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Abstract The technique o f  laser  resonance magnetic resonance al lowsone 
t o  study the h igh- reso lu t ion  spectroscopy o f  t r ans ien t  pa ramagne t  i c  
species, v i z ,  atoms, rad ica ls ,  and molecular ions. This a r t i c l e  i s  a 
b r i e f  expos i t ion  o f  the method, descr ib ing  the p r i n c i p l e s ,  instrumen- 
tagion and a p p l i c a b i l i t y  o f  the I R  and FIR - LMR and shows r e s u l t s  f o r  
HF . 

Laser Magnet i c Resonance (LMR) spectroscopy i s a new techn i que 

developed dur ing  the  l a s t  decade f o r  h igh- reso lu t ion  studies o f  t r an -  

s i en t  paramagnetic speci ts,  v i z .  atoms, rad ica ls ,  and molecular i o n s .  

LMR i s  c l o s e l y  re la ted  t o  the technique o f  gas-phase e lec t ron  paramag- 

n e t i c  resonance (EPR) . I n  both experiments the  pa ramagne t  i c  e n e r g y  

l eve l s  o f  atoms o r  molecules contained i n  a resonant c a v i t y  a re  t u n e d  

by a DC magnetic f i e l d  u n t i l  t h e i r  eqergy d i f f e rence  matches tha t  o f  

a f i x e d  frequency source. The f i n a l  product o f  the spectrometer i s  then 

an absorpt ion spectrum o f  the species as a f unc t i on  o f  magnetic f l u x  

dens i ty .  The p r i n c i p a l  d i s t i n c t i o n  between the LMR and EPR experiments 

i s  t h a t  EPR t rans  i t  ions occur between d i f f e r e n t  magnet i c  sublevels 

o f  a singZe angular momentum s t a t e  (J)  , whereas LMR t r a n s i  t ions o c c u  r 

between different r o t a t  iona l  (molecules) o r  f i ne- s t ruc tu re  (atoms) an- 

gu lar  momentum states.  

The concept o f  f a r - i n f r a r e d  laser  magnet i c  resonance (FI R-LMR) 

o r i g ina ted  when Professor M. Mizushima f i r s t  pointed ou t  the  near co- 

incidente o f  the  B = 5, J = 5, M = -4 N = 3, J = 4, M = -4 m a g n e t i c  

d ipo le  t r a n s i t i o n  o f  0, w i t h  the frequency o f  the  339 pmHCN - l a s e r  

l i n e ,  and the p o s s i b i l i t y  o f  Zeeman tun ing these l eve l s  in toco inc idence 



w i t h  the laserl.  I n  1968, Evenson and co-workers2, a c t u a l  l y  demon- 

s t ra ted  t h i ç  e f f e c t  using a  f ixed- frequency f a r - i n f r a r e d  laser ,  instead 

of the microwave source normal ly  employed i n  EPR. 

Severa1 k inds o f  informat ion can be ex t rac ted from an LMR- 

-spectrum. Important molecular information, such a s  r o t a t  i o n a  1 con- 

s tan ts ,  f ine- s t ruc ture  i n te rac t i ons ,  hyperf ine parameters, sp  i n  den- 

s i t i e s ,  f i e l d  gradients and molecular g- fac to rs  can be obtained w i t h  a  

h igh  degree of accuracy from the measured l i n e  pos i t i ons ;  k i n e t i c  and 

dynarnic data are  ex t rac ted from i n t e n s i t i e s  and l inewid ths .  Th is  tech- 

nique no t  on l y  e f f e c t s  a  prec ise  determinat ion o f  these molecular con- 

stants,  but  a l s o  makes i t  poss ib le  t o  detec t  weak f ree- rad i ca l  s p e c t r a  

i n  the presence o f  many s t rong neutra1 absorbers; t h  í s  se1 e c t  i v  i t y  

makes LMR an important t oo l  f o r  use i n  reac t ion  k i n e t i c s  s t u d  i e s ,  i n  

reac t i ve  intermediate a re  rnonitored. 

