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POLARIZAT ION OF STABLE AND RADIOACTIVE  NOBLE GAS NUCLEI  BY S P I N  

EXCHANGE WITH LASER PUMPED A L K A L I  ATOMS 

W. Happer 

Department o f  Physics, Princeton University, Princeton, NJ 08544, U.S.A. 

Resume - Les noyaux des gaz r a r e s  peuvent Etre  fortement po la r i ses  par  dchan- 
ge de sp in  avec des vapeurs a l c a l i n e s  suffisamment denses e t  polar iskes par  
pompage optique. Seule une f a i b l e  f r a c t i o n  du moment angulaire  de spin des 
atomes a l c a l i n s  e s t  t rans fe ree  vers  l e  sp in  nuc lea i re  des atomes de gaz r a r e .  
La plus  grande p a r t i e  de ce moment d i s p a r a i t  dans l e  mouvement r e l a t i f  de 
l 'atome a l c a l i n  par  rapport  2 l 'atome de gaz ra re .  Pour l e s  gaz r a r e s  lourds, 
l a  plus  grande p a r t i e  du t r a n s f e r t  de moment angulaire  a l i e u  dans l a  mole- 
cule  de Van der Waals formee par l e  couple alcalin-gaz r a r e .  L ' e f f i c a c i t b  de 
ce t r a n s f e r t  e s t  determinee par  l e  taux de formation e t  de des t ruc t ion  des 
mol6cules de Van der  Waals dans l e  gaz ambiant. Nous avons dbveloppe des 
mgthodes experimentales de mesure de l V e f f i c a c i t 6  du t r a n s f e r t  du spin.  Des 
noyaux de gaz r a r e s  r a d i o a c t i f s  on t  6 tb  p o l a r i s e s  par  ces  mgthodes e t  l a  
po la r i sa t ion  a 6tB de tec tee  g r l c e  2 l l a n i s o t r o p i e  des ~ r o d u i t s  de l a  d6sin- 
t egra t ion  radioact ive.  Nous en avons dkduit des valeurs  t r e s  p rec i ses  des 
moments magnetiques des noyaux r a d i o a c t i f s .  

Abstract - The nuclei  of noble gases can be s t rongly polar ized by spin ex- 
change with s u f f i c i e n t l y  dense o p t i c a l l y  pumped a l k a l i  vapors. Only a small 
f rac t ion  of t h e  sp in  angular momentum of t h e  a l k a l i  atoms is  t r a n s f e r r e d  t o  
t h e  nulcear spin of t h e  noble gas. Most of t h e  spin angular momentum is  l o s t  
t o  t r a n s l a t i o n a l  angular momentum of t h e  a l k a l i  and noble gas atoms about 
each other. For heavy noble gases most of t h e  angular momentum t r a n s f e r  
occurs i n  alkali-noble-gas van der Waals molecules. The t r a n s f e r  e f f ic iency  
depends on t h e  formation and breakup r a t e s  of t h e  van der Waals molecules i n  
t h e  ambient gas. Experimental methods t o  measure t h e  spin t r a n s f e r  e f f ic ien-  
c i e s  have been developed. Nuclei of radioact ive noble gases have been polar- 
ized by these  methods,-and t h e  po la r iza t ion  has been detected by observing 
t h e  anisotropy of t h e  rad ioac t ive  decay products. Very prec i se  measurements 
of t h e  magnetic moments of t h e  radioact ive nuclei  have been made. 

In 1960 Bouchiat Carver and Varnuml showed t h a t  it w a s  possible  t o  t r a n s f e r  sp in  
angular momentum from o p t i c a l l y  pumped Rb vapor t o  t h e  nuclei  of 3 ~ e  buf fe r  gas by 
co l l i s ions .  Unfortunately, t h e  t r a n s f e r  r a t e s  were very slow and many hours were 
required t o  bui ld up de tec tab le  nuclear spin po la r iza t ion  i n  3 ~ e .  Some 18 years  
l a t e r   rover^ reported t h a t  t h e  spin t r a n s f e r  r a t e s  from o p t i c a l l y  pumped Rb vapor 
t o  t h e  nuclei  of t h e  heavy noble gases 1 2 9 ~ e  and 8 3 ~ r  were many orders of magni- 
tude f a s t e r ,  and s u b s t a n t i a l  nuclear  sp in  po la r iza t ion  could be b u i l t  up i n  a few 
minutes of o p t i c a l  pumping i n  favorable  cases. 

