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INTRODUCTION 

The s t a t u s  of molecular i o n  spec t roscopy w a s  e l e g a n t l y  re- 
viewed by D r .  G. H. Herzberg i n  h i s  Faraday Lec tu re  t o  t h e  Chemical 
Soc ie ty  [ l ]  i n  September of 1971. As of t h a t  t i m e  t h i r t y - t h r e e  
d ia tomic  ions  and s i x  polyatomic i o n s  had been s t u d i e d  by spec t ro -  
s c o p i c  methods. 
emission i n  t h e  v i s i b l e  r eg ion  of t h e  spectrum, excep t  f o r  HZ; i t  
had become t h e  f i r s t  molecular i o n  t o  b e  d e t e c t e d  by a h igh  reso- 
l u t i o n  ( b e t t e r  than  t h e  o p t i c a l  Doppler width) technique  i n  1968 
through t h e  work of K. B. J e f f e r t s  [ 2 ] .  

A l l  of t h e s e  had been observed by abso rp t ion  o r  

L 

I '  The las t  decade has  wi tnessed  dramat ic  advances i n  t h e  
' 1  

spec t roscopy of molecular i ons .  
have been e s t a b l i s h e d  as impor tan t  and ub iqu i tous  c o n s t i t u e n t s  of 
i n t e r s t e l l a r  clouds by t h e  powerful new r a d i o  astronomy techniques  
t h a t  have been used t o  d e t e c t  them. Microwave spec t roscopy h a s  
been s u c c e s s f u l  i n  d e t e c t i o n  of r o t a t i o n a l  s p e c t r a  and t h e  de t e r -  
mina t ion  of p r e c i s e  s t r u c t u r e s  f o r  CO+ [ 5 ] ,  HCO' [ 6 ] ,  and HNN' [ 7 ] .  
Ion beam spec t roscopy h a s  produced v i b r a t i o n a l  s p e c t r a  of HD' [ 8 ] ,  
HeH' [ 9 ] ,  and D+ [ l o ]  and h igh  r e s o l u t i o n  e l e c t r o n i c  s p e c t r a  of 
CO+ [ l l ] ,  H,O+ 7121, 02' [13,14] ,  and HD+ [15].  
laser magnetic resonance spec t roscopy has  been used t o  d e t e c t  pu re  
r o t a t i o n a l  s p e c t r a  of HBr+ [16].  

The HCO' [3]  and HNN' [ 4 ]  i o n s  

Far  i n f r a r e d  

Most r e c e n t l y ,  v i b r a t i o n a l  
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a b s o r p t i o n  s p e c t r a  of H3+ have been d e t e c t e d  wi th  a tunab le  i n f r a r e d  
d i f f e r e n c e  frequency laser system [17] .  I n  a d d i t i o n ,  o p t i c a l  
s p e c t r a  have been observed f o r  a number of molecular i o n s  s t o r e d  i n  
rad iof requency  t r a p s  by laser induced f luo rescence  [18].  

A s  of t h i s  d a t e  s p e c t r a  of over  60 d i f f e r e n t  molecular i o n s  
have been de tec t ed .  
r e s o l u t i o n  methods. 
of t h e s e  promising new techniques  -- f a r - i n f r a r e d  laser magnetic 
resonance -- t o  o b t a i n  d e t a i l e d  in fo rma t ion  on t h e  geomet r i ca l  and 
e l e c t r o n i c  s t r u c t u r e s  of molecular i ons .  
t h e  gene ra l  p r i n c i p l e s  of LMR and d e s c r i b i n g  t h e  exper imenta l  
design.  

Nine of t h e s e  i o n s  have been s t u d i e d  wi th  h igh  
I n  t h i s  paper  w e  w i l l  d i s c u s s  t h e  use  of one 

W e  beg in  by reviewing 

THE LASER MAGNETIC RESONANCE EXPERIMENT 

LMR [19] is ve ry  c l o s e l y  r e l a t e d  t o  t h e  technique  of gas-phase 
e l e c t r o n  paramagnetic resonance developed by Radford and by 
Carr ington  and h i s  c o l l a b o r a t o r s  over  a decade ago. I n  b o t h  ex- 
per iments  t h e  paramagnetic energy l e v e l s  of an  atom o r  molecule 
conta ined  i n  a resonant  c a v i t y  are tuned by a dc magnetic f i e l d  
u n t i l  t h e i r  energy d i f f e r e n c e  matches t h a t  of a f i x e d  frequency 
source.  The f i n a l  product  of t h e  spec t romete r s  i s  then  an absorp- 
t i o n  spectrum as a f u n c t i o n  of magnetic f l u x  d e n s i t y .  
d i s t i n c t i o n  between t h e  two experiments i s  t h a t  EPR t r a n s i t i o n s  
are u s u a l l y  between d i f f e r e n t  magnetic s u b l e v e l s  (MJ) of a p a r t i c u -  
l a r  angu la r  momentum s ta te  (J), whereas t h e  LMR t r a n s i t i o n s  occur 
between d i f f e r e n t  r o t a t i o n a l  states. 
experiment t h e r e f o r e  has  t h e  p r e r e q u i s i t e  t h a t  a g iven  t r a n s i t i o n  
frequency must l i e  ve ry  c l o s e  (wi th in  1% on t h e  average)  t o  a 
f a r - in f  r a r e d  l a s i n g  t r a n s i t i o n .  It w a s  t h i s  requirement t h a t  
s e v e r e l y  cons t r a ined  t h e  a p p l i c a b i l i t y  of LMR dur ing  t h e  f i r s t  
decade of i t s  i n c e p t i o n ,  s i n c e  only  a few laser l i n e s  w e r e  then  
a v a i l a b l e  from t h e  H20 and HCN gas lasers t h a t  w e r e  used as 
sources .  The optically-pumped f a r - i n f r a r e d  laser h a s  now dramati-  
c a l l y  expanded t h e  scope  of LMR, p rov id ing  a d i s c r e t e l y  t u n a b l e  
sou rce  cover ing  most of t h e  f a r - i n f r a r e d  (50-1000 pm) . 

The p r i n c i p a l -  

The laser magnetic resonance 

LMR d e r i v e s  i t s  power from t h e  r e a l l y  remarkable combination 
of s e n s i t i v i t y  and r e s o l u t i o n  i t  can produce. 
f o r  comparison, i t  has  been found t h a t  EPR can d e t e c t  a d e n s i t y  of 
about 2 x 1O1O ~ m - ~ ,  wh i l e  microwave spec t roscopy is  a t  least  an 
o r d e r  of magnitude less s e n s i t i v e .  Resonance f luo rescence  methods 
(with a w a t e r  vapor d i s c h a r g e  source)  can d e t e c t  n e a r  3 x l o 9  ~ m - ~ .  
With laser magnetic resonance w e  can d e t e c t  an  OH d e n s i t y  of 
5 x l o 5  cmW3. The on ly  technique  p r e s e n t l y  more s e n s i t i v e  i s  laser 
induced f luo rescence ,  w i t h  a proven d e t e c t i o n  l i m i t  of  1 x lo6  
i n  ambient a i r ,  b u t  c e r t a i n l y  much less w i t h  optimum cond i t ions .  
This  method, however, is  l i m i t e d  i n  r e s o l u t i o n  by t h e  o p t i c a l  

Using t h e  OH r a d i c a l  
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Doppler wid th  (%l GHz on t h e  ave rage ) ,  wh i l e  LMR produces a co l -  
l i s ion-broadening  l i newid th  of about 10 MHz a t  normal o p e r a t i n g  
p r e s s u r e s  (1 t o r r ) ,  and a n  e a s i l y  a c c e s s i b l e  Doppler wid th  of 
about 1 MHz. Sub-Doppler r e s o l u t i o n  can o f t e n  be  e f f e c t e d  by us ing  
s a t u r a t i o n  d i p  techniques  because t h e  sample i s  l o c a t e d  i n s i d e  t h e  
o p t i c a l  c a v i t y  of  t h e  laser .  Therefore ,  LMR can g ive  us  e s s e n t i -  
a l l y  t h e  r e s o l u t i o n  of a microwave spec t roscopy experiment w i th  
up t o  a m i l l i o n  times t h e  s e n s i t i v i t y !  