LMR i s  one o f  the most s e n s i t i v e  spectroscopic me thods  i n 

existence, r e l a t i v e  t o  other competing techniques, such as conventional 

o p t i c a l  and microwave spectroscopy and gas-phase EPR. I t s  sens  i t i v  i t y  

i s  s i m i l a r  t o  t ha t  o f  laser-induced fluorescence.The reso lu t i on  a t t a i n -  

ab le  w i t h  LMR, however, i s  comparable w i t h  t h a t  o f  microwaves spectro-  

scopy and gas-phase EPR. Hence i t s  s e n s i t i v i t y  - reso lu t i on  product i s  

f a r  greater  than f o r  any o ther  d i r e c t  spectroscopy method. Furthermore, 

the  on l y  r igorous cons t ra in t  on the  a p p l i c a b i l i t y  o f  the method i s  t h a t  

the species o f  i n t e r e s t  must be paramagnetic. 

I n  h i s  Sp iers  Lecture t o  the  Faraday Soc ie ty ,  ~ v e n s o n ~  pre- 

sents a  l i s t  o f  atoms, molecules, f r e e  rad ica ls ,  ions studied b y t h e  LMR 

technique, inc lud ing:  atorns: 0, C ;  ground s t a t e  rad i ca l s :  02,N0, CH,PH, 

NH, CRO, CF, OH , OD, SeH , Se D, SH , NO,, H O,, H  CO, PH , , NH , , CH,, CCH , 
CH ,O, CH,F, CH20H ; metastable s ta tes  o f :  02, PH, HO,, CO, NF; molecular 

+ + 
ions: HBr and DBr . Species s tud ied s ince t h i s  review include:  ~ e '  ', 

1 o 1 2  Se0 5, CH 6, OH 7 ,  FSO ',CRSO 8, SHF ', CH, , N H D  11, O 2  , P0213 , 
PD 1 3 ,  p013," , AsH 13,  and the  molecular ions HCR+ 15,  and HF' 1 6 .  

A  LMR-spectrum i s  assigned and analyzed w i t h  the use o f a  non- 

- l i n e a r  l eas t  squares rou t i ne  incorpora t ing  an a c c u r a t e  m o l e c u l a r  

Hami l tonian.  The standard procedure f o r  theoret  i c a l  work i n  t h i s  f i e l d  

i s  t o  consider the Zeeman and hype r f i neHami I t on ian  as per turbat ions  t o  

the  r o t a t  ional  - f i n e  s t ruc ture l  7. The Zeeman e f f e c t ,  i n  the f i rs t- order ,  



takes the form 

+ 
where gJ i s  a  complex func t ions  o f  molecular g- fac tors ,  the  r o t a t i o n a l  

quantum number, and f i n e - s t r u c t u r e  parameters. The gJ fac to rs  are  de- 

termined f o r  each r o t a t i o n a l  leve1 J. This f i r s t - o r d e r  c o r r e c t  i o n  i s  

c l e a r l y  not s u f f i c i e n t  accurate, and severa1 complicated h i g h e r - o r d e r  

cor rec t ions  a re  required.  Most o f  the  theory required t o  a n a l y z e  LMR 

-spectra was worked out  e a r l i e r  by Carr ington and co-workers and i s  

contained i r 1  the review by Carrington, Levy and ~ i l l e r " .  J. M. ~ r o w n ' ~  

and L. ~ e s e t h ~ ~ ' ~ ~  havc s ince developed more prec ise  formal isms. The 

high p rec i s i on  o f  the experimental data requires a  very d e t a i l e d  theor-  

e t i c a l  desc r i p t i on  o f  Zeeman e f f e c t  i n  a  molecular s t a t e  which i s  sub- 

j e c t  t o  both a complex f i n e  and a  hyperf ine  s t ruc ture ,  p a r t  i c u  l a r 1  y  

when a  s t rong magnetic f i e l d  i s  app l ied .  