Once t h e  noble gas nucleus is  spin polar ized it can r e t a i n  i t s  po la r iza t ion  f o r  a 
very long t ime,  hours o r  even days i n  c e l l s  with properly t r e a t e d  walls. Such 
slowly relaxing spins can be used t o  make very prec i se  measurements of small terms 
i n  t h e  spin Hamiltonian of t h e  noble gas. For example, i f  t h e  relaxat ion time is  
one hour and t h e  s i g n a l  t o  noise r a t i o  is 100, one can measure t h e  resonance fre-  
quency t o  a s t a t i s t i c a l  uncertainty of r1 x ( 1  hr ) - I  x ( loo)- '  = 1 v  Hz. Thus, 
one can e a s i l y  sense t h e  ro ta t ion  r a t e ,  11.6 Hz, of t h e  e a r t h ,  and se r ious  e f f o r t s  
have been made t o  develop commercial gyroscopes based on sp in  polar ized noble gas 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985125

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1985125


C1-262 JOURNAL DE PHYSIQUE 

nuclei.  Small upper bounds on t h e  e l e c t r i c  dipole  moment of t h e  12'xe nucleus 
have been s e t  by looking f o r  some inf luence of an ex te rna l  e l e c t r i c  f i e l d  on t h e  
nuclear magnetic resonce frequency.4 There a r e  o ther  i n t e r e s t i n g  uses of spin 
polar ized noble gases i n  nuclear physics a s  t a r g e t s  f o r  s c a t t e r i n g  experiments and 
a s  highly polarized sources of radioact ive atoms. I n t e r e s t i n g  s tud ies  of surface 
i n t e r a c t i o n s  a r e  possible. It would probably be possible  t o  l i q u i f y  o r  f reeze 
some of t h e  heavy noble gases without much l o s s  of po la r iza t ion ,  and very in te r -  
e s t i n g  sp in  i n t e r a c t i o n s  could be expected i n  these  highly polar ized,  condensed 
nuclear spin systems. 

An important reason f o r  t h e  l a r g e  enhancement of t h e  spin t r a n s f e r  r a t e s  between 
o p t i c a l l y  pumped a l k a l i  atoms and heavy noble gases is t h e  contr ibut ion of loosely 
bound alkali-noble-gas van der  Waals molecules t o  t h e  spin re laxa t ion ,  a  phenome- 
non f i r s t  discovered by Aymar, Bouchiat and ~ r o s s e l . ~  The nature of t h e  interac-  
t i o n  is indicated i n  Fig. 1 

Fig. 1 - Alkali-noble gas 
van der Waals molecules a r e  
formed i n  three-body c o l l i s i o n s  
a t  a  r a t e  of T ~ - ~  per a l k a l i  
atom and TK-I per  noble gas 
atom. They a r e  broken up a t  
a  r a t e  T-I by c o l l i s i o n s  
with other  atoms or molecules. 
Angular momentum can be 
t rans fe r red  from t h e  a l k a l i  
e lec t ron  spin S t o  t h e  nuclear 
spin K of t h e  noble gas atom 
during t h e  r e l a t i v e l y  long 
molecular l i f e t i m e  T. 

: X e  ; '--> 
1 I 

>N~( 
I I '.-.' 

To inves t iga te  t h e  physics of t h e  sp in  t r a n s f e r  i n  van der Waals molecules we have 
made use of the  apparatus7 sketched i n  Fig. 2. 

CHART 
RECORDER 

LOCK-IN 

7 I 
U) 

REFERENCE (42  KHz) I 

Fig. 2 - The apparatus used t o  study spin t r a n s f e r  between a l k a l i  atoms and noble 
gas molecules. CP i s  a c i r c u l a r  po la r ize r ;  P i s  a l i n e a r  po la r ize r  used i n  con- 
junct ion with t h e  photoelast ic  modulator t o  detect  c i r c u l a r l y  polar ized l i g h t ;  4 
i s  a  compensator p l a t e  t o  n u l l  out s t r a y  c i r c u l a r  po la r iza t ion  during t h e  probe 
phase. 



