy by means 
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of c o l l i s i o n s . These c o l l i s i o n a l p r o c e s s e s i n c r e a s e the t r a n s 
l a t i o n a l energy o f the gas m o l e c u l e s which r e s u l t s i n h e a t i n g of 
the gas. The change i n t h e r m a l energy produces a p r e s s u r e 
change f o r a gas at c o n s t a n t volume i n an e n c l o s e d c e l l . I f the 
i n p u t l a s e r s a r e modulated a t a r a t e w h ich i s slow compared to 
the v i b r a t i o n a l - t o - t r a n s l a t i o n a l (V-T) r e l a x a t i o n r a t e , then the 
te m p e r a t u r e and hence the gas p r e s s u r e w i l l v a r y a t the modula
t i o n f r e q u e n c y . T h i s modulated p r e s s u r e wave i s the sound wave 
wh i c h i s d e t e c t e d i n a l l p h o t o a c o u s t i c p r o c e s s e s . 

We b e g i n w i t h an a n a l y s i s which i l l u s t r a t e s the b a s i c 
f e a t u r e s o f the a c o u s t i c g e n e r a t i o n p r o c e s s . F o l l o w i n g t h i s , a 
more d e t a i l e d d e s c r i p t i o n of the p r o c e s s w i l l be p r e s e n t e d . 

A. A S i m p l e Q u a s i e q u i l i b r i u m Model 

The a m p l i f i e d Stokes i r r a d i a n c e i s 

A I S = I 8< z> - V0> 

- l s ( 0 ) [ e 8 s Z - 1 ] . (38) 

* i s ( o ) g s
z 

f o r s m a l l v a l u e s of the e x p o n e n t i a l g a i n f a c t o r , g s z . 

The energy i n the a m p l i f i e d Stokes wave i s 

E s = A I S A ST = Ar,s(tfü)s) (39) 

where A s i s the c r o s s - s e c t i o n a l a r e a of the Stokes beam (assum
i n g e x a c t s p a t i a l o v e r l a p of the pump and Stokes beams), T i s 
the i n t e r a c t i o n time of the pump and Stokes l a s e r beams, and 
A n s i s the number o f Stokes photons produced by the a m p l i f i c a 
t i o n p r o c e s s d u r i n g the time i n t e r v a l T. F o r chopped cw l a s e r 
beams, T i s e q u a l t o the "on" time d u r i n g one chopper c y c l e 
whereas f o r p u l s e d l a s e r beams, T i s e q u a l t o the d u r a t i o n of 
the l a s e r p u l s e s . I n Eq. ( 3 9 ) , the Stokes f r e q u e n c y i s 
e x p r e s s e d i n r a d i a n s / s e c . 

F o r the sake of t h i s d i s c u s s i o n l e t us assume t h a t the 
Raman t r a n s i t i o n i n v o l v e d i n the a m p l i f i c a t i o n p r o c e s s o c c u r s i n 
a two l e v e l gaseous system between the ground and f i r s t v i b r a 
t i o n a l s t a t e . L e t NQ and N^ be the m o l e c u l a r p o p u l a t i o n den-
s i t i e s i n the ground and f i r s t v i b r a t i o n a l s t a t e , r e s p e c t i v e l y , 
and l e t N be the t o t a l p o p u l a t i o n d e n s i t y e q u a l t o the sum o f 
NQ and N^. S o l v i n g Eq. (39) f o r A n s and e q u a t i n g t h i s t o the 
t o t a l p o p u l a t i o n i n c r e a s e AN^ i n the f i r s t v i b r a t i o n a l State 
y i e l d s 
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A N ! = A n s - AI sA sT/nü> s. (40) 

S u b s t i t u t i n g f o r A I S [Eq. ( 3 8 ) ] , we o b t a i n 

AN! = i s ( 0 ) g s z A 8 T / t l w 8 . (41) 

Us i n g Eq. ( 4 1 ) , i t i s p o s s i b l e t o c a l c u l a t e d i r e c t l y the 
i n c r e a s e i n the number o f m o l e c u l e s i n t h e f i r s t v i b r a t i o n a l 
l e v e l brought about by the n o n l i n e a r i n t e r a c t i o n o f the wp and 
u) s l a s e r beams. The q u a n t i t y AN! i s d i r e c t l y p r o p o r t i o n a l to 
the Raman gain' c o e f f i c i e n t g s which i n t u r n i s p r o p o r t i o n a l t o 
o n l y the i m a g i n a r y p a r t of the t h i r d o r d e r n o n l i n e a r s u s c e p 
t i b i l i t y x" [Eq. ( 2 ) ] . Because of t h i s , t he r e a l nonresonant 
s u s c e p t i b i l i t y does not c o n t r i b u t e to the PARS s i g n a l and t h e r e 
f o r e background s i g n a l s due t o x Np w i l l be ab s e n t . I n the CARS 
t e c h n i q u e , the nonresonant s u s c e p t i b i l i t y i s a l i m i t i n g f a c t o r 
i n the t r a c e a n a l y s i s o f m i x t u r e s . S i n c e t h e PARS t e c h n i q u e 
does not depend on the nonresonant s u s c e p t i b i l i t i e s , i t i s more 
s u i t a b l e f o r t r a c e a n a l y s i s . 

The excess m o l e c u l e s i n the f i r s t v i b r a t i o n a l l e v e l , AN!, 
c o l l i d e w i t h o t h e r m o l e c u l e s i n the gas and w i t h the w a l l s of 
the sample c e l l . As a r e s u l t of these c o l l i s i o n s , the v i b r a 
t i o n a l energy (1ÜÜ>0) o f t h e s e e x c i t e d m o l e c u l e s i s c o n v e r t e d i n t o 
t r a n s l a t i o n a l k i n e t i c energy and the e x c i t e d m o l e c u l e s r e t u r n t o 
th e ground s t a t e . T h e r e f o r e , the i n t e r n a l t r a n s l a t i o n a l e n e r g y , 
U, of the gas i s i n c r e a s e d by an amount AU e q u a l t o 

AU = ANXOMÜO). (42) 

U s i n g t he gas law pV = ( y - l ) U , where y i s the r a t i o o f s p e c i f i c 
h e a t s (Cp/C v) o f the gas, we can r e l a t e the p r e s s u r e change, Ap, 
i n the sample c e l l t o the change i n t r a n s l a t i o n a l energy by the 
e q u a t i o n 

Ap = (Y-1)AU/V (43a) 
o r Ap - [(Y-DAN̂ ol/V (43b) 

where the p r e s s u r e change, Ap, i s i n u n i t s of dynes/cm 2 

( m i c r o b a r s ) when AU and V a r e e x p r e s s e d i n u n i t s o f ergs and 
cm 3, r e s p e c t i v e l y . S u b s t i t u t i n g Eq. (41) i n t o Eq. (43b) y i e l d s 

Ap = [(Y-l)Is(0)gszAsTWws)]/V (44) 
w h i c h i s the p r e s s u r e i n c r e a s e i n a c e l l of volume V. The 
a c o u s t i c power, P a , due t o the p r e s s u r e change Ap i s e q u a l to 
VAp/T, i . e . , 

P a = ( Y - l ) ( w o / u > s ) g s z P s ( 0 ) (45) 
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where P s ( 0 ) i s the t o t a l i n c i d e n t power of the Stokes (co s) l a s e r 
beam. In the next s e c t i o n a more e x a c t e x p r e s s i o n f o r the 
a c o u s t i c p r e s s u r e change w i l l be d e r i v e d u s i n g a r a t e e q u a t i o n 
a p p r o a c h . 

B. Rate E q u a t i o n Approach 

The dynamics o f t h e p h o t o a c o u s t i c Raman p r o c e s s may be 
d e s c r i b e d by c o n s i d e r i n g the time dependence of the number of 
m o l e c u l e s per u n i t volume (N^) i n the upper energy l e v e l . I t i s 
p o s s i b l e t o d e f i n e a Raman t r a n s i t i o n p r o b a b i i t y , k r , i n terms 
o f the e x p o n e n t i a l form of the Raman g a i n [Eq. ( 3 8 ) ] . However, 
th e use of the l i n e a r a p p r o x i m a t i o n , w h ich c o n s i d e r s s m a l l 
v a l u e s of the Raman g a i n f a c t o r g s z , p r o v i d e s p a r t i c u l a r l y 
s i m p l e e x p r e s s i o n s f o r the r a t e c o n s t a n t k r . The e r r o r i n t r o 
duced by t h i s l i n e a r a p p r o x i m a t i o n i s not v e r y l a r g e even f o r 
v a l u e s o f g s z a p p r o a c h i n g u n i t y . The v a r i o u s p r o c e s s e s f o r 
p o p u l a t i n g and d e p o p u l a t i n g t h e upper energy l e v e l a r e i l l u s -
t r a t e d i n F i g u r e 2. In t h e i n c o h e r e n t l i m i t , w h i c h a r i s e s when 
m o l e c u l a r d e p h a s i n g p r o c e s s e s ( e . g . , due t o "weak" c o l l i s i o n s ) 
a r e f a s t e r than the Raman e x c i t a t i o n p r o c e s s e s , the l e v e l popu
l a t i o n s are d e s c r i b e d by s i m p l e k i n e t i c e q u a t i o n s . For s i m p l i -
c i t y we c o n s i d e r a t w o - l e v e l model. Hence, the sum o f NQ and 
N^ e q u a l s the t o t a l m o l e c u l a r p o p u l a t i o n d e n s i t y , N. For r e a l 
m o l e c u l a r Systems, the Situation i s more complex s i n c e many 
o t h e r r o t a t i o n a l and v i b r a t i o n a l energy s t a t e s are u s u a l l y p r e 
s e n t w i t h s i g n i f i c a n t p o p u l a t i o n s a t room tem p e r a t u r e . The ana
l y s i s of such Systems i s s t r a i g h t f o r w a r d a l t h o u g h somewhat more 
c o m p l i c a t e d . 

