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I. INTRODUCTION 

W i th i n the l a s t few y e a r s , l a s e r magnet ic resonance (LMR) has emerged 
as a power fu l t echn ique f o r the s tudy o f pure r o t a t i o n a l spec t ra o f 
t r a n s i e n t spec ies in the gas phase. The s e n s i t i v i t y o f t h i s method i s 
c o n s i d e r a b l y h i ghe r than t h a t o f compet ing t e c h n i q u e s , such as conven
t i o n a l o p t i c a l and microwave spec t roscopy and gas-phase E P R , w h i l e the 
r e s o l u t i o n a t t a i n a b l e is comparable w i t h t h a t o f t he l a t t e r two methods 
I t s domain o f a p p l i c a b i l i t y p r e s e n t l y i nc ludes a toms , ground s t a t e s o f 
molecu les w i t h up t o 5 a toms, and most r e c e n t l y , me tas tab le mo lecu la r 
e l e c t r o n i c s t a t e s in the m i l l i s e c o n d l i f e t i m e r a n g e , and mo lecu la r ions 
The o n l y r i g o r o u s c o n s t r a i n t on t h i s a p p l i c a b i l i t y i s t h a t t he spec ies 
o f i n t e r e s t must be paramagne t i c . 

Whi le LMR had i t s i n c e p t i o n and e a r l y development i n t he f a r - i n f r a r e d 
( F I R ) reg ion o f the spectrum (50 -1000 u r n ) , i t has r e c e n t l y been e x 
tended t o i nc l ude v i b r a t i o n a l t r a n s i t i o n s in the m i d - I R ( 9 - 1 0 y m ) , 
where i t s i m i l a r l y has e x h i b i t e d s u b s t a n t i a l c a p a b i l i t i e s . F u r t h e r 
more , the l a s e r S t a r k ana logue o f t h i s exper iment has been deve loped 
q u i t e e f f e c t i v e l y in the m id - and n e a r - I R r e g i o n s , a l t hough no t y e t 
in t he f a r - i n f r a r e d . In t h i s p a p e r , we focus on the magnet ic r e s o n 
ance exper iment in the f a r - I R . 

I I . D E S C R I P T I O N O F T H E METHOD 

The LMR exper iment i t s e l f i s i n t i m a t e l y r e l a t e d t o t he techn ique o f 
gas-phase e l e c t r o n paramagnet ic resonance , ( E P R ) , so s u c c e s s f u l l y 
e x p l o i t e d by Rad fo rd and by C a r r i n g t o n and h is c o l l a b o r a t o r s a decade 
ago . In E P R , a p p r o p r i a t e paramagnet ic energy l e v e l s o f an absorb ing 
sample a re tuned by a DC magnet ic f i e l d u n t i l t h e i r d i f f e r e n c e f r e 
quency equa ls t h a t o f a f i x e d - f r e q u e n c y source in t he microwave r e g i o n . 
The p r i n c i p a l d i f f e r e n c e between these two exper imen ts i s t h a t in EPR 
the r e l e v a n t t r a n s i t i o n s a re between d i f f e r e n t magnet ic s u b l e v e l s (M j ) 
o f t he same a n g u l a r momentum s t a t e ( J ) , t y p i c a l l y occu r i ng in the 
microwave reg ion f o r no rma l l y a c c e s s i b l e l a b o r a t o r y magnet ic f i e l d s 
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(2 t e s l a ) , wh i l e the t r a n s i t i o n s in LMR are between r o t a t i o n a l s t a t e s 
( i n mo lecu les ) o r f i n e - s t r u c t u r e l e v e l s ( i n a t o m s ) , and occur in the 
f a r - i n f r a r e d . In E P R , t he t r a n s i t i o n can in p r i n c i p l e be tuned t o 
co inc i dence w i t h any f r equency lower than i t s maximum t u n a b i l i t y 
( 1 0 G H z , on the a v e r a g e ) , but in LMR one must r e l y on a co inc idence 
between the l a s e r f r equency and the t r a n s i t i o n f r equency t o w i t h i n 
abou t 1 % , g i ven the same t u n a b i l i t y . In both E P R and LMR the sample 
i s con ta i ned i n s i d e a resonan t c a v i t y . The inc reased s e n s i t i v i t y o f 
LMR i s ma in l y d e r i v e d f rom o p e r a t i n g a t f r equenc ies r o u g h l y 100 t imes 
h i ghe r than those o f the microwaves no rma l l y used in E P R , s ince abso rp 
t i o n c o e f f i c i e n t s no rma l l y depend on e i t h e r the square o r the cube o f 
f r e q u e n c y f o r hv « k T . A l s o , by p l a c i n g the abso rb ing sample i n s i d e 
t he l a s e r c a v i t y , a d d i t i o n a l s e n s i t i v i t y (up t o 3 o r d e r s - o f - m a g n i t u d e ) 
can r e s u l t f rom i t s i n t e r a c t i o n w i t h the ga in medium o f the l a s e r . 
Wi th a one second t ime c o n s t a n t , g t h e d e t e c t i o n l i m i t f o r OH r a d i c a l s 
by LMR., i s p r e s e n t l y about 1 X 10 cm" , whereas f o r E P R i t ~ i s about 
2 X 10 cm" , f o r o p t i c a l a b s o r p t i o n i t is about 10 cm" , and f o r 
uv resonance f l uo rescence w i t h a wa te r vapor d i scha rge source i t is 
3 X 1 0 cm . H igh s e n s i t i v i t y f o r spec t roscop i c d e t e c t i o n o f Q H 
r a d i c a l s i s ob ta i ned by l a s e r induced f l u o r e s c e n c e , 3 x 10 cm" 
in ambient a i r , but p r o b a b l y l ess than 10 cm" w i t h optimum c o n d i t i o n s . 