For systematic s tudies  of spin t r a n s f e r  t o  1 2 9 ~ e  we pre fe r  not t o  use a  l a s e r ,  
but instead t o  use a  t r a d i t i o n a l ,  qu ie t  and inexpensive e lec t rode less  discharge 
lamp.8 Laser pumping i s  e s s e n t i a l  f o r  s tud ies  of other  noble gas isotopes and 
espec ia l ly  f o r  s tud ies  of radioact ive isotopes. Each c i r c u l a r l y  polar ized D l  

photon absorbed by t h e  vapor deposi ts  approximately 9 u n i t s  of angular momentum 

i n  the  a l k l a i  atoms. A c e r t a i n  f r a c t i o n  of t h i s  angular momentum is t rans fe r red  
t o  the  nuclei  of t h e  noble gases,  mainly during t h e  l i f e t i m e  of van der Waals 
molecules sketched i n  Fig. 1. The l a r g e s t  p a r t  of t h e  angular momentum i s  l o s t  
t o  3 , t h e  r o t a t i o n a l  angular momentum of an alkal i -noble gas p a i r  about each 
other. The spin t r a n s f e r  r a t e s  a r e  so slow t h a t  we ord inar i ly  wait f o r  10 or  15 
minutes f o r  equilibrium nuclear po la r iza t ion  t o  be establ ished i n  t h e  noble 
gases. Once t h e  spins a r e  polar ized we remove t h e  c i r c u l a r  po la r ize r  from t h e  
input  op t ics  of Fig. 2 so t h a t  unpolarized D l  l i g h t  en te rs  t h e  c e l l .  During t h i s  
probe phase, spin angular momentum flows back from t h e  noble gas nuclei  t o  t h e  
e lec t ron  spins of t h e  Rb atoms and a  small amount of spin po la r iza t ion  is main- 
ta ined i n  t h e  a l k a l i  vapor. This a l k a l i  po la r iza t ion  i n  tu rn  induces a  weak 
c i r c u l a r  po la r iza t ion  of t h e  probe l i g h t  which is  detected with t h e  photoelast ic  
modulator. To el iminate  t h e  e f f e c t s  of slow d r i f t s  i n  t h e  e l e c t r o n i c  ampl i f ie r s  
and i n  t h e  thermally-induced po la r iz ing  proper t i es  of t h e  o p t i c a l  elements we 
per iod ica l ly  inver t  t h e  noble gas po la r iza t ion  with a  chirpped audiofrequency 
pulse. Representative s igna ls  a r e  shown i n  Fig. 3. 

Fig. 3 - Decaying 1 2 9 ~ e  nuclear spin 
po la r iza t ion  observed i n  K ,  Rb and C s  ;; 
vapor. The nuclear po la r iza t ion  is 5 
inverted per iod ica l ly  t o  el iminate  a 

t h e  e f f e c t  of slow d r i f t s  i n  t h e  e u - 
recording system. By using d i f f e r e n t  
i n t e r v a l s  between inversions the  

0 
k 

s l i g h t  spin destruct ion per inversion &' 
(7 1%) can be accounted for .  -a 

J 0 

e 
W 

u' 
Z 

X 

"d 

Decay t r a n s i e n t s  such a s  those of Fig. 3 can be s tudied a s  a  funct ion of t h e  
temperature of t h e  sample c e l l .  We f ind  t h a t  t h e  nuclear spin relaxat ion r a t e  is 
a  l i n e a r  function of t h e  a l k a l i  number densi ty a s  in fe r red  from sa tura ted  vapor 
pressure curves. Representative data  is shown i n  , I_il Fig. 4. 