A schematic diagram of  t h e  o p t i c a l l y  pumped LMR spec t rometer  
b u i l t  a t  t h e  Na t iona l  Bureau of S tandards  i n  Boulder,  Colorado is  
given i n  F igu re  1. 
abso rp t ion  l i n e  t h a t  co inc ides  wi th  a C02 laser frequency is  
pumped n e a r l y  t r a n s v e r s e l y  by a CW, g r a t i n g  and p i e z o e l e c t r i c a l l y  
tuned C02 laser o p e r a t i n g  on a s i n g l e  mode wi th  powers of up t o  
50 w a t t s .  The f a r - i n f r a r e d  l a s i n g  a c t i o n  i s  induced between 
r o t a t i o n a l  s ta tes  of t h e  upper v i b r a t i o n a l  l e v e l  and o s c i l l a t e s  
i n s i d e  t h e  c a v i t y  de f ined  by one f i x e d  mi r ro r  and ano the r  mounted 
on a micrometer d r i v e .  The c a v i t y  mode spac ing  (c/2R = 150  MHz) i s  
much l a r g e r  t han  t h e  ga in  p r o f i l e  (5 MHz), so t h e  l a s e r  l e n g t h  can 
b e  a d j u s t e d  t o  s e l e c t  a s i n g l e  l o n g i t u d i n a l  mode, whi le  h i g h e r  
o r d e r  t r a n s v e r s e  modes are ex t inguished  w i t h  a n  i r i s  diaphragm. A 
p i e c e  of 13pm t h i c k  polypropylene s t r e t c h e d  on a mount a t  t h e  
B r e w s  ter  ang le  s e p a r a t e s  t h e  transversely-pumped ga in  c e l l  from 

- t h e  sample r eg ion  of t h e  cav i ty .  This  p o l a r i z e s  t h e  laser rad ia-  
t i o n ,  and t h e  p o l a r i z a t i o n  can then  b e  r o t a t e d  t o  s e l e c t  e i t h e r  0 
o r  n o r i e n t a t i o n  re la t ive t o  t h e  magnetic f i e l d .  The sample r eg ion  
of t h e  c a v i t y  i s  l o c a t e d  between t h e  p o l e  f a c e s  of a 15" e l e c t r o -  
magnet, ope ra t ing  wi th  15  cm p o l e  t i p s  and a 7 . 2  cm a i r g a p .  Max- 
imum f i e l d s  of 20 kG can be ob ta ined  w i t h  t h i s  conf igu ra t ion .  

A gas  ( e .g . ,  CH30H) having a s t r o n g  v i b r a t i o n a l  

The t o t a l  power o s c i l l a t i n g  i n s i d e  t h e  c a v i t y  i s  monitored by 
coupl ing  a s m a l l  f r a c t i o n  of i t  ou t  of a polye thylene  window w i t h  
a 4 mm d iameter  copper mi r ro r  machine a t  45" which i s  mounted on a 
small rod. 
mode p a t t e r n  t o  opt imize  t h e  ou tpu t  coupl ing  f o r  each laser l i n e .  
A l i q u i d  helium cooled gallium-doped germanium bolometer which 
has  a NEP of about 6 x 10-12 WHz-1/2 i s  used t o  d e t e c t  t h e  coupled 
r a d i a t i o n .  An a c  magnetic f i e l d  of up t o  50 G i s  produced by a set  
of Helmholtz c o i l s  ope ra t ing  a t  lkHz, and lock-in d e t e c t i o n  i s  
used t o  process  t h e  s i g n a l s .  The LMR spec t rometer  o p e r a t e s  w i t h i n  
an  o r d e r  of magnitude of t h e  quantum n o i s e  l i m i t  set  by t h e  laser ,  
about 1.4 x w a t t s .  The minimum d e t e c t a b l e  one-way i n t r a -  
c a v i t y  l o s s  has  been shown t o  be  about 2 x t h i s  i s  roughly 
1000 t i m e s  less than  could b e  achieved wi th  a s i n g l e  pas s  through 
a n  e x t e r n a l  c e l l .  A f t e r  normal iz ing  wi th  t h e  e f f e c t i v e  pa th  
l e n g t h  i n s i d e  t h e  c a v i t y  (about 75 cm, determined by t h e  flame 
e x t e n t  and t h e  f i n e s s e  of t h e  c a v i t y )  w e  f i n d  t h a t  t h e  d i r e c t  
i n t e r a c t i o n  between t h e  absorb ing  i n t r a c a v i t y  sample and t h e  laser 
ga in  medium produces an  enhancement i n  t h e  s e n s i t i v i t y  of about a 

This  coupl ing  m i r r o r  can b e  i n s e r t e d  i n t o  t h e  laser 
- 
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FAR - INFRAAREO LASER 

WAVELENGTH RANGE 
FAR - IR : 40-900 pm 

CO, LAS€t? 

Fig. 1. Schematic diagram of an o p t i c a l l y  pumped f a r  i n f r a r e d  
LMR spec t rometer .  

f a c t o r  of 20. 

A l l  of t h e  f r e e  r a d i c a l s  observed u n t i l  1978 w e r e  genera ted  
i n  low p r e s s u r e  ( 1  Tor r )  f lames burn ing  i n s i d e  t h e  laser c a v i t y .  
The methane f l u o r i n e  atom r e a c t i o n  has  been a p a r t i c u l a r l y  a f f l u e n t  
souce of r a d i c a l s .  Evenson and h i s  co-workers have now observed 
CH, CH2, CCH, CHzF, CF, CF2, and C atoms i n  t h i s  one flame a l o n e  
[19]. 
p o s i t i v e  column d i scha rge  and i n c o r p o r a t i n g  a so leno id  magnet t o  
provide  t h e  f i e l d ,  w e  w e r e  a b l e  t o  d e t e c t  t h e  LMR s p e c t r a  of 
me tas t ab le  states of CO and 02, t h e  0 atom, and t h e  HBr’ molecular 
ion.  These experiments w i l l  be  d i scussed  i n  t h e  n e x t  s e c t i o n .  

By modifying t h e  laser des ign  t o  accommodate an  i n t r a c a v i t y  

USER MAGNETIC RESONANCE DETECTION OF A MOLECULAR I O N  

The d i scha rge  LMR spec t rometer  c o n s i s t s  of a 7 .6  cm diameter  
by 38 c m  long  q u a r t z  f a r - i n f r a r e d  ga in  ce l l  pumped t r a n s v e r s e l y  by 
a 2 .3  m e t e r  C02 laser w i t h  a 30 w a t t  s i n g l e  l i n e  o u t p u t .  
pumping geometry and ou tpu t  coupl ing  is o the rwise  i d e n t i c a l  t o  t h a t  
i n  F igu re  1. The g a i n  ce l l  is  s e p a r a t e d  from t h e  5 cm diameter  by 
58 c m  long  sample r eg ion  by a 1 3  pm b e a m s p l i t t e r .  I n s t e a d  of be ing  
l o c a t e d  i n s i d e  t h e  p o l e  f a c e s  of a 15” t r a n s v e r s e  magnet, t h e  
sample r e g i o n  i s  cen te red  i n s i d e  t h e  bo re  of a 5 cm diameter  by 
33 cam long so leno id  magnet cooled by l i q u i d  n i t r o g e n .  
can produce f i e l d s  of 6 kG wi th  a homogeneity of 0.1% over  a 

The 

The magnet 
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15 cm l e n g t h .  An a c  modulation f i e l d  w a s  provided by a s o l e n o i d a l  
c o i l  wound t o  b e  c o n c e n t r i c  w i th  t h e  l i q u i d  n i t rogen-cooled  magnet. 
S ince  t h e  so l eno id  produces an axial magnetic f i e l d ,  on ly  0-type 
t r a n s i t i o n s  can b e  observed wi th  t h i s  system. A dc  glow d i scha rge  
i s  maintained between a water-cooled copper cathode l o c a t e d  i n  a 
s idearm o u t s i d e  of t h e  o p t i c a l  c a v i t y  and a c y l i n d r i c a l  copper 
anode l o c a t e d  about 3 c m  from t h e  b e a m s p l i t t e r .  Magnetic f i e l d  
measurements are made by p l a c i n g  a c a l i b r a t e d  shunt  r e s i s t o r  
(0 .01 a) i n  series w i t h  t h e  magnet, keeping i t  a t  a cons t an t  t e m -  
p e r a t u r e  i n  a thermosta ted  o i l  b a t h ,  and measuring t h e  v o l t a g e  drop 
a c r o s s  i t  wi th  a d i g i t a l  vo l tme te r .  The r e l a t i o n s h i p  between 
v o l t a g e  and magnetic f i e l d  i n  t h e  sample r eg ion  i s  c a l i b r a t e d  w i t h  
a NMR gaussmeter,  and w a s  determined t o  b e  l i n e a r  over t h e  e n t i r e  
range of f i e l d s  a v a i l a b l e .  With t h i s  system, f l u x  d e n s i t i e s  can 
e a s i l y  be measured w i t h  a p r e c i s i o n  of about 0.5 G .  