I I I . F R E E RADICALS 

T w e n t y - f i v e f r e e r a d i c a l s have been de tec ted w i t h LMR techn iques in the 
t h r e e l a b o r a t o r i e s us ing F I R LMR Spec t rome te r s : a toms: 0( P) , 
C ( 3 P ) 4 ; d i a t o m i c s : 0 2 ( V ) 5 , 6 , 7 , OH ( 2 n ) 8 , N 0 ( 2 n ) 9 , C H ( 2 n , v = 0 , 
1 , • • • ) 1 0 » 1 1 , P H ( V ) 1 2 , N H ( V ) 1 3 ' 1 4 , C 1 0 ( 2 n ) 1 5 , C F ( 2 n ) 1 6 ; t r i a t o m i c s : 
N O ^ ^ ) 1 7 , H 0 2 ( 2 A , , ) 1 8 J 9 ' 2 0 , H C 0 ( 2 A ' ) 2 1 , P H 2 ( 2 B , ) 2 2 , N H 2 ( 2 B ] ) 2 3 ' 2 4 

C H 2 ( 3 B 1 ) 2 5 , C C H ( 2 Z + ) 2 6 ; po l ya tomics C H - 0 2 7 , C H 2 F * 8 ; m e t a s t a b l e s : 
0 9 ( ] A n ) 2 9 , P H ( ] A ) 1 2 , H O ^ A , ) 1 8 , C 0 ( A 3 n ) 3 0 , and i o n s : H B r + ( 2 n ) 3 \ 
and DBr (HI) . 

We w i l l d i scuss f o u r o f t h e s e : two have been d i s c o v e r e d i n t he i n t e r 
s t e l l a r medium (CH and C C H ) ; and two more (C and CHp) w i l l p robab l y be 
d i s c o v e r e d v i a the f r e q u e n c i e s p rov ided by LMR. 