Fig. 4 - Spin relaxat ion of 1 2 9 ~ e  a s  a  func- 13 - - -CELL#33  luncootedl 

t i o n  of a l k a l i  number density. The wall- 
coated c e l l  contained 14.9 Torr of N2 and t h e  ,, 
uncoated c e l l  contained 21 Torr of N2. Both ,, 
c e l l s  contained 0.5 Torr of Xe, i s o t o p i c a l l y  1 

enriched t o  63% l2'xe. 9 
/ 



Cl-264 JOURNAL DE PHYSIQUE 

The extrapolated r a t e  a t  zero a l k a l i  densi ty  is  due t o  spin i n t e r a c t i o n s  on t h e  
c e l l  walls.  This wal l  re laxa t ion  can be s i g n i f i c a n t l y  suppressed with s i l i c o n e  
coatings. l o  

The measured re laxa t ion  r a t e s  depend on t h e  third-body pressure a s  one would 
expect from t h e  physical  p i c t u r e  sketched i n  Fig. 1. A t  low third-body pressures  
t h e  r a t e s  a r e  slow because t h e  molecules form t o o  slowly. A t  high third-body 
pressures  t h e  r a t e s  a r e  again slow because t h e  molecules a r e  broken up too  quick- 
ly .  An example of t h e  dependence of t h e  r a t e s  on t h i r d  body pressure is  shown i n  
Fig. 5. 

5 - Measured spin re laxa t ion  r a t e s  of 
e i n  various a l k a l i  vapors a s  a funct ion 

of nitrogen pressure. A l l  r a t e s  a r e  given 
f o r  an a l k a l i  number densi ty of 1012 
atoms/cm2 a s  in fe r red  from sa tura ted  vapor 
pressure curves. 9 -: :, 

:oLoo NITROGEN PRESSURE ( torr )  

The re laxa t ion  r a t e  a l s o  depends s t rongly on t h e  magnitude of t h e  ex te rna l  magne- 
t i c  f i e l d  i n  which t h e  sample c e l l  is located. An example is  shown i n  Fig. 6 .  

Fig. 6 - Slowing down of t h e  re laxa t ion  r a t e  
of 12'xe i n  8 7 ~ b  vapor i n  an ex te rna l  magne- 
t i c  f i e l d  H. The r a t e s  a r e  normalized t o  
t h e i r  low-field values. 

$ Magnetic Field H (Gauss) 
Z 

The slowing down of t h e  nuclear spin re laxa t ion  occurs f o r  t h e  same reason a s  t h e  
slowing down of t h e  e lec t ron ic  sp in  re laxa t ion  of Rb i n  various buf fe r  gases 
f i r s t  observed and explained by Bouchiat e t  a l .  l1 The magnetic f i e l d  decozples 
t h e  e lec t ron ic  spin 5 of t h e  Rb atom from t h e  r o t a t i o n a l  angular momentum N i n  
t h e  long-lived van der Waals molecules. 

The simplest spin Hamiltonian which is cons i s ten t  with present ly known data  on 
sp in  re laxa t ion  and spin t r a n s f e r  i n  mixtures of a l k a l i  vapors and noble gases 
is 



The physical  s ign i f icance  of t h e  various angular momentum vectors  of (1 )  is 
i l l u s t r a t e d  i n  Fig. 7 .  

A 

B 
Fig. 7 - A vector  model of t h e  spin coupling 
of Eq. 1. The spin r o t a t i o n  frequency i s  wl 
= yN/h and t h e  e lec t ron  Larmer frequency i n  
t h e  ex te rna l  f i e l d  is  w,,. The Breit-Rabi 
parameter of Eq. 1 is x = $. The s t a t i s -  
t i c a l  weight of the  a l k a l i  nucleus is [ I ]  = 
21+1. 