The LMR-spectrometer cons is ts  essent ia l  l y  o f  a FI R -  l a s e r  

pumped by a  COz-laser, an electromagnet, and associated e lec t ron i cs  and 

vacuum equipment (Fig.1). The FIR- laser i s  a  symmetric n e a r - c o n f o c a l  

Fabry-Perot resonator, designed t o  conta in  the absorpt ion c e l l .  The ab- 

so rp t i on  c e l l  i s  separated from the ga in  cel  l by a  12.5pm polypropylene 

beamspl i t ter ,  set  a t  the  Brewster angle; the beamspl i t te r  can be ro ta ted  

about the  laser  ax i s ,  t o  provide para1 l e l  (v) and p e r p e n d i c u l a r  (a) 

p o l a r i z a t i o n  o f  the FIR- laser e l e c t r i c a l  f i e l d  r e l a t i v e  t o  the t rans-  

verse DC magnetic f i e l d ;  hence, e l e c t r i c  d i p o l e  t r a n s i t i o n s  w i t h  e i t h e r  

AM = O (v) o r  +1 (o) can be ~ e l e c t e d ~ ~ .  The ga in  c e l l  o f  the  FIR- laser 

i s  pumped by a  l ine- tunab le  C02 - I a s e r .  A  micrometer-driven m i r r o r  i s  

t r ans la ted  t o  se lec t  a  s i ng le  l ong i t ud ina l  mode o f  the des i r e d  laser  

l i n e .  An i n t r a c a v i t y  i r i s  diaphragm e l iminates  higher order  t ransverse 

modes. The detec t  ion volume i s  a  smal l reg ion (- 2  cm3) def  ined by the  

i n te rsec t i on  o f  the mutua l ly  perpendicular  FIR- laser beam, homogeneous 

magnetic f i e l d ,  and the sample f l o w  tube. Transient  species a r e  prod- 

uced i n  the detec t ion  volume by flames o r  DC discharges su i t a b l  e  i n -  

s t a l l e d  i n t o  the  i n t r a c a v i t y  absorpt ion c e l l .  

The f i r s t  d e r i v a t i v e  o f  the  laser  absorpt ion i s  observed be- 

cause an A .C .  magnetic f i e 1 d . i ~  superimposed on the  DC f i e l d  o f  t h e  

electromagnet, and phase s e n s i t i v e  (PSD) detec t ion  i s  emp loyed .  The 
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F i g . 1  - F a r - i n f r a r e d  l a s e r  m a g n e t i c  r e s o n a n c e  s p e c t r o m e t e r  

la rge s e n s i t i v i t y  enhancernent obtained w i t h  AC magnetic f i e l d  modu- 

l a t i o n  i s  necessary f o r  t h i s  experimental because  t h e  a t tenua t i on  o f  

the FIR- laser r a d i a t i o n  by absorpt ion o f  the  sample i s  genera l ly  on l y  a 

small f r a c t i o n  o f  the output  power. A NMR-gaussmeter i s  used t o  make 

magnet- f lux dens i ty  measurernents. 

The extremely h igh  s e n s i t i v i t y  o f  the  FIR-LMR technique re-  

s u l t s  from two p r i n c i p a l  f ac to rs :  1) Absorption strengths f o r  pure ro-  

t a t i o n a l  t r a n s i t i o n s  general l y  vary as vn w i t h  n = 1- 3,  depending on 

the  rnolecule 1 inewidth, and ternperature. 2) I n t racav i  t y  de tec t  ion pro-  

v ides a nonl inear enhancernent o f  1-50 over t h a t  determined f rom t he 

passive Q o f  the c a v i t y .  