The Raman a m p l i f i c a t i o n p r o c e s s p o p u l a t e s l e v e l 1 a t a r a t e 
k rNo ( p e r u n i t volume) and d e p o p u l a t e s i t a t a r a t e k R N ^ where 
NQ and N^ a r e the number of m o l e c u l e s per u n i t volume i n l e v e l s 
0 and 1, r e s p e c t i v e l y . At the peak of a Raman t r a n s i t i o n , the 
t r a n s i t i o n p r o b a b i l i t y , k r , i s e q u a l t o 

°o ( T r (46) 

(47) 

k =\->r-} I I 
r / nu)^ V s p 

where 
3 2 

n _ 16TT C / dq\ 
wo . 3 r V d f l i h n n Ü) r \ / s p s 

and k r i s i n u n i t s of [sec""-'-]. The q u a n t i t y , k r , i s not a 
c o n s t a n t s i n c e i t depends on the i r r a d i a n c e s o f the pump ( I p ) 
and Stokes ( I s ) beams. These i r r a d i a n c e s w i l l v a r y s p a t i a l l y 
w i t h i n the i n t e r a c t i o n ( o r s o u r c e ) volume of the l a s e r beams 
depending on such f a c t o r s as the degree of f o c u s i n g , s p a t i a l 
l a s e r modes, e t c . The t o t a l upper S t a t e p o p u l a t i o n change per 
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VIRTUAL STATE 

T 
LEVEL 1 

LEVEL 0 

Figure 2. An energy l e v e l diagram for a two l e v e l molecular 
system depicting the t r a n s i t i o n rates for various processes. 
The quantities k r, k c, and k e represent the t r a n s i t i o n probabi-
l i t i e s (units of sec""l) f o r Raman, c o l l i s i o n a l , and emission 
processes, respectively. 

unit time due to the nonlinear Raman in t e r a c t i o n may be found by 
integrating the quantity k r(NQ-Ni) over the source volume. The 
rate of radiation induced transitions from the upper to the 
lower state i s equal to (k r+k e)Ni where k e ~ l i s the radiative 
l i f e t i m e of the upper state for spontaneous emission of 
radiation. The quantities k c*Ni and k c°NQ are the c o l l i s i o n -
induced t r a n s i t i o n rates from the upper to lower State and from 
the lower to upper state, respectively. For a gas i n thermal 
equilibrium, the c o l l i s i o n rate from the upper to the lower 
State, k c * N i e , i s equal to the reverse c o l l i s i o n rate k c°No e, and 

e e 
since N^ - NQ exp(-sÜtü0/kT), we have 

k exp (-fiü> /kT) c r o (48) 
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where hu>0 i s the energy d i f f e r e n c e between l e v e l s 0 and 1 and 
t h e q u a n t i t i e s N g e and N^ e r e p r e s e n t the e q u i l i b r i u m p o p u l a t i o n 
d e n s i t i e s f o r l e v e l s 0 and 1, r e s p e c t i v e l y , b e f o r e l a s e r e x c i t a 
t i o n . The r a t e e q u a t i o n f o r t h e p o p u l a t i o n i n l e v e l 1 may be 
w r i t t e n as 

1 0 1 (49) 
d t r O c O r l c l e l 

In t h i s t r e a t m e n t , we i g n o r e the coh e r e n t e f f e c t s i n t r o d u c e d 
i n t o the l e v e l p o p u l a t i o n s by the a p p l i e d l a s e r f i e l d s . These 
c o h e r e n t e f f e c t s become i n c r e a s i n g l y i m p o r t a n t a t h i g h f i e l d s 
and may be t r e a t e d by r e p l a c i n g the k i n e t i c e q u a t i o n s we use 
h e r e by t h e i r quantum m e c h a n i c a l c o u n t e r p a r t s (as i n S e c t i o n 
2 . B ) . The r a t e of t h e r m a l h e a t i n g o f the gas w i l l not be 
g r e a t l y a l t e r e d by the k i n e t i c ( i n c o h e r e n t d r i v i n g ) approxima
t i o n used i n t h i s d i s c u s s i o n . C o l l i s i o n s o f gas m o l e c u l e s w i t h 
t h e w a l l s of the p h o t o a c o u s t i c c e l l w i l l be n e g l e c t e d i n t h i s 
a n a l y s i s . Such c o l l i s i o n s s e r v e to c a r r y away the t h e r m a l 
energy which i s d e p o s i t e d i n t h e gas by the Raman a m p l i f i c a t i o n 
p r o c e s s . As a r e s u l t , the gas sample w i l l e v e n t u a l l y r e a c h a 
h i g h e r average temperature whose magnitude depends on the l a s e r 
i r r a d i a n c e s ( i . e . , the r a t e h e a t i s d e p o s i t e d i n the gas) and on 
th e r a t e energy i s b e i n g l o s t t o the w a l l s of the p h o t o a c o u s t i c 
c e l l . G e n e r a l l y , w h i l e t h e s e l o s s e s a r e not s i g n i f i c a n t f o r 
b a l l i s t i c a c o u s t i c wave p r o p a g a t i o n c h a r a c t e r i s t i c of p u l s e d 
l a s e r e x c i t a t i o n , they can be i m p o r t a n t f o r the case of cw l a s e r 
e x c i t a t i o n . We may e x p r e s s Eq. (49) i n terms o f the p o p u l a t i o n 
d e n s i t y d e v i a t i o n from e q u i l i b r i u m , i . e . , 

e e 
where F]_ = N]_ - N^, FQ = NQ - NQ and FQ + F]_ = 0. The c o n s t a n t s 
C^ and C2 i n Eq. (50) a r e e q u a l t o 

C l = No 

hü>c 
kT 

k - (k + k )e r r e 
(51a) 

and 



578 J . J . BARRETT AND D. F. HELLER 

2k + k r c 1 + e 

hü) 
o 

kT + k (51b) 

where we l e t k c = k c f o r s i m p l i c i t y . The Solution of Eq. (50) 
i s 

F x ( t ) (52) 

where we have assumed the boundary c o n d i t i o n F ^ ( a t t=0) - 0. 
The a s s u m p t i o n k c » k e i s g e n e r a l l y v a l i d and f o r v i b r a t i o n a l 
energy l e v e l s above s e v e r a l hundred wavenumbers, the approxima-
t i o n s exp(-,Kü)c>/kT)«l and N Q

e « N can be made w i t h o u t a s i g n i f i -
c a n t e f f e c t on the f i n a l r e s u l t . By use o f these approxima-
t i o n s , Eq. (52) t a k e s the s i m p l e form 

F x ( t ) 

Nk 

2k + k r c 

-(2k + k )t\ r c I 

r 1 - e 
( 5 3 ) 

L e t us assume t h a t the gas sample l s l n thermodynamlc e q u i l i 
b r i u m a t each p o i n t w i t h i n the p h o t o a c o u s t i c c e l l . T h e r e f o r e , 
t h e q u a s i - e q u i l i b r i u m p r e s s u r e change i n a c e l l o f volume V c due 
t o a change i n i n t e r n a l energy i s 

8p 
3 t HdV (54) 

where H i s the r a t e h e a t i s produced per u n i t volume i n the 
i n t e r a c t i o n r e g i o n of the l a s e r beams and the I n t e g r a t i o n i s 
o v e r the volume of the i n t e r a c t i o n r e g i o n ( s o u r c e ) . The quan-
t i t y H i s e q u a l t o 

H = HÜ) k F. ( t ) , 
o c 1 

(55) 

U s i n g Eq. (53) and t h e f a c t t h a t the v a l u e of k r v a r i e s s p a -
t i a l l y w i t h i n the so u r c e volume, we o b t a i n 

dV. ( 5 6 ) 
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The Solution of Eq. (56) for the p r e s s u r e change from e q u i l i 
b r i u m (at t=0) i s 

L e t us c o n s i d e r the form of Eq. (57) i n two l i m i t i n g c a s e s f o r 
w h i c h ( 2 k r + k c ) t » l . 

Case I ; k c » k r . For t h i s c a s e , t h e r e i s no p o p u l a t i o n b u i l d - u p 
i n l e v e l 1, s i n c e m o l e c u l e s w h i c h a r e "pumped" i n t o l e v e l 1 by 
t h e Raman a m p l i f i c a t i o n p r o c e s s a r e v e r y q u i c k l y r e l a x e d by the 
f a s t V-T r a t e . T h e r e f o r e , Eq. (57) may be w r i t t e n as 

where K r i s the t o t a l Raman t r a n s i t i o n r a t e i n t e g r a t e d over the 
volume of the i n t e r a c t i o n r e g i o n . E q u a t i o n (58) i s e s s e n t i a l l y 
t h e same as Eq. (43b) wh i c h was d e r i v e d u s i n g the q u a s i e q u i l i -
b r i u m model. In Eq. ( 5 8 ) , the p r e s s u r e i n c r e a s e s l i n e a r l y w i t h 
e x c i t a t i o n time and i s d i r e c t l y p r o p o r t i o n a l to NK r, which i s 
t h e r a t e m o l e c u l e s a r e e n t e r i n g l e v e l 1. A f t e r the l a s e r s a r e 
s w i t c h e d o f f a t some time t=T, t h e maximum p r e s s u r e v a l u e , p ( x ) , 
q u i c k l y decays. T h e r e f o r e , t h e observed p r e s s u r e changes f o l l o w 
c l o s e l y the temporal v a r i a t i o n s o f the e x c i t a t i o n l a s e r s o u r c e s 
when the l a s e r e x c i t a t i o n time x i s rauch l o n g e r than the c o l l i 
s i o n a l r e l a x a t i o n time ( k c ) * ~ l . 

Case I I : k r » k c . For t h i s c a s e , m o l e c u l e s a r e e n t e r i n g l e v e l 1 
f a s t e r than they can be removed by the V-T pr o c e s s and the popu
l a t i o n i n l e v e l 1 b u i l d s up. The c o n d i t i o n k r » k c (Case I I ) 
would u s u a l l y a p p l y t o the e x p e r i m e n t a l S i t u a t i o n i n v o l v i n g 
e x c i t a t i o n o f the sample by h i g h power ( c a . 1 MW) l a s e r s . For 
t h i s c a s e , i f the c o l l i s i o n a l d e p h a s i n g i s slow [ i . e . , i f the 
d e p h a s i n g r a t e i s l e s s than o r about e q u a l t o the Raman t r a n 
s i t i o n p r o b a b i l i t y ( k r ) ] t h e n t h e time dependence o f our model 
system i s more a p p r o p r i a t e l y g i v e n by the two l e v e l R a b i - l i k e 
S o l u t i o n s r a t h e r than by our k i n e t i c e q u a t i o n s . However, when 
c o h e r e n t e f f e c t s are not i m p o r t a n t i n d e t e r m i n i n g the energy 
w h i c h i s f i n a l l y g i v e n over t o t r a n s l a t i o n s (e.g.,. T p U i s 

t h e k i n e t i c approach i s a c c e p t a b l e . The p r e s s u r e change 
[Eq. ( 5 7 ) ] now has the form 

(58) 

(59) 



580 J . J . BARRETT AND D. F. HELLER 

w h i c h i s independent o f the Raman t r a n s i t i o n p r o b a b i l i t y k r . 
When the l a s e r s a r e s w i t c h e d o f f a t some time t = T , the excess 
p o p u l a t i o n ( r e e q u i l i b r i u m p o p u l a t i o n ) i n l e v e l 1 , and hence the 
p r e s s u r e , w i l l decay a t a r a t e governed by the c o l l i s i o n a l t r a n 
s i t i o n p r o b a b i l i t y k c . T h e r e f o r e , f o r t > T , 

F l ( t > T ) = F ^ T ) ^ ( 6 0 ) 

and the p r e s s u r e change i s 

K1^ P ( t > x ) - i f J L - i . ^ N - r k ^ e 

• k c ( t " T ) (61) 

T h e r e f o r e , the complete S o l u t i o n f o r Case I I i s 

p - ( t ) f o r t<T 

p ( t ) =<; (62) 
f o r t>x 

where P]_(t) and P 2 ( t ) a r e d e f i n e d by Eq. (59) and Eq. ( 6 1 ) , 
r e s p e c t i v e l y . 