Perhaps the s i n g l e most impo r t an t development o f t h e LMR method o c c u r r 
ed in 1 9 7 1 w i t h the d e t e c t i o n o f the J = 5/2 + 7 / 2 , N = 2 -> 3 , pure 
r o t a t i o n a l t r a n s i t i o n o f t h e e x t r e m e l y e l u s i v e CH r a d i c a l i n a l ow-
pressu re o x y a c e t y l e n e f lame us ing the 1 1 8 . 6 ym H 2 l a s e r . A l t h o u g h 
EPR had y i e l d e d spec t ra o f many s i m i l a r t r a n s i e n t r a d i c a l s w i t h n 
ground s t a t e s , a l l a t t emp ts t o observe such spec t ra f rom CH had f a i l e d . 
S i m i l a r l y , as t ronomica l searches f o r the 10 cm lambda-doub l i ng t r a n s i 
t i o n had r e s u l t e d o n l y in f r u s t r a t i o n . The success fu l d e t e c t i o n o f 
CH c l e a r l y demonstrated the h igh s e n s i t i v i t y o f the LMR t e c h n i q u e ; 
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CH in the ground v i b r a t i o n a l and r o t a t i o n a l s t a t e y i e l d e d s i g n a l s 
260 t imes no ise f o r an a b s o r p t i o n path o f 5 cm - r o u g h l y 30 t imes 
the S / N repo r t ed f o r an o p t i c a l a b s o r p t i o n e x p e r i m e n t ! T h i s exper iment 
used the water vapor l a s e r powered by an e l e c t r i c a l d i s c h a r g e . The 
course o f LMR was d r a m a t i c a l l y a l t e r e d by the i n v e n t i o n ^ f the o p t i c a l l y -
pumped f a r - i n f r a r e d l a s e r by Chang and Br idges in 1 9 7 0 . The s e n s i t i 
v i t y o f LMR was q u i t e e v i d e n t f rom the exper iments per formed w i th the 
dozen o r so H 2 0 and HCN l a s e r l i n e s , but because t he method r e l i e s on 
a c l ose co inc idence between a cw l a s e r l i n e and a r e l e v a n t mo lecu la r 
t r a n s i t i o n , the genera l a p p l i c a t i o n o f LMR as a s p e c t r o s c o p i c techn ique 
seemed q u i t e l i m i t e d . F u r t h e r m o r e , these l i n e s were a l l s h o r t e r than 
337 um (891 G H z ) , o s t e n s i b l y l i m i t i n g a p p l i c a t i o n s ma in l y t o paramagnet ic 
h y d r i d e s . With t he adven t and r a p i d development o f CO^-pumped F I R l a s e r s , 
t h e number o f use fu l cw l a s e r l i n e s has grown r a p i d l y t o the p resen t 
t o t a l o f n e a r l y 1000 - many o f these in the wave leng th reg ion from 500 
t o 1000 um. 

In 1 9 7 7 an o p t i c a l l y - p u m p e d LMR-spec t rome te r was c o n s t r u c t e d us ing a 
t r ansve rse l y -pumped ga in c e l l . T h i s system has the advantage o f 
accommodating h igh C 0 2 l a s e r powers , and consequen t l y ope ra tes on a 
l a r g e number o f F I R l i n e s . Wi th t h i s new system CH spec t ra were 
observed w i t h 8 o p t i c a l l y - p u m p e d l a s e r l i n e s w i t h an improved 
s i g n a l - t o - n o i s e r a t i o , r e s u l t i n g f rom a more i n t e n s e source o f CH 
f rom a F a tom/CH* f l a m e . A r a t h e r complete a n a l y s i s o f a l l n ine LMR 
spec t ra in t h i s work was ob ta i ned deducing va lues f o r t he 4 h y p e r f i n e 
cons tan ts a , b , c , and d , as wel l as improved va lues f o r lambda d o u b l 
ing i n t e r v a l s in J = 3 / 2 , 5 / 2 , and 7 / 2 s t a t e s . A f i t o f a l l the da ta 
now a v a i l a b l e shou ld p r o v i d e a complete se t o f improved mo lecu la r con 
s t a n t s o f t h i s impo r tan t spec ies in the near f u t u r e . 

The impor tan t m e t h y l e n e 2 g a d i c a l ( C H 2 ) was f i r s t observed in the LMR 
system by Mucha e t a l . , who repo r t ed the d e t e c t i o n o f seve ra l h y p e r 
f i n e t r i p l e t s . T h e ~ i d e n t i t y o f the c a r r i e r o f these t r i p l e t s was 
e s t a b l i s h e d as the B-. ground s t a t e o f C H 2 f rom a s e r i e s o f i s o t o p i c 
s u b s t i t u t i o n e x p e r i m e n t s . Seve ra l o t h e r se ts o f t r i p l e t s , have 
subsequen t l y been found which have been shown t o be f r o m ~ C H 2 . A t e n 
t a t i v e ass ignment o f the spectrum observed a t 85 .3 um ( CHJ3H) has 
y i e l d e d a s t r u c t u r e f o r the r a d i c a l , w h i c h , however , must be viewed as 
e x t r e m e l y t e n t a t i v e because o f the obv ious p e r i l s o f us ing o n l y one 
observed t r a n s i t i o n as the bas is f o r such a d e t e r m i n a t i o n . Ano the r 
i n t e r e s t i n g r e s u l t o b t a i n e d in t h i s s tudy was t he o b s e r v a t i o n o f a 
s e r i e s o f t r i p l e t s a t 1 7 1 . 8 um ( CH-0H) o c c u r r i n g in s t i m u l a t e d 
e m i s s i o n . 