An obvious extension o f  FIR-LMR i s  i n f r a r e d  LMR (IR-LMR) which 

uses CO(X = 5-7 pm) and CO,(X = 9-11 prn) lasers  as source. This exten- 

s ion  rnakes poss ib le  the  study o f  v i b r a t i o n - r o t a t i o n  and e1 e c t r o n i c  

spectra o f  atoms and molecules. The general arrangements o f  the  IR-LMR 



spectrometer a re  the same as those o f  a FIR-LMR spectrometer except f o r  

some f i ne r  d e t a i l s .  For example, the detec tor  must be appropr ia te  f o r  

wavelength regions X = 5-7 um and/or X = 9-11 um. Reference 23 presents 

a design fo r  t h i s  type o f  spectrometer. 

The s e n s i t i v i t y  o f  the  FIR-LMR spectrometer ( - 2 x 1 0 ~  molecules 

/cm3) Ref. 1 i s about 1-2 orders o f  magnitude higher than tha t  o f  I R-LMR 

spectrometer, but  these estimates a re  dependent on the p a r t i c u l a r  mol- 

ecu le  and ori the soph i s t i ca t i on  o f  the  apparatus. The reso lu t i on  o f  the 

IR-LMR spectrometer i s  determined by the dorn inant  s o u r c e  o f  l i n s  

broadening; t y p i c a l  Doppler widths and pressure broadening 1 i n e w i d t h s  

- are40-ISOMHz, and 2-ZOMHz, r e ~ ~ e c t i v e l ~ ~ ~ ,  whereas t h e  FIR-LMR 

spectrometer exh ib i  t s  0.5-5 MHz and 1-20 MH z f o r  these parameters. 

The ana lys is  o f  the spectra from IR-LMR i s  s i m i l a r  t o  t ha t  f o r  

FIR-LMR, but i s  g r e a t l y  s imp l i f i ed ,  s ince hyper f ine  s t r u c t u r e  i s  no t  

usua l l y  observed and the leve1 o f  p rec i s i on  i s  much less demanding. 

From reference 24, the  atoms and molecules studied up t o  1980 

by the  IR-LMR technique are: CR, Hg*, He*, NO, NO ,, NF,, HCO, DCO, NH,, 

ND,, PH2, H02, DO2, SeH, SeD, FO, CRO, B r O ,  S D ,  CRO,, SeO, NSe, S0, SO*, 

CH,, CH,O(?), ~ C 0 ( 7 ) ,  NCO. And now, must be i n c l u d e d :  K r  '' , x e Z 5 ,  
2 9 FO 2 6 ,  CF 27, HSO ", FOZ , CH, 3 0 ,  SiH, NCO 3 2 ,  SeD 3 3 ,  DO2 3 4 ,  

B r O  3 5 ,  NF, 3 6 ,  PD 3 7 ,  and NH, 3 8 .  

The h igh  s e n s i t i v i t y  o f  LMR-spectroscopy make i t  a powerful 

technique f o r  de tec t ing  molecular ions, t r ans ien t  atoms, and f r e e  rad- 

i c a l ~ .  The i r  shor t  l i f e - t i m e s  and small dens i t i es  observed i n  t he  lab- 

o ra to ry  were prev ious ly  formidable obstacles t o  t h e i r  discussion. The 

experiment o f  Sayka l ly  and ~ v e n s o n ~ '  demonstrated a su i t ab ie  way t o o b -  

t a i n  molecular ions in si tu w i t h  a DC glow discharge maintained ins ide  

the lasef  cav i t y ,  using a cooled solenoid magnet t o  prov ide themagnet ic  

f i e l d .  They were able t o  produce and detec t  f a r - i n f r a r e d  LMR-spectra of 

H B ~ '  and D B ~ *  ions: Later ,  o ther  ions, HCR+ and HF+ l 6  were produced 

and detected by the Sayka l ly  group a t  Berkeley us ing  a new design f o r  

the FIR-LMR-spectrometer, w i t h  an electromagnet instead o f  a solenoid, 

p rov id ing  the  advantage o f  la rge range o f  magnet i c  f i e l d  (- 2 T) and 

w i t h  the  p o s s i b i l i t y  o f  using both po la r i za t i ons  o f  the laser  rad ia t ion .  
+ I n  the  case o f  the molecular ion HF , the FIR-LMR-technique was ab le  t o  

provide a spectrum w i t h  both the F-hyperf ine and H- hyper f ine  s t r u c t u r e  

resolved . 