N u m e r i c a l E s t i m a t e : 

In o r d e r to get a rough i d e a o f the magnitude of the pho
t o a c o u s t i c Raman e f f e c t i n a gas, n u m e r i c a l c a l c u l a t i o n s were 
made u s i n g t y p i c a l v a l u e s of the r e l e v a n t parameters f o r a 
gaseous sample. The f o l l o w i n g c o n d i t i o n s were assumed: 

Pump wavenumber: üjp/2TTc = 20 0 0 0 cra~l 

S t o k e s wavenumber: U)s/2TTC = 19 0 0 0 cm"*l 

Raman l i n e w i d t h : r/27rc = 0 . 1 cm~l 

Raman c r o s s s e c t i o n : (da/dft) = 10~30 c m 2 

Gas t e m p e r a t u r e : T = 300 K 

S p e c i f i c heat r a t i o : y - C p/C v = 1 . 3 

C o l l i s i o n a l r e l a x a t i o n 
r a t e : k c = 1 0 ^ s e c - 1 

M o l e c u l a r number 
d e n s i t y : N = 2.5 x 10^-9 m o l e c u l e s cm~3 
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L e t us assume t h a t the f o c a l r e g i o n s o f the pump and Stokes 
beams are e x a c t l y o v e r l a p p e d and have u n i f o r m i r r a d i a n c e s 
t h r o u g h o u t the f o c a l r e g i o n . The major p o r t i o n of the PARS 
s i g n a l w i l l be ge n e r a t e d a t t h i s common f o c u s where the l a s e r 
p h o ton d e n s i t i e s a r e the g r e a t e s t . We w i l l assume t h a t the 
f o c a l r e g i o n i s approximated by a s m a l l c i r c u l a r c y l i n d e r of 
c r o s s s e c t i o n a l a r e a 2.9 x 10"^ cm 2, a l e n g t h ( c o n f o c a l 
p arameter) o f 0.11 cm and a volume, V f , o f 3.2 x 10"" ̂  cm 3. 
These dimensions of the f o c a l r e g i o n a r e a p p r o x i m a t e l y what one 
would o b t a i n f o r a 5 mm d i a m e t e r G a u s s i a n l a s e r beam focu s e d 
w i t h a 15 cm f o c a l l e n g t h l e n s . 

U s i n g Eq. ( 4 7 ) , we o b t a i n 

C Q = 7.8 x 10*~ 3 8 cm 4 s e c / e r g . 

Case I t k c » k r 

T h i s Situation w i l l be r e a l i z e d when the pump and Stokes 
l a s e r s a r e a t low power l e v e l s ( e . g . , cw l a s e r s o u r c e s ) and when 
th e c o l l i s i o n a l relaxation r a t e k c o u t of l e v e l 1 i s f a s t . I f 
we assume t h a t the power of the pump and Stokes l a s e r s a r e b o t h 
e q u a l t o 3 w a t t s , then the l a s e r i r r a d i a n c e s i n the f o c a l r e g i o n 
a r e 

Ip = I s = 10-*-3 e r g sec""l cm"*2. 

S u b s t i t u t i n g n u m e r i c a l v a l u e s i n t o Eq. (46) y i e l d s 

k r = 2.2 sec** 1 

f o r the s t i m u l a t e d Raman t r a n s i t i o n r a t e . The peak v a l u e o f the 
St o k e s g a i n [Eq. (28)] i s 

g s = 2.0 x 1 0 ~ 5 p e r cm 

and the p r o d u c t of the i n t e r a c t i o n l e n g t h and the Stokes g a i n i s 
2.1 x 10~6. For l a s e r s w h i c h a r e a m p l i t u d e modulated (chopped) 
a t 500 Hz, the e x c i t a t i o n t i m e , T, d u r i n g one chopper c y c l e i s 
1 0 ~ 3 s e c . From Eq. ( 5 8 ) , the t o t a l number o f m o l e c u l e s i n the 
f o c a l volume which are e x c i t e d t o l e v e l 1 d u r i n g one chopper 
c y c l e i s N x V f k r = 1.8 x 10^-0 m o l e c u l e s . T h i s c o r r e s p o n d s to the 
e x c i t a t i o n of one m o l e c u l e f o r e v e r y 450 m o l e c u l e s i n the f o c a l 
r e g i o n . T h i s r e s u l t o b t a i n e d u s i n g Eq. (58) i s i n e x a c t 
agreement w i t h the upper s t a t e p o p u l a t i o n change [Eq. ( 4 1 ) ] 
wh i c h was d e r i v e d u s i n g the s i m p l e model. The t o t a l a c o u s t i c 
energy ( h e a t ) g e n e r a t e d d u r i n g one chopper c y c l e i s 1.1 x 1 0 ~ 3 

e r g s which was c a l c u l a t e d u s i n g Eq. (58) as the p r o d u c t o f the 
p r e s s u r e change and the c e l l volume. 
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Case I I ; k r » k c 

T h i s c o n d i t i o n w i l l a p p l y f o r the case of e x c i t a t i o n by 
h i g h peak power l a s e r s o r when the c o l l i s i o n a l r e l a x a t i o n r a t e 
i s s l o w . For t h i s e s t i m a t e , we w i l l assume t h a t the peak l a s e r 
powers a re Pp = P s « 1 MW and t h a t the l a s e r p u l s e d u r a t i o n , x, 
i s 10 nsec. 

The i r r a d i a n c e s of the pump and Stokes l a s e r s i n the f o c a l 
r e g i o n a r e : 

Ip = I s = 3.4 x 1 0 1 8 e r g sec"" 1 cm""2. 

The s t i m u l a t e d Raman r a t e c o n s t a n t [Eq. (46)] i s 

k r - 2.5 x 1 0 1 1 sec"" 1 

and the peak v a l u e o f the Stokes g a i n [Eq. (28) ] i s 

g s = 6.7 p e r cm. 

The p r o d u c t of the St o k e s g a i n and the i n t e r a c t i o n l e n g t h 
( c o n f o c a l parameter) i s e q u a l t o 0.74. Thus, even f o r t h i s case 
o f h i g h power l a s e r e x c i t a t i o n , the e r r o r due to the l i n e a r 
a p p r o x i m a t i o n o f the Raman g a i n r e l a t i v e t o the e x p o n e n t i a l form 
o f the Raman g a i n i s e q u a l to o n l y 32%. From Eq. ( 5 9 ) , the 
number o f m o l e c u l e s i n the f o c a l volume w h i c h c o n t r i b u t e t o the 
g e n e r a t i o n o f the a c o u s t i c p r e s s u r e p u l s e i s e q u a l t o 0.5 
N x k c V f = 4 x i o i o m o l e c u l e s . At the end of the l a s e r p u l s e , the 
number o f m o l e c u l e s i n the upper energy l e v e l as g i v e n by Eq. 
(53) i s e q u a l t o 0.5 N, i . e . , h a l f of the t o t a l number o f mole
c u l e s are i n the upper s t a t e . T h e r e f o r e , f o r h i g h l a s e r powers, 
the p o p u l a t i o n s i n the low e r and upper s t a t e s tend t o e q u a l i z e 
and the t r a n s i t i o n becomes s a t u r a t e d . For t h i s S i t u a t i o n , the 
s t i m u l a t e d Raman p r o c e s s i s d r i v i n g upper s t a t e m o l e c u l e s to the 
l o w e r s t a t e b e f o r e t h e y can g i v e up t h e i r energy by c o l l i s i o n s . 
T h e r e f o r e , the PARS s i g n a l w i l l b u i l d up to some maximum l e v e l 
and, a f t e r S a t u r a t i o n o c c u r s , no f u r t h e r p r e s s u r e change and 
c o n s e q u e n t l y no f u r t h e r i n c r e a s e i n the PARS s i g n a l w i l l be 
g e n e r a t e d . 

4. CONCLUSION 

In t h i s paper, we have dev e l o p e d a u s e f u l t h e o r y o f p h o t o 
a c o u s t i c Raman s p e c t r o s c o p y . E q u a t i o n s g o v e r n i n g the Raman g a i n 
p r o c e s s were d e r i v e d and an e x p r e s s i o n f o r the t h i r d o r d e r 
S t o k e s s u s c e p t i b i l i t y was o b t a i n e d from the e q u a t i o n of m o t i o n 
f o r a driven-damped c l a s s i c a l o s c i l l a t o r . An o u t l i n e of a quan
tum m e c h a n i c a l t r e a t m e n t d e s c r i b i n g the dynamics of a two l e v e l 
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system i n the presence of the pump and Stokes f i e l d s was p r e 
s e n t e d . A s i m p l e q u a s i e q u i l i b r i u m model was d e s c r i b e d and the 
p r e s s u r e change i n a gaseous sample c e l l due t o the n o n l i n e a r 
Raman i n t e r a c t i o n was d e r i v e d . E q u a t i o n s f o r the p r e s s u r e 
change were a l s o d e r i v e d u s i n g a k i n e t i c model which e x p l i c i t l y 
a c c o u n t e d f o r the v a r i o u s r a t e s m o l e c u l e s were e n t e r i n g and 
l e a v i n g the upper energy s t a t e of the Raman t r a n s i t i o n . Two 
l i m i t i n g c a ses of t h i s k i n e t i c model were i d e n t i f i e d and n u m e r i 
c a l e s t i m a t e s u s i n g t y p i c a l v a l u e s f o r the v a r i o u s parameters 
were p r e s e n t e d . 
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1. INTRODUCTION 