The vacuum f o r  t h e  sample r eg ion  i s  provided by a 750 l /min  
mechanical pump. Genera l ly  t h e  d i scha rge  is  ope ra t ed  a t  about 1 
Torr  t o t a l  p r e s s u r e  wi th  a f a i r l y  slow flow rate (-100 l /min) .  
P r e s s u r e s  i n  bo th  t h e  sample r eg ion  and g a i n  ce l l  are monitored 
wi th  capac i t ance  manometers. 

The plasma i s  g e n e r a l l y  run  a t  r e l a t i v e l y  low c u r r e n t s  
( < S O  mA) .  
r ange  108-1010 ~ m - ~ .  
t h e  plasma d e n s i t y  t o  i n c r e a s e  markedly because  t h e  ambipolar 
d i f f u s i o n  of t h e  e l e c t r o n s  and i o n s  t o  t h e  w a l l s  is i n h i b i t e d .  
W e  have, i n  f a c t ,  observed t h i s  e f f e c t  i n  some of our  s p e c t r a .  
I n  d i scha rges  of t h i s  n a t u r e ,  one g e n e r a l l y  observes  a h i g h  e l ec -  
t r o n  tempera ture  (20,000"K) whi le  t h e  t r a n s l a t i o n a l  and r o t a t i o n a l  
degrees  of freedom of molecules i n  t h e  plasma are n e a r l y  thermal- 
i z e d  a t  t h e  w a l l  temperature.  Because v i b r a t i o n a l  r e l a x a t i o n  is 
s o  much slower,  v i b r a t i o n a l  tempera tures  can o f t e n  exceed s e v e r a l  
thousand degrees.  

The plasma d e n s i t y  a t  ze ro  magnetic f i e l d  is  i n  t h e  
. With an  a x i a l  magnetic f i e l d  one can expec t  

The e lec t r ic  f i e l d  i n  t h e  p o s i t i v e  column plasma f i l l i n g  t h e  
laser c a v i t y  i s  a few vol t s lcm.  A s  a consequence, t h e  p o s i t i v e  
i o n s  w i l l  exper ience  a n e t  d r i f t  v e l o c i t y  of a few hundred meters 
pe r  second toward t h e  cathode i n  a d d i t i o n  t o  t h e i r  predominant 
r a d i a l  motion. I n  t h e  microwave s t u d i e s  of i o n s  a t  t h e  Un ive r s i ty  
of Wisconsin [5-71, t h i s  d r i f t  v e l o c i t y  w a s  measured by v i r t u e  of 
t h e  r e s u l t i n g  Doppler s h i f t  of about  100 k i l o h e r t z  i n  t h e  microwave 
abso rp t ion  frequency. I n  t h e  LMR experiment t h e  plasma is  sampled 
by a s t and ing  wave r a t h e r  than  a t r a v e l i n g  wave; t h e r e f o r e  t h e  
slow d r i f t  v e l o c i t y  w i l l  man i fe s t  i t s e l f  as a broadening  of t h e  
abso rp t ion  l i n e s  r a t h e r  than  a frequency s h i f t .  

The presence  of t h e  plasma causes a d e f i n i t e  s h i f t  i n  t h e  
resonant  frequency of t h e  c a v i t y ,  as expected from i ts  h i g h e r  
r e f r a c t i v e  index. I n  p r i n c i p l e ,  t h i s  s h i f t  could provide  a d i r e c t  
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measurement of t h e  plasma d e n s i t y .  The plasma a l s o  i n t r o d u c e s  h igh  
frequency n o i s e  i n t o  t h e  lock- in-de tec t ion  system. One of t h e  
major exper imenta l  problems is  simply t o  minimize t h i s  plasma 
n o i s e ,  which i s  done e m p i r i c a l l y  by va ry ing  p r e s s u r e ,  c u r r e n t ,  and 
gas composition. 

The f i r s t  experiments performed w i t h  t h i s  glow d i s c h a r g e  
appa ra tus  c o n s i s t e d  of d e t e c t i n g  s p e c t r a  of OH and 02 i n  t h e  
plasma. The J = 1 -t 2 f i n e  s t r u c t y g e  t r a n s i t i o n  i n  a tomic  oxygen 
w a s  t hen  found a t  63. 1 pm, us ing  CH3OH as  t h e  l a s i n g  medium. The 
measured f i n e  s t r u c t u r e  s p l i t t i n g  w a s  determined t o  b e  158.3098(7) 
c m - l  us ing  p r e c i s e  g - f ac to r s  from earlier EPR s t u d i e s .  
w e r e  produced i n  a d i scha rge  through a 1% mixture  of 02 i n  H e .  
The s i g n a l  i n t e n s i t y  w a s  found t o  b e  p r o p o r t i o n a l  t o  t h e  c u r r e n t  
over  t h e  range  0-1OOmA and w a s  roughly independent of t h e  t o t a l  
p re s su re .  The t r a n s i t i o n  is  shown i n  F igu re  2 [20] .  

The 0 atoms 

The J = 8 + 9 r o t a t i o n a l  t r a n s i t i o n  of t h e  a l a g  s t a t e  of  02 
w a s  found n e x t ,  u s ing  t h e  392 pm laser l i n e  of CH30H i n  a d i scha rge  
through pure  02. Th i s  spectrum i s  p a r t i c u l a r l y  i n t e r e s t i n g  because 
i t  demonstrated t h e  c a p a b i l i t y  o f  t h i s  spec t rometer  t o  produce sub- 
Doppler s a t u r a t i o n  d i p  s p e c t r a ,  as e x h i b i t e d  i n  F igu re  3. It w a s  
ana lyzed  a long  w i t h  s e v e r a l  o t h e r s  observed f o r  t h e  alAg s ta te  i n  
t h e  conven t iona l  LMR a p p a r a t u s ,  u s ing  t h e  a f t e r g l o w  of a 2450 MHz 
d i scha rge  as t h e  sou rce  of me tas t ab le s .  The r e s u l t s  of t h i s  work 

H (Tesla) 
3116 3126 ,3136 

O ~ P  
J=2+1 I l l  

t M j  = - I  + O  
M j = O +  + I +I 

Fig.  2 .  The J = 2 -+ 1 t r a n s i t i o n s  of 0 (z3P). 
t h e s e  t r a n s i t i o n s ,  observed i n  a 40 mA glow d i s c h a r g e  
through a mixture  of %2% 02 i n  helium a t  133 Pa t o t a l  
p r e s s u r e  w i t h  t h e  63.1 pm laser l i n e  of I3CH30H pumped by 
t h e  10.3 ~.lm P ( 1 2 )  l i n e  of a C02 laser,  is  shown a long  
w i t h  t h e  c a l c u l a t e d  p o s i t i o n s  and i n t e n s i t i e s  of t h e  in -  
d i v i d u a l  m-components. 

The l i n e  shape f o r  
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0, a'Ag J=8+9 
B,l Bo 392. p m  

CH,OH n 

39 

O +  0.1 T 

Fig. 3. Laser magnetic resonance spectrum of t h e  J = 8 -t 9 
t r a n s i t i o n  of a 1 A 02 observed wi th  t h e  392.1 pm l i n e  of 

?J CH3OH. S a t u r a t i o n  d i p s  are marked wi th  arrows. 

w i l l  be  publ i shed  s h o r t l y  [21].  