F i g u r e  2  shows t h e  FIR-LMR spectrum o f  t h e  r o t a t i o n a l  t r a n -  

s i t i o n J P 3 / 2 + 5 / 2 ,  M J = - 3 / 2 - + - 1 / 2 ,  o f  t h e s t a t e  ~ ~ f l ~ / ~  o f  t h e  
+ 

mo lecu la r  i o n  H F  , tuned i n t o  resonance w i t h  t h e  122.4 pm (CH2F,) l i n e  

o f  t h e  F IR- laser  by t h e  maqnetic f i e l d .  The s p l i t t i n g  due t o  lambda- 

-doub l ing  o f  t h e  e l e c t r o n i c  s t a t e  and t h e  l a r g e  F- hyper f ine  i n t e r s e c -  

t i o n s  a r e  i n d i c a t e d .  The sn ia l le r  f o u r  doub le ts  s p l  i t t i n g  a r e  due t o  t h e  

h y p e r f i n e  i n t e r a c t i o n s  o f  the H-nucleus. 

From measurements o f  t h e  magnet ic  f i e l d  and t h e  l a s e r  f r e -  

quency i t  i s  p o s s i b l e  t o  determine t h e  v a l u e  of t h e  mo lecu la r  c o n s t a n t s  

through a  n o n- l i n e a r  l e a s t  squares a n a l y s i s .  The u n c e r t a i n t i e s  r e s u l t  

f rom a  l a s e r  frequency u n c e r t a i n t y  o f  20.5 MHz and an uncer t a  i n  t y  i n  

t h e  magnet ic  f l u x  d e n s i t y  nieasurements o f  about  0.5 G a t  v a  l u e s  l e s s  

than 10 KG and about 2G a t  va lues  above 10 KG. 

+ F i g . 2  - The HF+ spectrum recorded w i t h  t h e  1 2 2 . 5 ~ 1 ~  CH2F, l a s e r .  ! i F  was 
generated i n  a  60Hz d ischarge  o p e r a t i n g  wi  t h  500V and 9mA (r.m.s.values) 
i n  94Pa o f  h e l i u m  c o n t a i n i n g  a  t r a c e  o f  HF. 



+ 
G i v e n  the recent success w i t h  the  molecular ions HBr , HCR+, 

+ 
HF and o ther  isotopes o f  t he  Group V I 1  o f  t he  Table o f  t h e  Elements, 

the ions H I* i s  a natura l  candidate f o r  a LMR search. Th is  search, un- 

successful u n t i l  now, i s  c e r t a i n l y  due t o  the  lack  o f  good o p t i c a l  data 

f o r  the molecular constants necessary t o  p r e d i c t  t he  coincidences be- 

tween t r a n s i t i o n s  and the  fa r- in f ra red  lasers .  

Radio-astronomical observations, have been extended i n t o  the  

fa r - in f ra red  region40,41.  Such i r i ves t iga t ions  requ i re  anaccurate knowl- 

edge o f  the frequencies o f  t r a n s i t i o n s  o f  the  exc i t ed  s ta tes  o f  atoms 

and molecules. Th is  accuracy can be obtained from LMR measurements. The 

discovery o f  atomic carbon4' i n  Or ion was made poss ib le  fromLMR measur- 

ements of C which y ie lded a prec ise  value o f  the  f i n e - s t r u c t u r e  separ- 

a t i 0 1 - 1 ~ ~ .  As the nuclear sp in  o f  the '*C isotope i s  zero, t h e  g r o u n d  

e l e c t r o n i c  s t a t e  has no hyper f ine  spectra t ha t  can be d e t e c t e d  by  

radioastronomy. 