P h o t o a c o u s t i c Raman s p e c t r o s c o p y (PARS) i s a n o n l i n e a r 
s p e c t r o s c o p i c t e c h n i q u e w h i c h has been developed r e c e n t l y [ 1 ] . The 
f i r s t e x p e r i m e n t a l d e m o n s t r a t i o n o f the PARS t e c h n i q u e was 
a c c o r a p l i s h e d u s i n g low power c o n t i n u o u s wave l a s e r e x c i t a t i o n o f 
a gaseous sample [ 2 ] . S i g n i f i c a n t improvements i n the e x p e r i m e n t a l 
c a p a b i l i t y of PARS were r e a l i z e d by the use o f p u l s e d l a s e r 
e x c i t a t i o n [ 3 ] . The a p p l i c a t i o n o f the PARS t e c h n i q u e t o the 
problem o f t r a c e a n a l y s i s o f gaseous m i x t u r e s has r e s u l t e d i n a 
t r a c e d e t e c t i o n c a p a b i l i t y o f about one p a r t per m i l l i o n [ 4 ] . 
Recent improvements [5] i n t h e d e s i g n o f the p h o t o a c o u s t i c 
sample c e l l s h o u l d make i t p o s s i b l e t o a c h i e v e even lo w e r 
d e t e c t i o n l i m i t s . The PARS t e c h n i q u e has been used s u c c e s s f u l l y 
t o s t u d y pure r o t a t i o n a l Raman t r a n s i t i o n s i n gases [ 6 - 7 ] • 
One o f the c h a r a c t e r i s t i c f e a t u r e s of pure r o t a t i o n a l PARS 
s p e c t r a i s the absence o f the R a y l e i g h component a t z e r o 
f r e q u e n c y s h i f t . I n pure r o t a t i o n a l Raman s p e c t r a r e c o r d e d by 
c o n v e n t i o n a l o p t i c a l t e c h n i q u e s , R a y l e i g h s c a t t e r i n g , which i s 
much more i n t e n s e t h a n Raman s c a t t e r i n g , can sometimes i n t e r f e r e 
w i t h the Observation o f low l y i n g r o t a t i o n a l s t a t e s . Care must 
be t a k e n to reduce s t r a y l i g h t i n the e x p e r i m e n t a l arrangement 
(sample c e l l , s p e c t r o m e t e r , e t c . ) as much as p o s s i b l e i n o r d e r 
t o be a b l e to s u c c e s s f u l l y r e c o r d a spectrum. S i n c e the PARS 
t e c h n i q u e d e t e c t s o n l y t h e energy t h a t i s d e p o s i t e d i n the 
gaseous sample, i t i s not a f f e c t e d by problems w i t h R a y l e i g h 
s c a t t e r i n g . 

The use o f a c o u s t i c methods t o d e t e c t the a b s o r p t i o n o f l i g h t 
i n gases was f i r s t r e p o r t e d by B e l l [8] and T y n d a l l [9] about 
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one hundred y e a r s ago. P h o t o a c o u s t i c d e t e c t i o n f o r s p e c t r o s c o 
p i c a p p l i c a t i o n s had not r e c e i v e d much a t t e n t i o n u n t i l h i g h 
b r i g h t n e s s l a s e r s o u r c e s became a v a i l a b l e i n the 1 9 6 0 f s . The 
p o t e n t i a l o f a c o u s t i c t e c h n i q u e s f o r d e t e c t i n g l a s e r a b s o r p t i o n 
was f i r s t e x p l o r e d by K e r r and Atwood [ 1 0 ] . L a t e r work [11-16] 
demonstrated the e x t r e m e l y h i g h s e n s i t i v i t y o f a c o u s t i c d e t e c 
t i o n . T h i s h i g h s e n s i t i v i t y has r e s u l t e d i n the a b i l i t y to 
obse r v e v e r y weak v i b r a t i o n a l o v e r t o n e t r a n s i t i o n s [17] i n gases 
u s i n g v i s i b l e t u n a b l e dye l a s e r s . 

These p h o t o a c o u s t i c t e c h n i q u e s a r e based on the d i r e c t 
a b s o r p t i o n o f l i g h t i n t h e sample. However, the. PARS t e c h n i q u e 
i s f u n d a r a e n t a l l y d i f f e r e n t because the l i g h t i s not absorbed by 
the sample. P o p u l a t i o n o f the upper energy l e v e l of a t r a n 
s i t i o n i s a c c o m p l i s h e d by a s t i m u l a t e d Raman p r o c e s s r a t h e r than 
by d i r e c t a b s o r p t i o n . T h i s s t i m u l a t e d Raman e x c i t a t i o n 
r e q u i r e s the s i m u l t a n e o u s i l l u m i n a t i o n of the sample by two 
l a s e r beams whose f r e q u e n c i e s d i f f e r by a Raman t r a n s i t i o n f r e 
quency. T h i s e x p e r i m e n t a l arrangement i s the same as t h a t 
r e q u i r e d f o r o t h e r n o n l i n e a r Raman t e c h n i q u e s such as c o h e r e n t 
a n t i - S t o k e s Raman s c a t t e r i n g (CARS) [ 1 8 ] , Raman-induced K e r r e f f e c t 
s p e c t r o s c o p y (RIKES) [ 1 9 ] , and s t i m u l a t e d Raman g a i n s p e c t r o s c o p y 
(SRGS) [ 2 0 ] . These n o n l i n e a r t e c h n i q u e s a l l measure an o p t i c a l 
s i g n a l by means o f a p h o t o d e t e c t o r whereas the PARS t e c h n i q u e 
eraploys a microphone t o sense the energy t h a t i s d e p o s i t e d i n 
t h e sample a f t e r the passage of the l a s e r beams. 

2. EXPERIMENTAL ARRANGEMENTS 

A. CW L a s e r E x c i t a t i o n 

The e x p e r i m e n t a l arrangement f o r cw PARS expe r i m e n t s [2] i s 
shown s c h e m a t i c a l l y i n F i g u r e 1. Two argon i o n l a s e r s were 
employed i n t h i s e x p e r i m e n t a l arrangement. The 514.5 nm l i n e 
from one of these l a s e r s p r o v i d e d the pump freque n c y wp w i t h a 
maximum power o f 6.6 W. T h i s l a s e r was modulated a t 5/3 Hz w i t h 
a m e c h a n i c a l l i g h t chopper and th e n d i r e c t e d onto the f o c u s i n g 
m i r r o r M4 by means of the p r i s m s , P^ and P3 and o t h e r a u x i l i a r y 
m i r r o r s . The m i r r o r M4, w h i c h had a 30 cm r a d i u s of c u r v a t u r e , 
f o c u s e d the pump beam t o a p o i n t about 15 cm from the m i r r o r 
s u r f a c e . M i r r o r M5 r e t r o - r e f l e c t e d the ü)p beam so t h a t two 
passes through the f o c a l r e g i o n were a c h i e v e d . A h a l f w a v e p l a t e 
was used to r o t a t e the v e r t i c a l p o l a r i z a t i o n of the argon i o n 
l a s e r s by 90° so t h a t B r e w s t e r a n g l e o p t i c a l components w i t h a 
f i x e d beam h e i g h t above t h e o p t i c a l t a b l e c o u l d be used. The 
second argon i o n l a s e r was used to pump a Rhodamine 6G j e t 
str e a m dye l a s e r . The argon l a s e r beam e n t e r e d the dye l a s e r 
c a v i t y through the s p e c i a l d i c h r o i c m i r r o r M]_. M i r r o r s M]_ and 
M5 formed the o p t i c a l c a v i t y of the dye l a s e r . A t h r e e element 
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F i g u r e 1, Schematic r e p r e s e n t a t i o n of the e x p e r i m e n t a l a r r a n g e 
ment used f o r o b t a i n i n g p h o t o a c o u s t i c Raman s p e c t r a w i t h c o n 
t i n u o u s wave (cw) l a s e r s o u r c e s . 

b i r e f r i n g e n t f i l t e r was used f o r c o a r s e t u n i n g of the dye l a s e r 
f r e q u e n c y , w h i l e f i n e t u n i n g and l i n e n a r r o w i n g (<0 .1 cm""* FWHM) 
were o b t a i n e d by use of an i n t r a c a v i t y F a b r y - P e r o t i n t e r f e r o m e t e r 
w i t h p i e z o e l e c t r i c s c a n n i n g . C a r e f u l a l i g n m e n t o f the top and u) s 

beams i n the p h o t o a c o u s t i c c e l l was n e c e s s a r y t o i n s u r e t h a t 
t h e f o c a l r e g i o n s f o r t h e s e beams were s p a t i a l l y o v e r l a p p e d . A 
p h o t o a c o u s t i c c e l l w i t h B r e w s t e r a n g l e Windows was p l a c e d i n the 
dye l a s e r c a v i t y a t t h e f o c u s midway between m i r r o r s M4 and M 5 . 
T h i s p h o t o a c o u s t i c c e l l used f o u r m i n i a t u r e e l e c t r e t m i c r o -
phones mounted on t h e c e l l w a l l s t o d e t e c t the p h o t o a c o u s t i c 
s i g n a l s from the gas sample. The e l e c t r i c a l s i g n a l s from t h e s e 
microphones were d e t e c t e d by a l o c k - i n a m p l i f i e r tuned t o the 
5 7 3 Hz m o d u l a t i o n f r e q u e n c y . The e l e c t r i c a l Output from the 
l o c k - i n a m p l i f i e r was d i s p l a y e d on a c h a r t r e c o r d e r . A 
d i s c u s s i o n o f the e x p e r i m e n t a l r e s u l t s o b t a i n e d w i t h t h i s 
a p p a r a t u s i s p r e s e n t e d i n S e c t i o n 3 . 

B. P u l s e d L a s e r E x c i t a t i o n 

S i n c e the PARS t e c h n i q u e i s a n o n l i n e a r p r o c e s s whose 
s i g n a l s s c a l e w i t h the p r o d u c t o f the e x c i t a t i o n time and the 
powers i n the pump and St o k e s beams, a s i g n i f i c a n t improvement 
i n magnitude of the PARS s i g n a l can be r e a l i z e d by use o f p u l s e d 
r a t h e r than cw l a s e r s o u r c e s . A sc h e m a t i c diagram o f the 
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F i g u r e 2. Schematic r e p r e s e n t a t i o n of the e x p e r i m e n t a l arrange
ment used f o r p h o t o a c o u s t i c Raman s t u d i e s w i t h p u l s e d l a s e r 
s o u r c e s . 