Another i n t e r e s t i n g  r e s u l t  w a s  t h e  d e t e c t i o n  of pure  ro t a -  
t i o n a l  s p e c t r a  of t h e  me tas t ab le  a311 s ta te  of CO [22 ] .  This  s ta te  
is q u i t e  sho r t - l i ved ,  w i t h  a r a d i a t i v e  l i f e t i m e  of about  7.5 msec. 
These r e s u l t s  are be ing  analyzed a long  wi th  earlier molecular beam 
and microwave d a t a  [ 2 3 ]  i n  an  a t t empt  t o  o b t a i n  a more r e l i a b l e  
set  of molecular parameters f o r  t h i s  s ta te .  

O f  course,  a l l  of t h e s e  experiments w e r e  done as "tune-ups" 
f o r  t h e  u l t i m a t e  experiment -- a sea rch  f o r  t h e  spectrum of a 
molecular ion! A cons ide ra t ion  of t h e  p o s s i b l e  cand ida te s  f o r  
t h i s  i n i t i a l  experiment r evea led  HC1' as be ing  t h e  b e s t  s u i t e d .  
It had been c a r e f u l l y  s t u d i e d  by o p t i c a l  spec t roscopy [ 2 4 ]  and i t s  
r o t a t i o n a l  t r a n s i t i o n s  could b e  p r e d i c t e d  a c c u r a t e l y .  I ts  d i s -  
charge  k i n e t i c s  had been t h e  s u b j e c t  of f lowing a f t e rg low exper i -  
ments [ 25 ]  and it  could  b e  expected t o  b e  an  abundant i o n  i n  a 
d i scha rge  through a d i l u t e  mixture  of H C 1  i n  H e .  And i t  had a 
reasonably  c l o s e  co inc idence  between a low-J r o t a t i o n a l  t r a n s i t i o n  
and a known laser l i n e .  However, a series of i n t e n s e  sea rches  f o r  
t h e  spectrum of HC1' f a i l e d ,  f o r  r easons  which are n o t  y e t  t o t a l l y  
c l e a r .  W e  decided t o  t r y  t h e  experiment on t h e  analogous HBr+ i o n .  

The sea rch  w a s  based on p r e d i c t i o n s  of r o t a t i o n a l  t r a n s i t i o n  
f r equenc ie s  from t h e  o p t i c a l  work of Barrow and Caunt [ 2 6 ] .  An 
energy l e v e l  diagram of t h e  211 ground state c a l c u l a t e d  from t h e i r  
r e s u l t s  is  g iven  i n  F igu re  4 .  A d i scha rge  through a few pe rcen t  
of H B r  i n  helium a t  about 1 t o r r  w a s  used t o  gene ra t e  t h e  ion .  
A f t e r  cons ide rab le  e f f o r t ,  a spectrum which could q u i t e  d e f i n i t i v e l y  
be  a t t r i b u t e d  t o  HBr+ w a s  observed. This w a s  t h e  J = 312 +- 512 
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; J= 1/2 

180.3 p m  
7926  THz 

MOO) 
R=3/2  

+ 
Fig. 4 .  Energy l e v e l  diagram f o r  t h e  211 ground state of  H B r  . 

The smal l  lambda doubl ing i n  t h e  R = 312 s t a t e  (Case A 
n o t a t i o n )  is  m u l t i p l i e d  by 100; t h a t  i n  t h e  diamagnet ic  
R = 112 s ta te  is  t o  s c a l e .  The molecular  parameters  
used t o  c a l c u l a t e  t h e  ene rg ie s  are taken from Ref. 26. 

t r a n s i t i o n  i n  t h e  R = 312 ground s t a t e ,  shown i n  F igu re  5. 

The maximum s igna l - to-noise  r a t i o  w a s  ob ta ined  wi th  a c u r r e n t  
of 15  mA and 1 t o r r  of a 1% mixture  of HBr  i n  helium. An i n c r e a s e  
i n  t h e  H B r  conten t  beyond a few pe rcen t  caused t h e  l i n e s  t o  d i s -  
appear.  
o r  H20 t o  t h e  d i scha rge  r e s u l t e d  i n  l a r g e  dec reases  i n  t h e  s i g n a l .  
When H B r  w a s  rep laced  by D B r  t h e  s p e c t r a  could n o t  be obta ined .  

s i m i l a r l y ,  t h e  a d d i t i o n  of small amounts of a i r ,  02, H 2 ,  

The s t r o n g e s t  evidence t h a t  t h e  spectrum w a s  due t o  HBr+ i s  
provided by spec t roscop ic  cons ide ra t ions .  The t r a n s i t i o n  w a s  
found very  nea r  t h e  r e sonan t  f i e l d  p r e d i c t e d  from o p t i c a l  da t a .  
Because t h e r e  are two equa l ly  abundant bromine i s o t o p e s  (masses 
79 and 81) each having a n u c l e a r  s p i n  of  312, one expec ts  t o  
observe two sets of q u a r t e t s  f o r  every  MJ t r a n s i t i o n ,  w i t h  each 
l i n e  s p l i t  by t h e  lambda doubl ing.  Th i s  is  e x a c t l y  t h e  p a t t e r n  
t h a t  was found. Because w e  could only  r each  f i e l d s  of 5 kG 
a t  t h i s  t i m e ,  only t h e  f a s t e s t  tun ing  Zeeman component could b e  
observed (J = -312 + -112). By s h i f t i n g  t h e  laser frequency (dv) 
and observ ing  t h e  s h i f t  i n  magnetic f i e l d  (dH) w e  determined t h e  
s i g n  of  t h e  tun ing  rate dH/dv, which t o l d  us  t h a t  t h e  laser f r e -  
quency w a s  above t h e  zero  f i e l d  t r a n s i t i o n  frequency,  as p r e d i c t e d .  
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Fig. 5. The laser magnetic resonance spectrum of t h e  J = 312 + 512 
t r a n s i t i o n  of HBr+ observed a t  251 .1  pm (CH30H). 
spectrum w a s  recorded  on a s i n g l e  scan  wi th  a 0 .1  s e c  
t i m e  cons t an t  i n  a glow d i scha rge  through 1% H B r  i n  
helium a t  a p r e s s u r e  of 133 Pa (1 t o r r ) .  The p o s i t i o n s  
of t h e  e i g h t  doub le t s  r e p r e s e n t  t h e  hype r f ine  s p l i t t i n g  
i n  t h e  MJ = -312 -+ -112 Zeeman t r a n s i t i o n .  The double t  
s p l i t t i n g  is due t o  t h e  lambda doubling. 

This  

With t h i s  degree  of assurance  as t o  t h e  i d e n t i t y  of t h e  
c a r r i e r ,  w e  searched  f o r  and e a s i l y  found t h e  J = 5/2  + 712 
t r a n s i t i o n  wi th  t h e  180.7 ym l i n e  of CD30H, as shown i n  F igu re  6 .  
Again, t h e  s p e c t r a l  f e a t u r e s  w e r e  much as p red ic t ed .  The chemis t ry  
tests w e r e  repea ted  as  b e f o r e  wi th  t h e  s a m e  r e s u l t s .  Then t h e  
J = 3 / 2  + 5 / 2  t r a n s i t i o n  w a s  d e t e c t e d  wi th  a d i f f e r e n t  laser l i n e ,  
t h e  253.7 pm l i n e  of CH30H. The J = 312 -f 512  t r a n s i t i o n  of DBr+,  
p r e d i c t e d  by s c a l i n g  t h e  hydrogen i s o t o p e  cons t an t s  f o r  reduced 
m a s s  w a s  then  found. F i n a l l y ,  t h e  J = 5 / 2  + 7 /2  t r a n s i t i o n  of 
HBr' i n  t h e  v = 1 sta te  w a s  d e t e c t e d  j u s t  where i t  w a s  p r e d i c t e d  
t o  be.  Several o t h e r  s t r o n g  laser l i n e s  were used t o  check f o r  
spu r ious  t r a n s i t i o n s ,  w i t h  n e g a t i v e  r e s u l t s .  