Chemical processes tak ing  place i n  the e a r t h ' s  atrnosphere a re  

o f  importante i n  many ways, i nvo l v ing  a i r  p o l l u t i o n ,  communications and 

meteorology. The i d e n t i f i c a t i o n  o f  some chemical species present i n  the  

e a r t h ' s  atmosphere and the  measurements o f  t h e i r  abundance as func t i on  

o f  t ime i s  important i n  the  study o f  there  problems. I t i s a p p a r e n t  

from recent research tha t  ions have important ro les  i n  the nuc leat ion  

process tha t  lead t o  soot f ~ r m a t i o n ~ ~ ;  hence a cognizance o f  i o n i c  

p r o p e r t i e s  and reac t ions  w i l l  be useful i n  the  design of energy-ef- 

f i c i e n t  and p o l l u t i o n - f r e e  combustion systerns. 

SUMMARY 

From a LMR-spectrum we can d i r e c t l y  ob ta in  a c c u r a t e  values 

f o r  the r o t a t i o n a l  constants, c e n t r i f u g a l  d i s t o r t i o n s ,  hyper f ine  con- 

s tan ts ,  lambda-doubling constants, e lec t ron  sp in- ro ta t i on  c o n s t a n t s ,  

quadrupole coupl ing parameters, and molecular g- fac tors .  I n  add i t i on ,  

measurements o f  cross- spin t r a n s i  t ions (Afi # O) d i r e c t l  y determine the 

sp in- orb i  t parameter and the sp in- sp in  parameter f o r  s t a t e  w i t h  s 21 4 4 .  

Once these parameters are  determined, i n t ima te  d e t a i l s  o f  the geometri- 

Cal and e l e c t r o n i c  s t ruc tu res  o f  the molecules are  revealed. 

The h igh  s e n s i t i v i t y  and r e s o l u t i o n  a t t a i n a b l e  b y  t h e  LMR 

technique make i t  app l i cab le  t o  the study o f  very reac t i ve  species;how- 



ever, t h e r e a r e  l i m i t a t i o n s :  a) t r a n s i t i o n s  t o  be s tud ied m u s t  have  

Zeeman e f f e c t s  la rge enough t o  b r i ng  them i n t o  resonance w i t h  l a s e r  

l ines; b) f o r  Hund's case (a) d iatomic and l inear pol yatomic molecule5 

the Zeeman e f fec t  r a p i d l y  decreases w i t h  the increase o f  r o t a t  i o n a l  

quantum number. When the e lec t ron  sp in  i s  decoupled by l a r g e  Zeeman 

f i e l d s  from the molecular frarnework, as i n  case (b) molecules, e l e c t r i c  

d ipo le  t r a n s i  t ions t o  be observedk5. 

Another l i m i t a t i o n  i s  the number o f  f a r - i n f r a r e d  laser  l i n e s  

ava i lab le ,  which l i m i t s  the p o s s i b i l i t i e s  o f  coincidence w i t h  re levant  

molecular t r a n s i t i o n s ;  i t  must be noted tha t  the FIR l a s e r t e c h n o l o g y i s  

i n  a stage o f  s t rong development, and much e f f o r t  i s  being expended i n  

the development o f  tunable FIR laser  sources. Hence LMR should become 

an even more powerful to01 f o r  i nves t i ga t i ng  t rans ien t  species i n  the 

fu tu re .  

CAF expresses h i s  g r a t i t u d e t o a  CNPq fe l l owsh ip  which enabled 

him t o  p a r t i c i p a t e  w i t h  the research group under the guidance o f  Pro- 

fessor R.J. Sayka l ly .  
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Resumo 

A técnica de ressonância magnética com Iaser (LMR) perm i t e -  
-nos estudar espectroscopia de a l  ta- reso l  ução de espécies paramagnêt i - 
ca de t ransição,  a saber, ãtomos,radicais e ions moleculares. Este a r -  
t i g o  é uma breve exposição do mêtodo, descrevendo os pr inc íp ios , ins-  
trumentação e apl icação do LMR na região do infravermel ho e i n f ra- ve r -  + melho longinquo, apresentando resul tados para o ion molecular HF . 