e x p e r i m e n t a l arrangement f o r o b t a i n i n g PARS s p e c t r a w i t h p u l s e d 
l a s e r s i s shown i n F i g u r e 2. A h i g h power Q-switched Nd:YAG 
l a s e r system p r o v i d e d the p r i m a r y s o u r c e of c o h e r e n t r a d i a t i o n 
f o r t h i s e x p e r i m e n t . T h i s l a s e r , w h i c h i s c a p a b l e o f g e n e r a t i n g 
700 mJ i n a 10 nsec p u l s e (~70 MW peak power) a t 1.06um, i s 
o p e r a t e d a t a p u l s e r e p e t i t i o n r a t e o f 10 Hz. The 1.06um 
r a d i a t i o n i s f r e q u e n c y d o u b l e d i n an a n g l e - t u n e d KD*P c r y s t a l to 
produce 200 mJ (~20 MW peak power) a t 532 nm. A p r i s m 
s p a t i a l l y s e p a r a t e s the 1.06um beam from the 532 nm beam and a 
beam S p l i t t e r S^ d i v i d e s t h e 532 nm beam i n t o two beams, one f o r 
pumping a dye l a s e r and t h e o t h e r f o r p r o d u c i n g the PARS s i g n a l 
i n t h e p h o t o a c o u s t i c c e l l PC. A d i c h r o i c beam combiner C was 
used to superimpose the Wp and cos beams and a l e n s L 3 f o c u s e d 
t h e s e beams a t a common p o i n t i n the p h o t o a c o u s t i c c e l l . W i t h i n 
t h e l i m i t s of e x p e r i m e n t a l e r r o r , the magnitudes o f the observed 
PARS s i g n a l s were independent o f the degree o f f o c u s i n g f o r l e n -
ses whose f o c a l l e n g t h s v a r i e d between 10 cm t o 33 cm. An 
energy meter was used t o measure the e n e r g i e s of the pump and 
Stokes beams a f t e r p a s s i n g t h r o u g h the p h o t o a c o u s t i c c e l l . The 
s i g n a l from the raicrophone i n the p h o t o a c o u s t i c c e l l was 
a m p l i f i e d ( u s u a l l y w i t h a g a i n of about 100) and t h e n a n a l y z e d 
u s i n g a boxcar i n t e g r a t o r (PAR Model 162). The Output from the 
b o x c a r i n t e g r a t o r was d i s p l a y e d on a c h a r t r e c o r d e r . S p e c t r a 
were o b t a i n e d by s c a n n i n g t h e wavele n g t h of the dye l a s e r w h i l e 
r e c o r d i n g the boxcar Output on the c h a r t r e c o r d e r . 
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T y p i c a l waveforms of the p h o t o a c o u s t i c s i g n a l s o b t a i n e d 
u s i n g the p u l s e d l a s e r a p p a r a t u s i s shown i n F i g u r e 3. T h i s 

F i g u r e 3. O s c i l l o s c o p e photographs o f the p h o t o a c o u s t i c Raman 
s i g n a l s i n 6.7 kPa of c a r b o n d i o x i d e f o r p u l s e d l a s e r e x c i t a 
t i o n . The t h r e e photographs ( a ) , ( b ) , and ( c ) were o b t a i n e d 
u s i n g the same i n p u t s i g n a l from the microphone but w i t h d i f 
f e r e n t o s c i l l o s c o p e sweep r a t e s o f 20usec/cm, lOOusec/cm, and 
500usec/cra, r e s p e c t i v e l y . The l o w e r t r a c e i n each photograph 
d i s p l a y s the g a t e a p e r t u r e s o f the boxcar i n t e g r a t o r . 

d a t a was o b t a i n e d f o r pure CO2 gas a t a p r e s s u r e of 6.7 kPa (50 
t o r r ) f o r t h r e e d i f f e r e n t h o r i z o n t a l sweep r a t e s of the o s c i l l o 
s cope. The f r e q u e n c y d i f f e r e n c e between the pump and Stokes 
l a s e r s was e q u a l to 1388 cm""1 w h i c h i s the Raman s h i f t f o r the v j 
band i n CO2. The pump beam a t 532 nm and the Stokes beam a t 574 nm 
had p u l s e e n e r g i e s of 15 mJ and 10 mJ, r e s p e c t i v e l y , and peak 
powers of a p p r o x i m a t e l y 1.5 MW and 1.0 MW, r e s p e c t i v e l y , assuming 
n o m i n a l p u l s e d u r a t i o n s of 10 nsec. The p h o t o a c o u s t i c c e l l was 
about 13.5 cm i n l e n g t h w i t h B r e w s t e r a n g l e e n t r a n c e and e x i t 
Windows. The d i s t a n c e from the f o c a l r e g i o n t o the microphone 
was 0.7 5 cm. The e l e c t r i c a l s i g n a l from the e l e c t r e t microphone 
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was a m p l i f i e d 100 t i m e s by a l o w - n o i s e a m p l i f i e r . I n F i g . 3a, 
the i n i t i a l ( b a l l i s t i c ) a c o u s t i c s i g n a l (upper t r a c e ) i s shown 
w i t h i t s peak a m p l i t u d e o f 650 mV o c c u r r i n g about 53 ysec a f t e r 
t h e l a s e r s were f i r e d . The i n i t i a l a c o u s t i c wave reached the 
microphone about 27 usec a f t e r the l a s e r p u l s e s passed t h r o u g h 
t h e c e l l b u t the maximum e l e c t r i c a l s i g n a l from the microphone 
(due to t h i s a c o u s t i c wave) o c c u r r e d a p p r o x i m a t e l y 26 usec 
l a t e r . T h i s d e l a y time of 26 usec i s due t o the h i g h f r e q u e n c y 
c u t - o f f of the microphone. F i g u r e s 3b and 3c show l a r g e r p o r -
t i o n s o f the a c o u s t i c waveforms. The damped o s c i l l a t o r y wave-
form o f F i g . 3c i s due t o s u c c e s s i v e r e f l e c t i o n s o f the i n i t i a l 
a c o u s t i c p u l s e a t the Windows of the p h o t o a c o u s t i c c e l l . I n 
g e n e r a l , the p u l s e d a c o u s t i c waveforms f o r a l l gases are s i m i l a r 
t o t hose shown i n F i g . 3. Waveform v a r i a t i o n s are observed f o r 
d i f f e r e n t p h o t o a c o u s t i c c e l l s due t o g e o m e t r i c a l e f f e c t s and f o r 
d i f f e r e n t gas samples due t o v a r i a t i o n s i n the speed of sound. 

3. EXPERIMENTAL RESULTS 

A. Continuous Wave L a s e r E x c i t a t i o n 

The f i r s t Observation o f a p h o t o a c o u s t i c s i g n a l produced 
by a Raman t r a n s i t i o n i n a gas was made u s i n g low power cw 
l a s e r s o u r c e s w i t h the e x p e r i m e n t a l arrangement shown i n F i g u r e 
1. A l t h o u g h the p h o t o a c o u s t i c s i g n a l s produced by cw l a s e r 
e x c i t a t i o n a r e r a t h e r s m a l l , the a m p l i t u d e s t a b i l i t y , narrow 
l i n e w i d t h s ( c a . 0.1 cm""1) and w e l l - d e f i n e d G a u s s i a n s p a t i a l 
modes of the cw l a s e r s o u r c e s make i t p o s s i b l e to c h a r a c t e r i z e 
a c c u r a t e l y the e x p e r i m e n t a l p a r a m e t e r s , t h e r e b y p e r m i t t i n g com
p a r i s o n of the e x p e r i m e n t a l l y o b s e r v e d PARS s i g n a l s w i t h t h e o r e 
t i c a l p r e d i c t i o n s . 

The p h o t o a c o u s t i c Raman s i g n a l s g e n e r a t e d i n a sample of 
methane gas at a p r e s s u r e of 106.7 kPa (800 t o r r ) are shown i n 
F i g u r e 4. The Raman a c t i v e Symmetrie s t r e t c h v i b r a t i o n a l mode of 
CH4 ( a t 2916.7 cm" 1) was i n v e s t i g a t e d by i l l u m i n a t i n g the 
CH4 gas sample w i t h two f o c u s e d cw l a s e r beams which were s p a -
t i a l l y o v e r l a p p e d . The top pump beam was p r o v i d e d by the 514.5 
nm [top (vaeuum) = 19429.8 cm""1*] l i n e o f an argon i o n l a s e r and 
the u) s S t o k e s beam was g e n e r a t e d by a t u n a b l e R-6G dye l a s e r . 
When the dye l a s e r was tuned t o 605.4 nm, the f r e q u e n c y d i f 
f e r e n c e of the l a s e r s was e q u a l to the Raman t r a n s i t i o n f r e 
quency (2916.7 cm""1) and a p h o t o a c o u s t i c Raman (PARS) s i g n a l was 
o b s e r v e d . These PARS s i g n a l s a re shown i n the lower p a r t of 
F i g . 4 f o r r e p e t i t i v e scans of the (ü)p-ü)s) f r e q u e n c y d i f f e r e n c e 
a c r o s s the CH4 Raman band. The w a v e l e n g t h o f the dye l a s e r was 
m o n i t o r e d by use o f a h i g h - r e s o l u t i o n s p e c t r o m e t e r s e t to pass 
t h e CH4 Stokes l i n e a t 605.4 nm as shown i n the upper p a r t of 
F i g . 4. The s m a l l l i n e s between the main peaks are wavelength 
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F i g u r e 4. E x p e r i m e n t a l r e s u l t s o f the cw PARS experiments i n 
methane gas. 

markers spaced c a . 0.5 c m - 1 w h i c h were ge n e r a t e d by p a s s i n g some 
dye l a s e r l i g h t t h rough a s o l i d e t a l o n . Each time the dye l a s e r 
was tuned to the CH4 Stok e s l i n e a PARS s i g n a l was observed. 
The s i g n a l d i s a p p e a r e d when e i t h e r the a) p o r u)s beam was b l o c k e d 
and t h e magnitude o f the PARS s i g n a l v a r i e d l i n e a r l y w i t h gas 
p r e s s u r e . The PARS background s i g n a l was due t o a s m a l l amount 
o f l i g h t from the oj p beam s t r i k i n g a b a f f l e i n the p h o t o a c o u s t i c 
c e l l . 

B. P u l s e d L a s e r E x c i t a t i o n 

L a r g e g a i n s i n the magnitude of the obse r v e d PARS s i g n a l s 
have been r e p o r t e d [3] u s i n g h i g h peak power p u l s e d l a s e r s o u r c e s . 
I n c o m p a r i s o n t o cw l a s e r e x c i t a t i o n , the amount o f energy depo
s i t e d i n a gas v i a the s t i m u l a t e d Raman p r o c e s s can be g r e a t e r 
by f a c t o r s o f the o r d e r of 10 . As a r e s u l t of t h i s l a r g e 
improvement i n the magnitude o f the PARS s i g n a l , t he u s e f u l n e s s 
o f PARS as a g e n e r a l s p e c t r o s c o p i c t e c h n i q u e c a p a b l e of ana-
l y z i n g a wide v a r i e t y o f m o l e c u l a r s p e c i e s has been v e r i f i e d 
e x p e r i m e n t a l l y . I n c e r t a i n c a s e s , the PARS t e c h n i q u e may be the 
p r e f e r r e d method o f a n a l y s i s over o t h e r a n a l y t i c a l t e c h n i q u e s . 