I n  subsequent exper iments ,  t h e  maximum f i e l d  of t h e  magnet 
w a s  extended ou t  t o  6 . 2  kG. The s p e c t r a  were then  taken  over 
t h e  e n t i r e  range  of f i e l d s ,  and t h e  nex t  MJ components of a l l  of  
t h e  t r a n s i t i o n s  w e r e  found. Magnetic f l u x  d e n s i t i e s  w e r e  measured 
f o r  t h e  t h r e e  v = 0 HBr+ s p e c t r a  w i t h  a c c u r a c i e s  of  51 kG, us ing  
t h e  d i g i t a l  vo l tme te r  scheme desc r ibed  earlier.  
t o  d e t e c t  an i n c r e a s e  i n  t h e  l i newid th  by o p e r a t i n g  t h e  d i scha rge  

Attempts w e r e  made 
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Fig. 6. The J =  5 / 2  -+ 7 1 2  t r a n s i t i o n  of HBr+ observed a t  180.7 pm 

(CD30H) under t h e  same cond i t ions  used i n  F igu re  2.  Only . 
t h e  first e i g h t  h y p e r f i n e  l i n e s  of t h e  MJ = 512 + 312 
Zeeman component could  be  reached wi th  a v a i l a b l e  magnetic 
f i e l d s  . 

i n  an  abnormal glow mode w i t h  a h i g h e r  v o l t a g e  drop b u t  t h e s e  
experiments p r e d i c t a b l y  f a i l e d .  A s  can b e  seen  i n  F igu re  5,  t h e  
i n t e n s i t y  of t h e  o the rwise  e q u a l l y  i n t e n s e  h y p e r f i n e  components 
shows a small b u t  d e f i n i t e  i n c r e a s e  as t h e  f i e l d  is  i n c r e a s e d .  

ASSIGNMENT AND ANALYSIS OF THE SPECTRUM 

A s  wi th  a l l  s p e c t r o s c o p i c  t echn iques ,  t h e r e  i s  good n e w s  and 
bad news about laser magnetic resonance. The good news i s  t h e  
tremendous s e n s i t i v i t y  and h igh  r e s o l u t i o n  t h a t  can b e  ob ta ined ,  
and t h e  f a c t  t h a t  about 90% of  t h e  f e a t u r e s  of a LMR spectrum f o r  
a "nice" molecule (one t h a t  does n o t  e x h i b i t  Paschen-Bach e f f e c t s )  
can be  p r e d i c t e d ,  expla ined ,  and understood i n  terms of ve ry  
s imple  f i r s t - o r d e r  expres s ions .  The bad news p e r t a i n s  t o  t h e  
remaining 10% t h a t  cannot.  It  becomes ve ry  l a b o r i o u s ,  t i m e -  
consuming, and expens ive  t o  c o r r e c t l y  account  f o r  i t .  LMR produces 
d a t a  t h a t  are among t h e  most d i f f i c u l t  molecular s p e c t r a  t o  ana lyze  
a c c u r a t e l y .  I n  t h i s  s e c t i o n  w e  w i l l  d i s c u s s  t h e  problem of ass ign-  
ment and a n a l y s i s  of t h e  LMR spectrum of HBr'. 

The Zeeman energy of a paramagnetic atom o r  molecule can b e  
expressed  t o  f i r s t - o r d e r  as 

E = E  + u O H g  M 0 J J  

where E is  t h e  z e r o - f i e l d  energy, 1.1 is  t h e  Bohr magneton, H i s  
0 0 
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t h e  magnetic f l u x  d e n s i t y ,  gJ is an e f f e c t i v e  g- fac tor  f o r  t h e  
angu la r  momentum state J ,  and MJ i s  t h e  space  p r o j e c t i o n  of J .  
For a AMJ = 0 t r a n s i t i o n  between states E '  (upper) and E" ( lower) 
w e  o b t a i n  

v = V0 + uo H(g' - g") MJ" 
L 

where vo = EO' - EO'' and VL = E '  - E" is t h e  frequency d i f f e r e n c e  
which must match t h e  laser frequency a t  resonance. 
t r a n s i t i o n s  w e  g e t  

For AMJ = +1 

The magnetic t un ing  rates of t h e s e  t r a n s i t i o n  f r equenc ie s  are 

av, L - -  - V o ( g '  - g") MJ" 
a H  

AM = 0 J 

Solv ing  ( 2 )  and ( 3 )  f o r  t h e  resonant  magnetic f i e l d s  w e  o b t a i n  

AM = 0 
J 

I f  w e  p l o t  t h e  r e c i p r o c a l  of t h e  resonant  f i e l d s  ve r sus  MJ", we 
o b t a i n  a s t r a i g h t  l i n e  i n  each case w i t h  a s l o p e  of 

For a  AM^ = 0 t r a n s i t i o n  t h e  i n t e r c e p t  i s  ze ro ,  b u t  f o r  a A M j  = tl 
t r a n s i t i o n  i t  has t h e  v a l u e  

v - v  L O  

These p l o t s  are ve ry  u s e f u l  i n  i n i t i a l l y  a s s i g n i n g  a LMR spectrum. 

Another ve ry  u s e f u l  t o o l  f o r  t h e  assignment of a spectrum i s  
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t h e  "laser pu l l ing"  experiment.  
given by ( 4 )  determines which d i r e c t i o n  t h e  r e s , m a n t  f i e l d  w i l l  
s h i f t  i f  t h e  laser frequency is  s h i f t e d  t o  t h e  red  o r  b lue .  I f  
the s i g n  of t h e  t e r m  g' - g" is  known (a s  i t  usua l ly  i s ) ,  t h i s  
w i l l  t e l l  us  t h e  s i g n  of MJ" and thus  whether t h e  laser frequency 
i s  above o r  below t h e  ze ro - f i e ld  t r a n s i t i o n  frequency.  

The r e c i p r o c a l  of t h e  tun ing  rate 

S p e c i a l i z i n g  t o  t h e  p r e s e n t  c a s e  of a 211 molecule desc r ibed  
by Hund's Case A ,  w e  n o t e  t h a t  t h e  e f f e c t i v e  g- fac tor  f o r  a given 
J s ta te  is given by t h e  v e c t o r  model a s  

- (A + 2.002c)  R 
gJ - J(J + 1 )  

Therefore  g '  - g" w i l l  always b e  nega t ive  f o r  
t r a n s i t i o n s  between t h e  52 = 312 l e v e l s .  This  
f a s t e s t  tun ing  Zeeman t r a n s i t i o n  w i l l  b e  t h a t  

pure  r o t a t i o n a l  
te l ls  us  t h a t  t h e  
wi th  t h e  l a r g e s t  

nega t ive  MJ va lue  i f  vL > vo o r  t h e  l a r g e s t  p o s i t i v e  MJ i f - v L  < VO. 
For a AMJ = ?l t r a n s i t i o n ,  w e  see from (5) t h a t  t h e  f a s t e s t  tun ing  
t r a n s i t i o n  w i l l  a l s o  be  t h a t  w i th  AMJ = +1 i f  VL > vo o r  AMJ = -1 
i f  VL < vo. 
(AMJ = -1 i f  vL > vo o r  AM, 7 +1 i f  VL < VO) w i l l  occur  a t  h ighe r  
f i e l d s .  The r e l a t i v e  i n t e n s i t i e s  f o r  a l l  of t h e s e  t r a n s i t i o n s  
are e a s i l y  obta ined  from s t anda rd  ma t r ix  e lements  of  t h e  d i r e c t i o n  
cos ine  ope ra to r .  With equat ions  (1) through ( 6 )  and t h e  d i r e c t i o n  
cos ine  r e s u l t s  t h e  main f e a t u r e s  of  t h e  LMR spectrum can be  pre-  
d i c t e d  very  e a s i l y .  