+ 
The e lec t ron ic  spin S of t h e  a l k a l i  atom i n  t h e  molecule i s  coupled t o  t h e  

9 + 
nuclear spin I of t h e  a l k a l i  atom by t h e  magnetic dipole  in te rac i ton  AI-S. The+ 

e lec t ron  spin of t h e  a l k a l i  i s  a l s o  coupled tz  :he r o t a t i o n a l  angular mymenturn N 

of t h e  molecule by spin-rotaton i n t e r a c t i o n  yN*S. The nuclear spin of K of t h e  
noble gas atom is cou$l$d t o  t h e  e lec t ron  spin of t h e  +alkali by t h e  magnetic 

dipole  i n t e ~ a c q i o n  aAK*S. An ex te rna l  magnetic f i e l d  B couples t o  t h e  magnetic . . 
moments of  S, I and K a s  shown i n  ( 1 ) .  The g fac tors  g1 and g~ w i l l  be some 
t h r e e  orders of magnitude smaller  than gs. A l l  of t h e  coupling c o e f f i c i e n t s ,  
A ,  y, a..., w i l l  depend somewhat on t h e  v ibra t iona l  and r o t a i t o n a l  s t a t e  of t h e  
van der4waals molecule o r  on t h e  in te rnuc lear  separat ion and ve loc i ty  of an 
unbound c o l l i d i n g  pa i r .  

By systematical ly  inves t iga t ing  t h e  spin relaxat ion i n  various a l k a l i  noble gas 
p a i r s  with t h e  methods out l ined above we have been a b l e  t o  determine t h e  key 
parameters which govern t h e  spin t r a n s f e r  r a t e s  i n  a number of a lkal i -noble gas 
systems. For example, f o r  8 7 ~ b  lZ9xe we f ind 

Breit-Rabi parameter: x = = 3.1(3) 

Pressure-lifetime product: T ~ ( N ~ )  = 1.5 ( 2 ) x 1 0 - ~  sec Torr 

3-Body formation r a t e :  = 4 . 8 ( 5 ) ~ 1 0 - ~ ~ c m ~ s e c - ~  
TKIRbl [NZI 

Spin-rotation coupling: = 110(10) MHz 

We have recen t ly  extended these  po la r iza t ion  methods t o  rad ioac t ive  Xe isotopes. 
Our apparatus is shown i n  Fig. 8. 
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Fig. 8 - The apparatus used 
t o  po la r ize  rad ioac t ive  Xe 
isotopes. P.H.A. is  a pulse H e l m h o l z  Coils 
height  amplif ier .  

509  D y e  

Pyrex sample c e l l s ,  12 mm i n  diameter were prepared by d i s t i l l i n g  a small amount 
of 8 7 ~ b  metal i n t o  t h e  c e l l s  and adding about 10 II C i  of radioact ive 1 3 3 ~ e  along 
with' t r a c e s  of 131mxe and 133m~e.  The isotopes were purchased from t h e  
General E l e c t r i c  Company i n  g l a s s  ampules. About 50 Torr of N p  gas was a l s o  
added t o  t h e  c e l l  t o  serve as a t h i r d  body and t o  quench t h e  fluorescence of 
l a s e r  exci ted atoms. The c e l l  was heated t o  a temperature of 150°C t o  provide 
adequate spin exchange rates .  A t  these  temperatures t h e  c e l l  is some 100 o p t i c a l  
depths t h i c k  so  l a s e r  o p t i c a l  pumping is  e s s e n t i a l  t o  burn through t h e  vapor and 
maintain high a l k a l i  spin po la r iza t ion .  A l i thium-drif ted germanium de tec tor  was 
used t o  detect  gamma rays, and when t h e  Xe nuclei  were spin polar ized t h e  s p a t i a l  
d i s t r i b u t i o n  of t h e  gamma rays changed. Thus we could use t h e  changes i n  t h e  
an i so t rop ic  gamma rad ia t ion  t o  de tec t  nuclear magnetic resonance i n  t h e  radioac- 
t i v e  Xe atoms. An example of such a reesonance is  shown i n  Fig. 9. 

Fig. 9 - Nuclear resonance 
of  131mxe observed with o 
t h e  apparatus of Fig. 8. " 

OJ 
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E I I t I I 
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c3 2 94 295 2 96 

F r e q u e n c y  ( H E )  

The excel lent  s i g n a l  t o  noise r a t i o  of Fig. 9 shows t h a t  spin exchange l a s e r  
pumping of radioact ive noble gas nuclei  is a promising experimental t o o l  which 
w i l l  be usefu l  i n  many other  experiments. 

This work was supported by t h e  U.S. A i r  Force Office of S c i e n t i f i c  Research under 
g ran t  M O S R  81-0104-C 
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