A PARS spectrum of the v^ v i b r a t i o n a l r e g i o n i n CH4 gas a t a 
p r e s s u r e o f 6.7 kPa (50 t o r r ) i s shown i n F i g . 5. The Q br a n c h 
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F i g u r e 5. V i b r a t i o n a l PARS spectrum o f CH4 gas a t a p r e s s u r e of 
6.7 kPa. The l a s e r powers a t the pump and Stokes wavelengths 
were 1.2 MW and 0.5 MW, r e s p e c t i v e l y , w i t h l i n e w i d t h s of 0.3 
cm"*l and 0.5 cra"^, r e s p e c t i v e l y . 

w i t h a Raman s h i f t of 2917 cm""1 (w s ~ 630 nm) and the V3 Q branch 
w i t h a Raman s h i f t of 3019 cm"*1 (Ü) s ~ 634 nm) a r e the two p r o m i 
nent f e a t u r e s of the spectrum. The dye l a s e r , which was 
o p e r a t e d u s i n g c r e s y l v i o l e t l a s e r dye, had a l i n e w i d t h of about 
0.5 cm""1. The peak powers i n the pump and Stokes beams were 
1.2 MW and 0.5 MW, r e s p e c t i v e l y , w i t h c o r r e s p o n d i n g l i n e w i d t h s 
o f 0.3 cm""1 f o r the ü)p beam and 0.5 cm""1 f o r the w s beam. The 
r i e h spectrum shown i n F i g . 6 was ge n e r a t e d by k e e p i n g a l l the 
e x p e r i m e n t a l parameters the same as i n F i g . 5 exc e p t f o r an 
i n c r e a s e i n a m p l i f i e r g a i n by a f a c t o r of t w e n t y - f i v e . The 
r o t a t i o n a l 0, P, R, and S branches a l o n g w i t h the 2v2 Q branch 
a r e now c l e a r l y v i s i b l e w i t h a f l a t , e s s e n t i a l l y n o i s e - f r e e 
b a s e l i n e . The time r e q u i r e d t o o b t a i n t he complete spectrum 
shown i n F i g . 6 was 50 m i n u t e s . 

The l i n e a r i t y of the PARS s i g n a l w i t h gas p r e s s u r e was i n v e s 
t i g a t e d f o r the vi (1388 cm" 1) band o f CO2. S p e c t r a l d a t a f o r the 
vi band f o r v a r i o u s gas p r e s s u r e s i n t h e ränge 6.7 t o 100 kPa 
(50 to 750 t o r r ) a r e shown i n F i g . 7. A p l o t o f the peak a m p l i 
tude o f t h e CO2 PARS s i g n a l s f o r the band as a f u n c t i o n of gas 
p r e s s u r e i s shown i n F i g . 8. The l i n e a r i t y o f t h i s p l o t i n d i c a t e s 
t h a t the p r e s s u r e changes i n the sample, which a r e produced by 
th e p h o t o a c o u s t i c Raman p r o c e s s , a r e l i n e a r i n m o l e c u l a r number 
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F i g u r e 6. V i b r a t i o n a l PARS spectrum of CH4 under the same 
e x p e r i m e n t a l c o n d i t i o n s as i n d i c a t e d i n F i g u r e 5 w i t h the excep-
t i o n o f an i n c r e a s e d microphone a m p l i f i e r g a i n by a f a c t o r o f 
t w e n t y - f i v e . 

550 450 350 250 

GAS PRESSURE (TORR) 

F i g u r e 7. S p e c t r a l t r a c e s o f the band of CO2 gas f o r d i f 
f e r e n t gas p r e s s u r e s . The d a t a shown i n t h i s f i g u r e were 
o b t a i n e d w i t h l a s e r powers o f 1.1 MW and 0.34 MW a t the pump and 
S t o k e s w a v e l e n g t h s , r e s p e c t i v e l y . 
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C02 PRESSURE (TORR) 

F i g u r e 8. P l o t of the peak s p e c t r a l a m p l i t u d e v e r s u s gas 
p r e s s u r e f o r the d a t a p r e s e n t e d i n F i g u r e 7. 

d e n s i t y as p r e d i c t e d by t h e o r y . A PARS spectrum o f v i n y l Chloride 
(CH2H3CI) i s shown i n F i g . 9. The gas p r e s s u r e was 6.7 kPa and 
t h e peak l a s e r powers i n the pump and Stokes beams were 0.9 MW 
and 0.3 MW, r e s p e c t i v e l y . The sc a n o f F i g . 9 Covers the r e g i o n 
from about 1300 cm" 1 t o 1665 cm" 1 w h i c h i n c l u d e s the v i b r a t i o n a l 
V3 band a t 1369 cm" 1 and the v i b r a t i o n a l V4 band a t 1608 cm" 1. 
T h i s spectrum has not been c o r r e c t e d f o r v a r i a t i o n s i n dye l a s e r 
power over the w a v e l e n g t h r e g i o n .of the scan. 

B. PARS S p e c t r a of Gaseous M i x t u r e s 

The a p p l i c a t i o n of the PARS t e c h n i q u e t o the a n a l y s i s of 
gases i n m i x t u r e s has been i n v e s t i g a t e d r e c e n t l y by S i e b e r t e t 
a l [ 4 ] . The u s e f u l n e s s o f PARS f o r s t u d y i n g gas m i x t u r e s was 
r e a l i z e d s h o r t l y a f t e r the i n i t i a l p u l s e d e x p e r i m e n t s were 
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F i g u r e 9. The p h o t o a c o u s t i c Raman spectrum o f the v i b r a t i o n a l 
bands of v i n y l c h l o r i d e (H2C=CHC1). L a s e r powers used t o o b t a i n 
t h i s spectrum were 0.9 MW and 0.3 MW i n the pump and Stokes 
beams, r e s p e c t i v e l y . 

c a r r i e d o u t . A t y p i c a l PARS spectrum o f a gaseous m i x t u r e s i s 
shown i n F i g . 10 f o r a m i x t u r e of 26.7 kPa (200 t o r r ) o f SF5 and 
53.3 kPa (400 t o r r ) of H2. The J=l>3 and 2*4 pure r o t a t i o n a l 
t r a n s i t i o n s i n H2 a t 587 cm""1 and 814 cm*"1, r e s p e c t i v e l y , were 
o b s e r v e d a l o n g w i t h the v^, V2, and V5 bands i n SF5 a t 774 cm""1, 
642 cm""1, and 525 cm" 1, r e s p e c t i v e l y . 

A more i m p o r t a n t a s p e c t of the a n a l y s i s o f gaseous m i x t u r e s 
d e a l s w i t h the I d e n t i f i c a t i o n and q u a n t i t a t i v e measurement of 
t r a c e q u a n t i t i e s of a minor component of the m i x t u r e . S i n c e the 
PARS s i g n a l i s d e r i v e d from t h e i m a g i n a r y p a r t o f the t h i r d 
o r d e r n o n l i n e a r s u s c e p t i b i l i t y t e n s o r , c o n t r i b u t i o n s from the 
non - r e s o n a n t s u s c e p t i b i l i t y , w h i c h r e s t r i c t the u s e f u l n e s s o f 
c o h e r e n t a n t i - S t o k e s Raman s c a t t e r i n g (CARS) to t r a c e d e t e c t i o n 
l e v e l s on the o r d e r of 10 ppm, do not pose an e q u i v a l e n t problem 
f o r PARS. I f the PARS t e c h n i q u e i s t o be u s e f u l f o r t r a c e ana
l y s i s i n m i x t u r e s , t h e r e must be a p r e d i c t a b l e r e l a t i o n s h i p , 
( p r e f e r a b l y l i n e a r ) between gas c o n c e n t r a t i o n and the PARS 
s i g n a l magnitude. For t h e case o f e t h y l e n e , a l i n e a r r e l a 
t i o n s h i p does not e x i s t between gas p r e s s u r e and PARS s i g n a l 
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F i g u r e 10. P h o t o a c o u s t i c Raman spectrum o f a m i x t u r e of h y d r o 
gen and s u l f u r h e x a f l u o r i d e . 

a m p l i t u d e i n the pure gas over the p r e s s u r e ränge 0.67 t o 100 kPa. 
T h i s d e p a r t u r e from l i n e a r i t y i s b e l i e v e d due t o p r e s s u r e 
b r o a d e n i n g o f the Raman t r a n s i t i o n . In a l l gaseous m i x t u r e s 
s t u d i e d up t o now, a l i n e a r r e l a t i o n s h i p does e x i s t between the 
PARS s i g n a l a m p l i t u d e and gas c o n c e n t r a t i o n f o r c o n c e n t r a t i o n 
v a l u e s o f one p e r c e n t o r l e s s . An example o f t h i s l i n e a r beha
v i o r i s shown i n F i g . 11 f o r c a r b o n d i o x i d e i n n i t r o g e n . I n 
F i g . 11, the p a r t i a l p r e s s u r e o f CO2 v a r i e d o v e r the ränge 0.067 
t o 1.3 kPa. The t o t a l p r e s s u r e o f the gas m i x t u r e was e q u a l to 
100 kPa. A c o n c e n t r a t i o n o f 6.3 ppm o f CO2 i n N2 was observed 
w i t h a s i g n a l - t o - n o i s e r a t i o o f 2.5. T h e r e f o r e , the d e t e c t i o n 
o f CO2 w i t h a s i g n a l - t o - n o i s e r a t i o o f one i m p l i e s t h a t a con
c e n t r a t i o n o f 2.5 ppm o f CO2 i n 100 kPa o f N2 can be measured by 
our p r e s e n t a p p a r a t u s . A l l measurements were o b t a i n e d u s i n g a 
s i n g l e pass o f the pump and Stokes beams through the p h o t o 
a c o u s t i c c e l l . 

A t p r e s e n t , the t r a c e d e t e c t i o n c a p a b i l i t y o f PARS i s about 
one p a r t per m i l l i o n o f CO2 i n a i r or n i t r o g e n a t atm o s p h e r i c p r e s 
s u r e . I n o r d e r t o low e r the t r a c e d e t e c t i o n l i m i t below one ppm, 
i t w i l l be n e c e s s a r y to i n c r e a s e the amount of energy d e p o s i t e d i n 
t h e gas r e l a t i v e t o the background n o i s e due t o the microphone/ 
a m p l i f i e r c o m b i n a t i o n . One way o f i n c r e a s i n g t he d e p o s i t e d 
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F i g u r e 11. A p l o t of the PARS s i g n a l a m p l i t u d e v e r s u s CO2 p r e s 
s u r e o v e r the ränge o f 0.067 t o 1.3 kPa (0.5 t o 10 t o r r ) . 

energy i s t o pass the l a s e r beams th r o u g h the p h o t o a c o u s t i c 
c e l l many t i m e s . I f Scheines f o r enhancing the magnitude 
o f the PARS s i g n a l a r e s u c c e s s f u l , then t r a c e c o n c e n t r a t i o n 
measurements i n the p a r t s per b i l l i o n ränge would be p o s s i b l e 
w h i c h would make PARS c o m p e t i t i v e w i t h o t h e r t r a c e a n a l y t i c a l 
t e c h n i q u e s ( e . g . , GC/MS and F T I R ) . 