' 

I n  both  of t h e s e  l a s t  cases, t h e  oppos i t e  branch 

Hyperf ine i n t e r a c t i o n s  i n  LMR s p e c t r a  are usua l ly  desc r ibed  
a t  a l l  bu t  t h e  lowest  f i e l d s  ( < 1  kG) by a decoupled r e p r e s e n t a t i o n ,  
i . e . ,  w i th  n u c l e a r  s p i n  independent ly  quant ized  i n  t h e  space-f ixed 
a x i s  system de f ined  by t h e  magnetic f i e l d .  Th.erefore t h e  e f f e c t  
of a nuc lea r  s p i n  I w i l l  be  t o  s p l i t  each Zeeman t r a n s i t i o n  i n t o  
2 1  + 1 equa l ly  i n t e n s e  components. I n  a Case A molecule ,  t h e  mag- 
n e t i c  hype r f ine  energy can be  expressed as s imply 

where aJ i s  an e f f e c t i v e  hype r f ine  cons t an t  f o r  t h e  s ta te  l abe led  
by J. Because of t h e  AMI = 0 s e l e c t i o n  r u l e  t h e  e f f e c t  of  t h e  
magnetic hype r f ine  i n t e r a c t i o n  is t o  s p l i t  each Zeeman component 
of a t r a n s i t i o n  i n t o  2 1  + 1 e q u a l l y  spaced l i n e s .  This  can b e  
expressed  i n  f requency space  as 

Avhf = 3 M " (a J '  - a I f )  J J AMJ = 0 
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To t r ans fo rm t h e s e  expres s ions  i n t o  magnetic f i e l d  space,  w e  
mul t ip ly  by t h e  t e r m  (aH/dV). Note t h a t  w e  d e s i r e  t h e  s h i f t  i n  
t h e  f i e l d  corresponding t o  a s h i f t  i n  t h e  ze ro - f i e ld  frequency vo 
(no t  VL) caused by t h e  hype r f ine  i n t e r a c t i o n s .  
t h e  oppos i t e  s i g n  of t h a t  of f i e l d  w i t h  r e s p e c t  t o  vL. 
i s  

This  d e r i v a t i v e  has  
The r e s u l t  

MI(aJ' - a ")(-1) J AM = 0 J 

The form of t h e  magnetic hype r f ine  coupl ing  cons t an t  aJ can b e  
obta ined  e a s i l y  from t h e  theory  of gas  phase e l e c t r o n  resonance 

' spec t roscopy,  s o  n i c e l y  worked o u t  by Carr ington  and co-workers 
[27] a decade ago. For t e r m s  d i agona l  i n  a l l  quantum numbers, t h e  
magnetic hype r f ine  cons t an t  f o r  a Case A 2TI s t a te  can b e  expressed  
as 

Rh a =  
J J(J + 1) 

where h = a + C(b + c ) ,  and a,  b ,  and c are  t h e  Frosch and Foley 
h y p e r f i n e  i n t e r a c t i o n  c o n s t a n t s ,  de f ined  as reduced m a t r i x  elements 
over  t h e  unpai red  e l e c t r o n  d e n s i t y .  From (9) w e  see t h a t  t h e  
s h i f t  i n  magnetic f i e l d  due t o  t h e  magnetic h y p e r f i n e  i n t e r a c t i o n  
i n  a A M j  = 0 spectrum is  independent of M j ,  and thus  t h e  hype r f ine  
s p l i t t i n g  is  a l s o  independent of M j  i n  t h i s  ca se .  For a AM, = +1 
spectrum t h a t  i s  n o t  g e n e r a l l y  t h e  case.  A l so ,  w e  n o t e  t h a t  f o r  a 
p o s i t i v e  h ,  (aJ '  - aJ") i s  n e g a t i v e  f o r  A J  = +1 t r a n s i t i o n s  w i t h  
no change i n  R (pure r o t a t i o n a l  t r a n s i t i o n s ) .  S ince  (gJ' - gJ") 
i s  a l s o  n e g a t i v e  f o r  t h e s e  c a s e s ,  t h e  s i g n  of t h e  s h i f t  i n  t h e  
resonant  f i e l d  p o s i t i o n  caused by t h e  magnetic hype r f ine  e f f e c t  
depends on ly  on t h e  s i g n  of MI f o r  AMJ = 0. For AMJ.= fl t h i s  i s  
no t  g e n e r a l l y  t r u e ,  and w e  must cons ide r  each s p e c i f i c  case. How- 
eve r ,  i t  i s  u s u a l l y  t r u e  t h a t  f o r  t h e  f a s t e s t  tun ing  t r a n s i t i o n s ,  
t h e  s i g n  of MJt' and t h e  2 i n  (9 )  are c o r r e l a t e d  such t h a t  f o r  a 
p o s i t i v e  h t h e  +MI component always appears  a t  lowes t  f i e l d  i n  
both  A M j  = 0 and AMj = +1 t r a n s i t i o n s ,  a t  least  i n  t h e  s i t u a t i o n s  
w e  are cons ider ing .  In  summary, t h e  appearance of magnetic hyper- 
f i n e  s t r u c t u r e  i n  t h e  pure  r o t a t i o n a l  LMR spectrum of a 2113/2 
molecule w i l l  be  t h a t  of (21 + 1) equa l ly  spaced ,  e q u a l l y  i n t e n s e  
l i n e s ,  w i th  t h e  +MI t r a n s i t i o n s  appear ing  f i r s t  i n  t h e  low-f ie ld  
MJ components. 

The presence  of a n u c l e a r  e l e c t r i c  quadrupole moment w i l l  
d e s t r o y  t h e  equa l  spac ing  of hype r f ine  l i n e s .  The f i r s t - o r d e r  
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quadrupole energy i n  a decoupled b a s i s  can  b e  expressed  as 

2 2 - J(J + 1 ) ] [ 3 5  EQ = QJ[3MJ - I(1 + I ) ]  

where 

4 [so2 - J ( J  + l ) ]  
( ( 2 5  - 1) J(J + 1 ) ( 2 J  + 1 ) [ 3 I  - 1(1 + l ) ] )  QJ = 4 

Although t h i s  expres s ion  does n o t  s i m p l i f y  as n i c e l y  as t h a t  f o r  
t h e  magnetic hype r f ine ,  w e  can s t i l l  draw some u s e f u l  gene ra l i za -  
t i o n s  from it. 
quadrupole i n t e r a c t i o n  w i l l  c ause  t h e  o the rwise  equally-spaced 
h y p e r f i n e  l e v e l s  t o  "bunch up"; t h a t  i s ,  t h e  spac ing  w i l l  e i t h e r  
i n c r e a s e  o r  dec rease  from lower t o  h ighe r  e n e r g i e s .  The e s s e n t i a l l y  
l/J4 dependence of QJ causes t h e  lower J s ta te  of t h e  t r a n s i t i o n  
t o  dominate t h i s  e f f e c t  i n  t h e  t r a n s i t i o n .  From (7)  w e  no ted  t h a t  
t h e  o r d e r  of t h e  MI s ta tes  is  o p p o s i t e  i n  Zeeman l e v e l s  w i t h  
o p p o s i t e  s i g n  of MJ. 
pendence on MJ i n  (11) means t h a t  t h e  "bunching" of l e v e l s  w i l l  
occur  i n  t h e  same d i r e c t i o n  (from low t o  h igh  energy o r  vice 
v e r s a )  i n  a + M j  s ta te  as t h a t  i n  a -MJ s ta te .  
t h e  laser is  above o r  below t h e  ze ro  f i e l d  t r a n s i t i o n  frequency 
w i l l  r e v e r s e  t h e  appearance  of t h e  hype r f ine  p a t t e r n .  This  i s  
ve ry  similar t o  EPR p a t t e r n s ,  which are reve r sed  w i t h  a s i g n  change 
i n  MJ. 
QJ.  W e  can deduce t h a t  €o r  p o s i t i v e  QJ t h e  h y p e r f i n e  l i n e s  w i l l  
converge t o  low f i e l d s  when VL > V O ,  and i f  QJ i s  n e g a t i v e  o r  i f  
VL < vo they  converge t o  h igh  f i e l d s ,  f o r  IMJI  = J .  