The d e t e c t i o n o f the e t h y n y l r a d i c a l (CCH) by LMR was r e p o r t e d in 
1 9 7 8 . The N = 6 -> 7 pure r o t a t i o n a l t r a n s i t i o n in the X Z ground 
s t a t e was found us ing the 490 um l a s e r l i n e o f C D - I . The i d e n t i t y o f 
t he c a r r i e r was aga in e s t a b l i s h e d th rough i s o t o p i c s u b s t i t u t i o n e x p e r i 
ments . T h i s work c o n s t i t u t e s the f i r s t s p e c t r o s c o p i c d e t e c t i o n o f 
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gaseous CCH in the l a b o r a t o r y , a l t hough the o b s e r v a t i o n o f i t s m i c r o 
wave emiss ion spectrum by r a d i o ast ronomy h a s e s t a b l i s h e d i t as a 
u b i q u i t o u s c o n s t i t u e n t o f i n t e r s t e l l a r c l o u d s . 

The 2 3 P Q - 2 3 P 1 and 2 3 P ] - 2 3 P 2 f i n e - s t r u c t u r e t r a n s i t i o n s w i t h i n tjje 
carbon atom g r i und s t a t e were de tec ted in the same F a tom/CHL f lame 
t h a t produced C C H , C H 2 , C H , C H 2 F and CF s p e c t r a . The J=0 -> T t r a n s i 
t i o n was measured w i t n s i x d i f f e r e n t l a s e r l i n e s near 610 u r n , wh i l e 
t he J = l -> 2 was measured w i t h 4 l i n e s near 370 ym. Mass s h i f t s and 
h y p e r f i n e s p l i t t i n g s were observed f o r the C i s o t o p e . A n a l y s i s o f 
these measurements has y i e l d e d p r e c i s e f r e q u e n c i e s f o r t he z e r o - f i e l d 
f i n e - s t r u c t u r e t r a n s i t i o n s in both i s o t o p i c f o rms . 

In 1978 a new techn ique f o r s t u d y i n g t r a n s i e n t spec ies in a l a s e r mag
n e t i c resonance system was d e v e l o p e d . The p o s i t i v e column o f a DC 
glow d i scha rge was s u s t a i n e d in the sample reg ion o f t he l a s e r c a v i t y , 
and t he t r a n s v e r s e magnet ic f i e l d used in the p r e v i o u s l y desc r i bed 
LMR exper iments was rep laced by a l o n g i t u d i n a l f i e l d , p r o v i d e d by a 
7 . 6 cm d iamete r and 33 cm long l i q u i d n i t r o g e n coo led s o l e n o i d magnet . 
T h i s magnet was capab le o f p roduc ing a 5 kG f i e l d w i t h a 0 . 1 % homo
g e n e i t y ove r a 15 cm l e n g t h . The o p t i c a l l y - p u m p e d ga in c e l l was 
e s s e n t i a l l y the same. The l o n g i t u d i n a l magnet ic f i e l d c o n f i g u r a t i o n 
r e a d i l y accommodates the l i v e i n t r a c a v i t y d i s c h a r g e , a l t hough produc ing 
some v i s i b l e plasma c o n s t r i c t i o n , and a l s o p rov i des an inc reased d e t e c 
t i o n l e n g t h (~ 15 cm i n s t e a d o f 1 . 5 cm ) . T h i s appara tus pe rm i t t ed 
the o b s e r v a t i o n - , o f the f i r s t l a s e r magnet ic resonance spec t ra o f R a 
m g j e c y l a r i o n . 2 Fou r i s o t o p i c forms o f HBr ( H / y B r , D / y B r , H Br , 
D Br ) in i t s n ~ , 2 ground s t a t e were de tec ted in glow d i scharges 
th rough a d i l u t e m i x t u r e o f HBr ( D B r ) in he l i um. F o r t he hydrogen 
i s o t o p e s , the J = 3 / 2 -> 5/2 t r a n s i t i o n was observed w i t h l a s e r l i n e s a t 
2 5 1 . 1 ym ( C H - O H ) and 2 5 3 . 7 ym ( C D - O H ) , and the J = 5 / 2 + 7 / 2 t r a n s i t i o n in 
v=l was fourja w i t h the 1 8 6 . 2 ym l f n e o f C H ^ O H . The J = 3 / 2 -> 5/2 t r a n s i 
t i o n o f DBr was de tec ted w i t h t he 496.1 yffi l i n e o f C H - F . A l l o f the 
s p e c t r a showed h y p e r f i n e l i n e s f rom both bromine i so topes and e x h i b i t e d 
small lambda d o u b l i n g s . The p ro ton h y p e r f i n e s t r u c t u r e was no t r e s o l v e d . 
On a s i n g l e Zeeman component o f t h i s t r a n s i t i o n , a s i g n a l - t o - n o i s e r a t i o 
o f ~ 100 was ach ieved w i t h a 1 sec t ime c o n s t a n t on a s i n g l e scan . Whi le 
t h i s was q u i t e a d i f f i c u l t e x p e r i m e n t , because o f the e x t r e m e l y s p e c i f i c 
c o n d i t i o n r e q u i r e d t o produce the s p e c t r a , w i t h a p o t e n t i a l s igna l o f 
t h i s magn i t ude , o t h e r mo lecu la r ions shou ld be d e t e c t a b l e by the same 
method. 