C. Pure R o t a t i o n a l PARS 

The pure r o t a t i o n a l PARS spectrum o f CO2 i s shown i n F i g . 
12. The l a s e r powers i n t h e pump and Stokes beams were 3.3 MW 
and 0.12 MW, r e s p e c t i v e l y , and the CO2 p r e s s u r e was 80 kPa. 
The s p e c t r a l l i n e w i d t h s o f the pump and Stokes beams were about 
0.3 cm' 1 and 0.5-1.0 cm" 1, r e s p e c t i v e l y . The s t r i k i n g f e a t u r e 
o f t h i s spectrum i s the absence o f a s t r o n g R a y l e i g h component 
a t the pump wa v e l e n g t h (532 nm). For o t h e r Raman methods, such 
as spontaneous Raman s c a t t e r i n g , CARS, RIKES, SRGS, e t c . , the 
pr e s e n c e of i n t e n s e R a y l e i g h s c a t t e r i n g makes i t d i f f i c u l t t o 
ob s e r v e pure r o t a t i o n a l Raman t r a n s i t i o n s , e s p e c i a l l y i f the 
Raman s h i f t s a r e v e r y s m a l l . T h i s absence o f the R a y l e i g h com
ponent makes the PARS t e c h n i q u e p a r t i c u l a r l y w e l l s u i t e d f o r 
s t u d y i n g pure r o t a t i o n a l Raman s p e c t r a . 
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F i g u r e 12. The pure r o t a t i o n a l p h o t o a c o u s t i c Raman spectrum o f 
CO2 gas a t a p r e s s u r e o f 80 kPa. The s p a c i n g between a d j a -
c e n t r o t a t i o n a l l i n e s i n t h i s spectrum i s about 3.1 cm""*. 

A Computer model has been used to c a l c u l a t e the r o t a t i o n a l 
PARS spectrum o f CO2. The r e s u l t s o f t h i s Computer model a r e 
shown i n F i g . 13 f o r CO2. The upper p a r t o f t h i s f i g u r e d i s 
p l a y s an e x p e r i m e n t a l l y g e n e r a t e d PARS spectrum f o r CO2 w i t h a 
r e s o l u t i o n e s t i m a t e d t o be about 0.3 cm""1. A l t h o u g h t h e r e i s 
some i n d i c a t i o n o f the p r e s e n c e of the odd J r o t a t i o n a l l i n e s o f 
the 01-1-0 v i b r a t i o n a l l e v e l , the r e s o l u t i o n i s not s u f f i c i e n t t o 
c o m p l e t e l y r e s o l v e them. I n t h e lower p a r t o f F i g . 13, the Com
p u t e r g e n e r a t e d CO2 PARS spectrum i s shown. Good q u a l i t a t i v e 
agreement e x i s t s between the e x p e r i m e n t a l and computed s p e c t r a . 
The s m a l l d i s c r e p a n c i e s a r e due t o l a s e r power f l u c t u a t i o n s 
d u r i n g the scan and u n c e r t a i n t i e s c o n c e r n i n g the l a s e r 
l i n e w i d t h s and p r o f i l e s . 

The main advantages o f the r o t a t i o n a l PARS t e c h n i q u e a r e 
i t s h i g h s e n s i t i v i t y and r e s o l u t i o n c a p a b i l i t y . In a d d i t i o n , i t 
o f f e r s the unique f e a t u r e o f b e i n g a b l e t o observe v e r y s m a l l 
Raman s h i f t s w i t h no i n t e r f e r e n c e due to R a y l e i g h s c a t t e r i n g . 
I n t e r f e r o m e t r i c measurements of the i n p u t l a s e r f r e q u e n c i e s w i l l 
r e s u l t i n the a b i l i t y t o st u d y r o t a t i o n a l Raman s p e c t r a w i t h an 
a c c u r a c y f a r g r e a t e r than t h a t w h i c h can be a c h i e v e d by o t h e r 
Raman t e c h n i q u e s . 
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F i g u r e 13. Comparison o f the e x p e r i m e n t a l and computer-
g e n e r a t e d pure r o t a t i o n a l PARS s p e c t r a o f C02» The e x p e r i m e n t a l 
spectrum was o b t a i n e d u s i n g l a s e r powers of 5.2 MW and 0.12 MW 
i n the pump and Stokes l a s e r beams, r e s p e c t i v e l y . 

4. CONCLUSION 

P h o t o a c o u s t i c Raman s p e c t r o s c o p y d i f f e r s from a l l o t h e r 
n o n l i n e a r Raman t e c h n i q u e s i n the way the d e s i r e d s i g n a l i s 
d e t e c t e d . The PARS t e c h n i q u e i n v o l v e s the a c o u s t i c d e t e c t i o n of 
a p r e s s u r e change i n the sample whereas o t h e r n o n l i n e a r Raman 
t e c h n i q u e s a r e concerned w i t h the measurement of an o p t i c a l 
s i g n a l . T h i s fundamental d i f f e r e n c e i n d e t e c t i o n schemes p r o v i 
des a new di m e n s i o n to the e x p e r i m e n t a l methods which have been 
used p r e v i o u s l y to o b t a i n Raman s p e c t r a . The use of a c o u s t i c 
m e a s u r i n g t e c h n i q u e s p r o v i d e s a d i r e c t way f o r d e t e c t i n g the 
energy d e p o s i t e d i n the sample. Other t e c h n i q u e s such as s t i m u 
l a t e d Raman g a i n s p e c t r o s c o p y (SRGS) o r c o n v e n t i o n a l i n f r a r e d 
a b s o r p t i o n s p e c t r o s c o p y a r e based upon the measurement of s m a l l 
changes i n the energy o f the o p t i c a l r a d i a t i o n p a s s i n g through 
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the samples. S i n c e i t i s d i f f i c u l t t o a c c u r a t e l y measure s m a l l 
changes i n a l a r g e background s i g n a l , t h e s e t e c h n i q u e s a r e 
l i m i t e d i n t h e i r s e n s i t i v i t y . P h o t o a c o u s t i c a b s o r p t i o n 
s p e c t r o s c o p y , which i s a l s o based on t h e d i r e c t O b s e r v a t i o n o f 
energy d e p o s i t e d i n the sample, has demonstrated e x t r e m e l y h i g h 
s e n s i t i v i t y i n i t s a b i l i t y t o measure gas c o n c e n t r a t i o n s below 
one p a r t per b i l l i o n ( p p b ) . A major f a c t o r r e s p o n s i b l e f o r t h i s 
h i g h s e n s i t i v i t y i s the i n h e r e n t s e n s i t i v i t y o f a c o u s t i c d e t e c 
t i o n methods. T h i s same measurement s e n s i t i v i t y c a p a b i l i t y , 
w h i c h i s i n t r i n s i c t o p h o t o a c o u s t i c Raman s p e c t r o s c o p y , p r o v i d e s 
a b r i g h t o u t l o o k r e g a r d i n g t h e u s e f u l n e s s of PARS as a s e n s i t i v e 
a n a l y t i c a l t e c h n i q u e . 
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S e k t i o n P h y s i k d e r LMU München, 
München, West Germany 

1 . INTRODUCTION 

When a Raman a c t i v e medium i s i r r a d i a t e d s i m u l t a n e o u s l y 
w i t h an e l l i p t i c a l l y p o l a r i z e d pump l a s e r beam o f f r e q u e n c y W L 
and a l i n e a r l y p o l a r i z e d S t o k e s l a s e r beam as probe o f f r e q u e n c y 
Ü J s, a Stokes component i s produced w h i c h i s p e r p e n d i c u l a r l y 
p o l a r i z e d to the i n c i d e n t probe beam. T h i s p e r p e n d i c u l a r 
component shows resonance f o r Ü > L - W s = w j , where i s a Raman 
a c t i v e e i g e n f r e q u e n c y o f the medium, and can t h e r e f o r e be used 
to observe the Raman spectrum. 

The o b s e r v e d l i n e shape near resonance and the background 
s i g n a l o f f resonance a r e d e t e r m i n e d by the d i r e c t i o n and shape 
of the p o l a r i z a t i o n e l l i p s e o f the pump beam and i t s o r i e n t a t i o n 
w i t h r e s p e c t to the p o l a r i z a t i o n d i r e c t i o n o f the probe beam on 
one hand and the r e s o n a n t and non-resonant components o f the 
n o n - l i n e a r s u s c e p t i b i l i t y on t h e o t h e r hand. For a c i r c u l a r l y 
p o l a r i z e d pump beam a background f r e e Raman spectrum i s observed 
when the probe l a s e r i s tuned. T h i s Raman i n d u c e d K e r r e f f e c t 
(RIKE) has been f i r s t d emonstrated by Heiman e t a l . (1) i n 
o r g a n i c l i q u i d s . I n r e l a t i o n t o CARS the advantage o f RIKE i s 
t h a t no phase matching i s r e q u i r e d . The f i r s t i n v e s t i g a t i o n s o f 
RIKE i n a c r y s t a l were made by Bergmann e t a l . (2, 3) i n LÜO3 . 

RIKE w i t h an e l l i p t i c a l l y p o l a r i z e d pump beam can be used 
f o r m e a s u r i n g the r a t i o o f the o p t i c a l K e r r c o e f f i c i e n t to the 
Raman s c a t t e r i n g t e n s o r elements and o f the e l e c t r o n i c c o n t r i b u 
t i o n to the K e r r c o n s t a n t i n l i q u i d s (4, 5) and i n c r y s t a l s ( 6 ) . 
The r e s o n a n t and nonresonant p a r t s o f the t h i r d o r d e r n o n - l i n e a r 
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s u s c e p t i b i l i t y o f benzene and bromobenzene were det e r m i n e d by 
Bergmann e t a l . ( 7 ) . 

THEORY 

The t h e o r y o f RIKE has r e c e n t l y been r e v i e w e d by E e s l e y (8) 
and we f o l l o w h i s n o t a t i o n i n t h i s summary. 

A. Pure RIKE S p e c t r o s c o p y 

Two c o l l i n e a r l a s e r beams p r o p a g a t i n g i n z - d i r e c t i o n are 
d e s c r i b e d as the e l e c t r i c f i e l d s 

f ( < V - V V - f + W y (l) 

w i t h c i r c u l a r p o l a r i z a t i o n (|E x|=|Ey|) and 

t ( o ) 2 ) = E y G o 2 ) * (2) 

w i t h l i n e a r p o l a r i z a t i o n , where x/x and y/y are the u n i t v e c t o r s 
i n the r e s p e c t i v e d i r e c t i o n s . The n o n l i n e a r p o l a r i z a t i o n d e n s i t y 
i n x - d i r e c t i o n , o r t h o g o n a l t o E(u)2), a t f r e q u e n c y 032 i s then 

W -I1 
X j 2 i 2 ^ ~ a ) 2 , a 3 2 ' ~ a ) r a ) l ^ " 

(3) 

"Xj221 ( " u ) 2 , a ) 2 , ~ ( A ) l , Ü ) P •E ( c O -
y 2 

E(Ü>.) 

where Xi21 \=X\222~® > v a l i d f o r i s o t r o p i c media, and 

JE(o) i) | = |E x(Ü> 1) I •/! = |E (Ü)J) I-/2 has been used. 