Because of t h e  squared dependence on MI t h e  

This f a c t ,  t o g e t h e r  w i th  t h e  squared  de- 

The re fo re ,  whether 

The p a t t e r n  w i l l  depend on ly  on t h e  s i g n  and magnitude of 

Next w e  w i l l  cons ide r  t h e  lambda doubling. A t  t h i s  s t a g e  w e  

symmetry w i l l  g e n e r a l l y  b e  t h a t  which i s  t h e  
only  want t o  determine how t o  a s s i g n  t h e  p a r i t y  c o r r e c t l y .  
lowes t  energy Kr'dni 
s a m e  as t h e  lowes t  hZ state ,  which w i l l  dominate t h e  lambda 
doubl ing  p e r t u r b a t i o n ,  e .g . ,  i f  t h e  lowes t  2Z s ta te  h a s  + KrGnig 
symmetry, t hen  + symmetry levels of t h e  'II s t a t e  w i l l  be  lower than  
- levels. 
t i o n a l  phase f a c t o r  -1)J-s t o  g e t  t o t a l  p a r i t y .  The re fo re ,  f o r  
t h e  u s u a l  c a s e  of a p e r t u r b e r ,  w e  have + p a r i t y  t h e  lowes t  f o r  
J = 112, - t h e  lowes t  f o r  J = 312, + t h e  lowes t  f o r  J = 512, and 
so on. 
Therefore  t h e  upper s t a t e  of a t r a n s i t i o n  w i l l  de te rmine  t h e  
r e l a t i v e  p a r i t y  of t h e  lambda-doubling components. Very s imply ,  
i n  a J = 312 +- 512 t r a n s i t i o n  under t h e  above c o n d i t i o n s ,  t h e  
- + + p a r i t y  component occurs  a t  lower energy than  t h e  + + - 
( p a r i t y  must change i n  e lec t r ic  d i p o l e  t r a n s i t i o n s ,  of cour se ) .  
Therefore  i f  t h e  laser is a t  a lower frequency than t h e  ze ro  f i e l d  
r o t a t i o n a l  f requency ,  t h e  - + + t r a n s i t i o n  w i l l  appear  a t  t h e  lower 

The 

We must then  m u l t i p l y  t h e  KrEnig symmetry by t h e  r o t a -  

I n  t h e  R = 3/2 state,  lambda doubl ing  i n c r e a s e s  w i t h  J. 
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magnetic f i e l d ,  and vice-versa.  

F i n a l l y ,  w e  s h a l l  d i s c u s s  t h e  ve ry  s imple  case  of having d i f -  
f e r e n t  i s o t o p i c  masses f o r  a g iven  molecule. D i f f e r e n t  masses 
w i l l ,  of course,  produce d i f f e r e n t  r o t a t i o n a l  cons t an t s  and hence 
d i f f e r e n t  r o t a t i o n a l  ene rg ie s .  For l i g h t  molecules (CH, OH,  e t c . )  
t h e  i s o t o p e  s h i f t  i n  t h e  ene rg ie s  is  l a r g e ,  such t h a t  d i f f e r e n t  
i s o t o p e s  d o n ' t  g e n e r a l l y  appear i n  t h e  same spectrum, except  
through co inc idence .  For heav ie r  molecules,  t h e  i s o t o p e  s h i f t  
may be  s m a l l  enough so t h a t  s e v e r a l  s p e c i e s  can be  observed simul- 
taneous ly .  Then i f  t h e  laser i s  above t h e  ze ro - f i e ld  t r a n s i t i o n  
frequency, t h e  l i g h t e r  i s o t o p e s  appear a t  lowest f i e l d s ;  i f  VL i s  
below v o ,  t hen  t h e  heav ie r  i s o t o p e s  appear f i r s t .  

With on ly  t h e s e  s imple  i d e a s ,  an LMR spectrum can u s u a l l y  b e  
ass igned .  The nex t  s t e p  w a s  t o  c a r r y  ou t  a n o n l i n e a r  l eas t  squa res  

. f i t  of t h e  t r a n s i t i o n  us ing  a f a r  more e x a c t  Hamiltonian. Again, 
most of t h e  theory  r equ i r ed  t o  ana lyze  LMR s p e c t r a  w a s  worked o u t  
earlier by Carr ington ,  Levy, and M i l l e r  [28].  J. M. Brown [29] has  
s i n c e  developed a more p r e c i s e  Zeeman Hamiltonian, and w e  have 
adopted h i s  approach f o r  211 molecules.  The d e t a i l e d  e f f e c t i v e  
Hamiltonian used i s  given i n  almost complete form by Brown e t  a1 
i n  [29] ,  and w e  w i l l  n o t  reproduce i t  h e r e .  The quadrupole i n t e r -  
a c t i o n  w a s  n o t  inc luded  i n  t h a t  work, however, and w e  have used 
t h e  expres s ions  from [28] ,  t o  o b t a i n  i t s  m a t r i x  elements i n  a de- 
coupled Case A r e p r e s e n t a t i o n .  
Hamiltonian used is 

The form of t h e  e f f e c t i v e  211 

+ Hsr + + HLD + HcdLD Hhf s 

where Hso r e p r e s e n t s  sp in -o rb i t  coupl ing ,  Hrot and Hcd r e p r e s e n t  
t h e  r o t a t i o n a l  k i n e t i c  energy and c e n t r i f u g a l  d i s t o r t i o n ,  Hsr i s  
t h e  e l e c t r o n  s p i n - r o t a t i o n  i n t e r a c t i o n ,  HLD and HcdLD r e p r e s e n t  
t h e  lambda doubling i n t e r a c t i o n  and i t s  c e n t r i f u g a l  d i s t o r t i o n  
c o r r e c t i o n s ,  Hhfs and Hcdhfs are t h e  h y p e r f i n e  i n t e r a c t i o n s  and 
d i s t o r t i o n  c o r r e c t i o n s ,  and Hz  is  t h e  Zeeman i n t e r a c t i o n .  

A computer program w a s  w r i t t e n  t o  s e t  up t h e  ma t r ix  elements 
of (12) i n c l u d i n g  t e r m s  o f f -d iagonal  by t l  u n i t  i n  J .  
ma t r i ces  are 2 4  x 24 f o r  each MJ value.  Each MJ matrix is  diago- 
n a l i z e d  and s o r t e d  at  t h e  a p p r o p r i a t e  r e sonan t  f i e l d  p o s i t i o n ,  
d i f f e r e n c e s  are taken  and t h e  f r equenc ie s  f o r  each t r a n s i t i o n  are 
then computed; t h e  parameters  are then  i t e r a t i v e l y  a d j u s t e d  u n t i l  
t h e s e  t r a n s i t i o n  f r equenc ie s  converge t o  w i t h i n  some t o l e r a n c e  of 
t h e  laser frequency. 
d i c t a t e s  which of t h e  parameters can be  determined by t h i s  method. 

For HBr' t h e  

The s i z e  and s t r u c t u r e  of t h e  d a t a  se t  
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INTERPRETATION OF MOLECULAR PARAMETERS 
I N  TERMS OF ELECTRONIC STRUCTURE 

Once a LMR spectrum h a s  been d e t e c t e d ,  measured, and a s s igned ,  
and t h e  parameters  e x t r a c t e d  from a s u i t a b l e  a n a l y s i s  (such as a 
n o n l i n e a r  r e g r e s s i o n  method), t h e  parameters  are i n t e r p r e t e d  i n  
terms of v a r i o u s  i n t e g r a l s  over  t h e  e l e c t r o n i c  d i s t r i b u t i o n  of t h e  
molecule. 
s o p h i s t i c a t i o n  f o r  t h e  purpose of ana lyz ing  microwave and e l e c t r o n  
paramagnetic resonance s p e c t r a  [27,28,30]. W e  w i l l  review some of 
t h e  s a l i e n t  a s p e c t s  ve ry  b r i e f l y ,  b u t  w e  do n o t  p r e s e n t  a d e t a i l e d  
set of r e s u l t s  f o r  HBr+ because ou r  a n a l y s i s  is s t i l l  i n  a ve ry  
p re l imina ry  s t a g e .  

This s u b j e c t  has  been developed t o  a h igh  degree  of 

From a pure  r o t a t i o n a l  LMR spectrum w e  can d i r e c t l y  o b t a i n  
t h e  r o t a t i o n a l  c o n s t a n t s ,  c e n t r i f u g a l  d i s t o r t i o n  c o n s t a n t s ,  hyper- 
f i n e  c o n s t a n t s ,  lambda doubl ing  c o n s t a n t s ,  e l e c t r o n  s p i n - r o t a t i o n  . 
c o n s t a n t s ,  quadrupole coupl ing  parameters.  I n  a d d i t i o n ,  measure- 
ment of c ross -sp in  t r a n s i t i o n s  (An # 0 )  w i l l  d i r e c t l y  measure t h e  
s p i n - o r b i t  parameter and t h e  sp in-sp in  parameter  f o r  states w i t h  
S > 1. I f  t h e  d a t a  are p r e c i s e  enough, h igher -order  c o r r e c t i o n s  
t o  t h e  g - f ac to r s  t h a t  occur i n  t h e  Zeeman Hamiltonian can be  
determined. 