S ince l a s e r magnet ic resonance spec t roscopy e x h i b i t s a v e r y h igh s e n s i t i v i t y 
w i t h n e a r l y microwave r e s o l u t i o n , i t has produced d e t a i l e d s p e c t r o s c o p i c 
i n f o r m a t i o n on a number o f i n t e r e s t i n g t r a n s i e n t spec ies which have 
e luded d e t e c t i o n by o t h e r h igh r e s o l u t i o n t e c h n i q u e s . In t he f u t u r e , 
these same q u a l i t i e s o f LMR augmented by the f a c t t h a t i t i s much e a s i e r 
t o search f o r unknown s p e c t r a us ing s w e p t - f i e l d r a t h e r than swep t -
f r equency t e c h n i q u e s , shou ld make i t p o s s i b l e t o d e t e c t c e r t a i n a s t r o -
p h y s i c a l l y impor tan t r a d i c a l s f o r which o n l y t h e o r e t i c a l (ab i n i t i o ) 
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es t ima tes o f parameters a re a v a i l a b l e . A n a l y s i s o f these spec t ra w i l l 
produce p rec i se r e s t f r e q u e n c i e s which can then se rve as a bas is f o r 
as t ronomica l searches f o r these spec ies in the i n t e r s t e l l a r medium. 
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DISCUSSION FOLLOWING EVENSON 

Kuiper: In June 1979 de Graauw and Lidholm (ESTEC), van Vliet, 
Nieuwenhuyzen, and van der Stadt (U. of Utrecht), and myself attempted 
to detect the 492 GHz CI line with an InSb hot electron bolometer on 
the Kuiper Airborne Observatory. Instrumental difficulties precluded 
obtaining any useful data. 

Holleribach: Can you measure the wavelength of the C fine 
structure line at ^156p? 

Evenson: We are very anxious to try C , and we will soon. 
Phillips: Would it be easier to examine CHD, which has both a and 

b transitions, to help in the understanding of the CH 2 experiment? 
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Also, can you look for HC1 + as well as HBr +? 
Evenson: That is a very good suggestion. We must eventually look 

for CHD and CD 2 to arrive at the structure of the molecule. HC1 + is 
the next ion on our list of molecular ions to investigate. 

Huntress: Were any of the searches for interstellar H 0 2 or CH3O 
successful? 

Evenson: No. However I believe that searches are continuing. 
Wootten: Have you been able to measure a frequency for CCD? 
Evenson: We have not yet looked at CCD. 
Wootten: Can you measure the frequency of the 3 Q - 3 [ ) 

transition of NI at ^ 2 5 0 GHz? 5 / 2 3 / 2 

Evenson: No. The lowest frequency our laser will operate at is 
3 4 0 GHz. 

Shivanandan: Has the C + line been accurately identified in the 
laboratory? 

Evenson: No, but we shall make a search for it. It will not 
be easy since we will be looking for magnetic dipole transition of an 
ion, and obtaining a sufficient number density will be difficult. 
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