(3) 
X can be e x p r e s s e d as the sum of the no n r e s o n a n t , the 

r e a l r e s o n a n t , and the i m a g i n a r y r e s o n a n t p a r t s of the t h i r d 
o r d e r s u s c e p t i b i l i t y 
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NR 
X i j k l X i j k l + X i j k l " A i j k l + i x " , , , (4) 

, . , NR , NR . , 
and t h e r e f o r e , when x121 2 a n c * X122 1 a r e a p p r o x i m a t e l y e q u a l , the 
nonresonant background i s c a n c e l l e d i n a RIKE experiment w i t h 
c i r c u l a r l y p o l a r i z e d pump beam. 

The s i g n a l f i e l d produced by the n o n l i n e a r P o l a r i s a t i o n 
a t r esonance (Ü J J -Ü>2=WJ ) i s o b t a i n e d as 

3 T
 M 2 

X1212 X1221 E y ( a ) 2 ) E ( o ) j ) 
(5) 

where L i s the i n t e r a c t i o n l e n g t h of the l a s e r s , n2 the r e f r a c 
t i v e i n d e x a t the s i g n a l f r e q u e n c y o>2, and u 0 the p e r m e a b i l i t y 
of f r e e space. I t i s t o be not e d t h a t eq. (5) c o n t a i n s no phase 
m a t c h i n g f a c t o r as f o r CARS. 

The i m a g i n a r y p a r t o f the n o n l i n e a r s u s c e p t i b i l i t y a t 
resonance i s r e l a t e d t o the peak d i f f e r e n t i a l s c a t t e r i n g c r o s s 
s e c t i o n of the l i n e a r Raman e f f e c t d2a/dQdü)2 per u n i t volume, 

1212 kI 221 

/ 2 4 

.r 4 n.e c 
1 6 TT 1 O 

3 ^ h W j U ) 
3 ( l " 3 p . ) - (6) 

d 2 o . j x x 
dftdü)„ exp(-

hw. 
J _ 

2frkT ) -1 

where n j i s the r e f r a c t i v e i n d e x a t w j , p4 the d e p o l a r i z a t i o n 
r a t i o o f the Raman band w j , h P l a n c k ! s and k Boltzmann's 
c o n s t a n t , and T the te m p e r a t u r e . 

The i n t e n s i t y o f the s i g n a l has been c a l c u l a t e d (8) t o be 

2 _2 
9 W 2 L 

I x ( w 2 ) = f6 
o x 2 

2 2 
n l n 2 

(-) 
o 

x1212 X1221 i y ( a ) 2 ) r ( a ) 1 ) . (7) 

Because of the c a n c e l l a t i o n o f the nonresonant background a 
Symmetrie l i n e s h a p e i s obtained. 
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B. O p t i c a l l y h e t e r o d y n e d RIKE 

As can be seen from eqs. (6) and ( 7 ) , the RIKE i n t e n s i t y i s 
p r o p o r t i o n a l t o the square o f the Raman s c a t t e r i n g c r o s s s e c t i o n , 
as i n CARS, and weak Raman l i n e s a r e s u p p r e s s e d . T h i s S i t u a t i o n 
can be overcome by i n t r o d u c t i o n o f a l o c a l o s c i l l a t o r o f 
fre q u e n c y 0J2 l n a t e c h n i q u e termed o p t i c a l l y h e t e r o d y n e d RIKE 
s p e c t r o s c o p y ( 9 ) . The l o c a l o s c i l l a t o r beam has the same p o l a r i 
z a t i o n as the e x p e c t e d RIKE s i g n a l and i t s e l e c t r i c f i e l d E^Q 
adds c o h e r e n t l y to the RIKE s i g n a l f i e l d E R = E X of eq. ( 5 ) . Thus 
the n e t d e t e c t o r i n t e n s i t y of an i d e a l system w i l l be 

I f the l o c a l o s c i l l a t o r i n t e n s i t y I L O l s much g r e a t e r than the 
RIKE i n t e n s i t y I R , the he t e r o d y n e c r o s s - t e r m 

w i l l a l s o be l a r g e r t h a n the R I K E i n t e n s i t y I R . From eqs. ( 5 ) 
and (6) i t i s seen t h a t i t i s l i n e a r i n the Raman s c a t t e r i n g 
c r o s s s e c t i o n and an improved s i g n a l - t o - n o i s e r a t i o i s o b t a i n e d 
f o r weak Raman l i n e s . 

3. EXPERIMENTAL ARRANGEMENTS 

A s c h e m a t i c d i a g r a m o f a RIKE s p e c t r o m e t e r w i t h a d d i t i o n a l 
P r o v i s i o n f o r OHD-RIKE i s shown i n F i g . 1. A t u n a b l e dye l a s e r 
w i t h f r e q u e n c y o)j i s used as pump l a s e r ; i t s beam i s made 
c i r c u l a r l y p o l a r i z e d by a q u a r t e r wave p l a t e . The beam o f the 
probe l a s e r w i t h f i x e d f r e q u e n c y u)2 must be l i n e a r l y p o l a r i z e d 
to one p a r t i n 10 f o r a pure RIKE experiment. I t can be made 
c o l l i n e a r w i t h the pump l a s e r beam by a d i c h r o i c m i r r o r M2 and 
the y-component of the probe beam i s r e j e c t e d a f t e r i n t e r a c t i o n 
w i t h the sample S by a Glan-Thompson p r i s m G. The f r e q u e n c i e s 
co] and 0J2 a r e s e p a r a t e d by a d i s p e r s i v e element l i k e a p r i s m 
P and a s u i t a b l e a p e r t u r e . The d e t e c t o r D may be a d i o d e o r a 
p h o t o m u l t i p l i e r o r , i f the probe l a s e r i s o p e r a t e d broadband 
and a s p e c t r o m e t e r i s used f o r d i s p e r s i o n , a P h o t o g r a p h i e p l a t e 
or an o p t i c a l m u l t i c h a n n e l d e t e c t o r . 

(8) 

I H = n 2 c E o R e ( E R E * Q ) ( 9 ) 
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F i g . 1 Schematic diagram of RIKE s p e c t r o m e t e r ( 8 ) . M^ 100% m i r r o r , 
M2 d i c h r o i c m i r r o r , Ä/4 q u a r t e r wave p l a t e , S sample, L-j , L2 
l e n s e s , G Glan-Thompson p r i s m , P d i s p e r s i n g element ( p r i s m ) , 
I a p e r t u r e , D d e t e c t o r . 

Only s l i g h t m o d i f i c a t i o n s a r e n e c e s s a r y to p e r f o r m an OHD-
RIKE e x p e r i m e n t . When the Glan-Thompson p r i s m G i s r o t a t e d 
s l i g h t l y from the p o s i t i o n o f minimum probe t r a n s m i s s i o n , the 
t r a n s m i t t e d component o f the o>2 beam s e r v e s as a l o c a l o s c i l l a t o r 
wave i n phase w i t h the probe wave and f o r a c i r c u l a r l y p o l a r i z e d 
pump beam a spectrum w i t h d i s p e r s i o n - l i k e l i n e shapes i s obt a i n e d . 
For a l i n e a r l y p o l a r i z e d pump beam the l i n e s h a p e s o f the l i n e a r 
Raman spectrum a r e r e p r o d u c e d . 

A l t e r n a t e l y the probe beam can be made s l i g h t l y e l l i p t i c a l l y 
p o l a r i z e d by i n s e r t i o n o f a s t r a i n e d g l a s s p l a t e i n i t s p a t h 
b e f o r e the sample ( 9 ) . I n t h i s case the l o c a l o s c i l l a t o r wave 
has the o p p o s i t e phase as the probe wave and the produced s i g n a l 
shows the l i n e a r Raman l i n e shape f o r a c i r c u l a r l y p o l a r i z e d 
probe and the d i s p e r s i o n - l i k e l i n e shape f o r a l i n e a r l y p o l a r i z e d 
probe. 
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4. EXPERIMENTAL RESULTS 

The r e s u l t s of RIKE and OHD-RIKE s p e c t r o s c o p y have r e c e n t l y 
been r e v i e w e d by E e s l e y (8) and Levenson ( 1 0 ) . S p e c t r a were 
p u b l i s h e d f o r benzene ( 1 , 9 ) , p y r i d i n e ( 5 ) , sodium benzoate 
i n w a t e r ( 9 ) , d i p h e n y l o c t a t e t r a e n e ( 1 1 ) , c a l c i t e ( 1 1 ) , diamond 
( 1 2 ) , l i t h i u m i o d a t e (2, 3 ) , and hydrogen ( 1 3 ) . For benzene i n 
carbon t e t r a c h l o r i d e a spectrum o f a 0.1 molar S o l u t i o n was 
r e c o r d e d and the d e t e c t i o n l i m i t c a l c u l a t e d to be a t a 0.001 
molar c o n c e n t r a t i o n ( 9 ) . At t h i s p o i n t i t may be mentioned, 
however, t h a t the l i n e a r Raman spectrum of a 0.0005 molar 
S o l u t i o n o f benzene i n carbon t e t r a c h l o r i d e was r e c o r d e d as 
e a r l y as 1967 by Murphy and B e r n s t e i n (see Ref. ( 1 4 ) , p. 9 9 ) . 

Bergmann and Sch u b e r t (7) have i n v e s t i g a t e d the change o f 
the l i n e shapes i n RIKE s p e c t r a o f benzene and bromobenzene upon 
the change from c i r c u l a r to e l l i p t i c a l p o l a r i z a t i o n o f the pump 
beam. F i g . 2 shows the shapes o f the 992 cm~^ band of benzene 

F i g . 2 RIKE s p e c t r a of the 992 cm""1 band of l i q u i d benzene f o r 
d i f f e r e n t p o l a r i z a t i o n s of pump beam ( 7 ) . 

and F i g . 3 those o f the 1000 cm and 1020 cm bands of bromo
benzene. An a n g l e o f 45° of the p o l a r i z a t i o n d i r e c t i o n of the 
i n c i d e n t pump l a s e r beam i n d i c a t e s t h a t i t i s c o n v e r t e d to a 
c i r c u l a r l y p o l a r i z e d beam a f t e r p a s s i n g through a q u a r t z p l a t e . 
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S c a r p a r o e t a l . (15) have used c o u n t e r p r o p a g a t i n g pump and 
probe beams, the p o l a r i z a t i o n d i r e c t i o n of which was t u r n e d by 
22.5° by a Faraday r o t a t o r , and have o b t a i n e d a c o n s i d e r a b l e 
improvement of the s i g n a l - t o - n o i s e r a t i o o ver a c o n v e n t i o n a l 
OHD-RIKE experiment. 
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5. C0NCLUSI0N 

T h i s c h a p t e r has been kept r a t h e r s h o r t i n v i e w o f the 
e x c e l l e n t r e v i e w s p u b l i s h e d r e c e n t l y (8, 10) which s h o u l d be 
c o n s u l t e d f o r f u r t h e r d e t a i l s . 
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