Once t h e s e  parameters  are determined, d e t a i l s  of t h e  elec- 
t r o n i c  s t r u c t u r e  are revea led  from t h e i r  d e f i n i t i o n s  as i n t e g r a l s  
over  t h e  e l e c t r o n i c  d i s t r i b u t i o n s .  The r o t a t i o n a l  c o n s t a n t s  are 
t h e  r e c i p r o c a l s  of t h e  moments of i n e r t i a  averaged ove r  t h e  
v i b r a t i o n a l  motion i n  t h e  s ta te  they are measured f o r .  The quant i -  
t i es  of fundamental i n t e r e s t  are n o t  t h e s e  e f f e c t i v e  r o t a t i o n a l  
cons t an t s ,  bu t  r a t h e r  t h e  e q u i l i b r i u m  v a l u e s ,  from which one can 
deduce t h e  e q u i l i b r i u m  s t r u c t u r e  of t h e  molecule. This  is  p o s s i b l e  
on ly  when r o t a t i o n a l  t r a n s i t i o n s  have been measured i n  a t  least  
one e x c i t e d  l e v e l  of every  v i b r a t i o n a l  mode, which i s  u s u a l l y  no t  
p o s s i b l e .  One is  thus  g e n e r a l l y  fo rced  t o  use  t h e  e f f e c t i v e  
moments of i n e r t i a  as an approximation t o  t h e  e q u i l i b r i u m  va lues .  
While t h e  s t r u c t u r e  problem seems t o t a l l y  t r i v i a l  f o r  a d ia tomic  
molecule, t h e  measurement of f o u r  i s o t o p e s  of HBr' a l lows  a r a t h e r  
p r e c i s e  de t e rmina t ion  of t h e  bond d i s t a n c e  through t h e  use  of 
Kraitchman' s equa t ions  [ 311. For a l i n e a r  molecule t h i s  reduces 
t o  

where 2 is t h e  center-of-mass coord ina te  f o r  t h e  i s o t o p i c a l l y  
s u b s t i t u t e d  atom, and I' and I are moments o f  i n e r t i a  of t h e  sub- 
s t i t u t e d  and o r i g i n a l  molecules.  Because w e  have measured two 
i s o t o p e s  of bo th  bromine and hydrogen, s u b t r a c t i o n  of t h e  coordi-  
n a t e s  ob ta ined  from (13) w i l l  y i e l d  a p r e c i s e  approximation f o r  
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t h e  equ i l ib r ium bond d i s t a n c e ,  i n  which t h e  e f f e c t  of t h e  v ib ra -  
t i o n a l  averaging  h a s  been l a r g e l y  e l imina ted .  I n  gene ra l ,  LMR has  
t h e  s a m e  c a p a b i l i t y  as microwave spec t roscopy f o r  o b t a i n i n g  t h e s e  
p r e c i s e  s u b s t i t u t i o n  geometries f o r  s m a l l  molecules.  

The magnetic h y p e r f i n e  parameter h used i n  (10) is  de f ined  as 

h = a +  C(b + c)  ( 1 4 )  

The Frosch and Poley hype r f ine  cons t an t s  a, b ,  and c are i n  t u r n  
de f ined  as fo l lows  [30].  

c 1 6 ~  2 b + - = -  gI $ uo Y (0) Fermi c o n t a c t  

‘OS2 ’- nuc lea r  s p i n - e l e c t r o n  s p i n  (15) 
l-IN uo < r 3  > c = 3gi 

I n  a d d i t i o n  t h e r e  is  t h e  parity-dependent sp in-sp in  parameter  

d = 3g I Fhr PO<*> 

I n  t h e s e  expres s ions  r i s  t h e  d i s t a n c e  between t h e  nuc leus  and t h e  
e l e c t r o n s  and t h e  average  i s  over  t h e  unpaired e l e c t r o n  d e n s i t y .  
I f  one can de termine  a l l  of t h e s e  i n t e g r a l s ,  then a d e t a i l e d  view 
of t h e  unpaired e l e c t r o n  d i s t r i b u t i o n  can be  ob ta ined .  
example, t h e  v a l u e  of Y 2 ( 0 )  is non-negl ig ib le  only f o r  e l e c t r o n s  
i n  s o r b i t a l s ,  whi le  a w i l l  be  a p p r e c i a b l e  only  f o r  o r b i t a l s  w i t h  
non-zero o r b i t a l  angu la r  momentum, and c w i l l  s i m i l a r l y  vanish  f o r  
a s p h e r i c a l  ( s )  o r b i t a l .  

For 

By comparing va lues  of <l/r3>, Y2(0), 

. ob ta ined  from spec t roscop ic  measurements of a ,  b ,  c ,  and d w i t h  
va lues  ob ta ined  €or  t h e  f ree  atoms, one can deduce t h e  degree  
of atomic o r b i t a l  ( s ,  p,  ...) c h a r a c t e r  f o r  a g iven  open-shell  
molecular o r b i t a l  system, and from t h i s  draw q u a l i t a t i v e  conclu- 
s i o n s  r ega rd ing  t h e  n a t u r e  of t h e  chemical bonding (double bond 
c h a r a c t e r ,  e t c . )  i n  t h e  molecule.  

The quadrupole coupl ing  cons t an t  eqQ, provides  s imi l a r  b u t  
complementary in fo rma t ion  on t h e  e l e c t r o n i c  s t r u c t u r e .  I n  t h i s  
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c o n s t a n t ,  e i s  t h e  n u c l e a r  charge  and Q is  t h e  n u c l e a r  quadrupole 
moment, wh i l e  q = < a 2 V / a Z  > is t h e  f i e l d  g r a d i e n t  a t  t h e  nuc leus ,  
which can b e  expressed  as 

2 

The average  i n  t h i s  expres s ion  is t o  b e  taken  over  t h e  e n t i r e  
e l e c t r o n  d i s t r i b u t i o n ,  n o t  j u s t  over  t h e  unpai red  e l e c t r o n  d e n s i t y .  
Eva lua t ion  of q can provide  cons ide rab le  i n s i g h t  as t o  t h e  deg ree  
of i o n i c  c h a r a c t e r  of a bond, t h e  amount of mixing o f  s and p 
atomic o r b i t a l s  i n  a g iven  molecular  o r b i t a l ,  and a l s o  about  t h e  
amount of m u l t i p l e  bond c h a r a c t e r .  

W e  have shown t h a t  f a r - in f  r a r e d  laser magnetic resonance 
spec t roscopy i s  a powerful new method f o r  s tudy ing  molecular i o n  
s t r u c t u r e s .  
r e s p e c t  t o  p rospec t s  f o r  expanding t h e  s tudy  t o  o t h e r  charged 
s p e c i e s  w e  should  remind ou r se lves  t h a t  t h e s e  w e r e  a series of 
ve ry  d i f f i c u l t  experiments.  
f o r  LMR s t u d i e s ,  i n c l u d i n g  d i a tomics ,  l i k e  HCl', HF', HI', OH', 
NH', 02', SH+, PH', and polyatomics l i k e  H20+, HzS', NNO+, and 
OCS'; however, w e  should n o t  expec t  any of t h e s e  t o  b e  much easier 
t o  observe  than  HBr'. Spec t r a ,  and t h e  r e s u l t i n g  de te rmina t ion  of 
geomet r i ca l  and e l e c t r o n i c  s t r u c t u r e s  of o t h e r  i o n s  are ve ry  
l i k e l y  t o  proceed from LMR s t u d i e s  i n  t h e  f u t u r e ,  b u t  each i s  
guaranteed  t o  c o n t r i b u t e  a c e r t a i n  amount of gray  h a i r  t o  t h e  
exper imenters  who do them. 

While our  r e s u l t s  f o r  HBr' are most encouraging w i t h  

There are o t h e r  promising cand ida te s  
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