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Almost all the numerous applications of the method 
of double radio-optical  resonance, intensively devel- 
oped in recent  years,  are very closely connected with 
the problem of increasing the longitudinal relaxation 
time of the system. This problem is solved by i n v e s -  
tigators in two ways. The first  consists in the choice 
of optimum buffer components with a small effective 
disorientation cross  section that impede contact be- 
tween the oriented atoms and the cell wall. The second 
consists in the use of organic inhibitors (chiefly long- 
chain hydrocarbons) deposited internally on the cell 
wall. 

So far  no one has proposed a satisfactory theory 
capable of taking account simultaneously of the effect 
on relaxation time of both the buffer gas charac ter -  
istics and those of the surface inhibitor, although the 
need for such a theory is perfectly obvious. The 
authors of the present paper have already taken a 
~first step in this direction [1] ;however, the inadequacy 
of the experimental data did not then permit  prQgress 
beyond purely empirical  s t ructures .  As a resul t  of 
the appearance of the interesting papers by Brewer 
[2-4], it is now possible to return to this question on 
a new basis ,  

In solving in [1] the problem of the diffusion of 
oriented atoms in a cylindrical or spherical cell it 
was found that the process  of "dark" longitudinal 
relaxation is characterized in the general case by a 
matrix whose elements have the form 

a) cylindrical cell (length L, radius a) 

'%.= -/~-D o p~-i-~-2 ( 2 n - - l ) 2 + N o ~ o o v  ; (1) 

b) spherical cell (radius R) 

+ N o P o v  . 
P Po 

(2) 

Here Do is the diffusion coefficient of oriented 
atoms relative to the atmospheric pressure  of the 
buffer gas P0 (or of the density N0}, a is the effective 
cross  section of the disorientating collisions, v" is 
the .mean relative velocity of the colliding atoms, p 
is the working pressure  of the buffer gas in the cell, 
and /Zm. are the successive roots of the equation 

Jo q,,,,a) = 0. (3) 

The parameter  T which appears in (1) and (2) 
represents the probability of disorientation resulting 
from the collision of an atom with the wall. If no 

surface inhibitor is used, it is safe to assume that T = 
= 1. Instead of ~ the corresponding probability 7' 
may also be introduced by putting y '  = r where 
~0 is the gas-kinetic c ross  section for the collision 
of buffer gas atoms. It should be noted that T and y '  
are of substantially different orders  of magnitude; the 
ratio of them, T/Y', may vary between 105 and 103 [3, 5], 
depending on thc type of buffer gas and inhtbotor. 

The investigations of Bernheim [16] and McNeal 
[7], which established the third-power dependence of 
a on the atomic number of the buffer component, and, 
in particular, the refined experiment by Brewer with 
ordinary and heavy molecular hydrogen [2] all indic- 
ate convincingly enough that spin-orbital interaction 
is the main "disorientating mechanism" within the 
cell. As for the interaction of an oriented atom with 
a surface protected by an inhibitor, it follows from 
[3, 4] that the chief difficulties in calculation may 
be avoided by reducing the calculation to determining 
the mean time At of contact of the atom with the 
surface molecular layer.  2his time may also be 
expressed by the number of vibrations of the atom 
in a potential well of predetermined depth [8]. 

The probability ~/' is proportional to the square of 
the matrix element of the "effective" Hamiltonian ~I: 

"C~l<O~l~lO~>l :, (4) 

where o~ and fl are the initial and final spin states of 
the oriented atom [6]. 

The theory developed by Van Vleek [9] enables us 
to distinguish two main components of H, which it is 
convenient to maintain in (4). The principal contri-  
bution to the interaction is made by the term }I1, due 
to the movement of the nuclei with coordinates r K 
relative to the center of mass of the adjacent atoms 
and the moment of inertia I, 

Here rj and Sj are the radius vector and spin of 
the j-th electron (relative to the center of mas~), 
ZKe is the nuclear charge, J = 10~ is the rotational 
angular moment, g and ~ are respectively the Lande 
factor and the Bohr magneton. 

In the second approximation account must be taken 
of the electron part  of the interaction containing the 

cross  term ~ / ; J ,  where lj = mj lrjVA. 
l - ' r -  

J 

This term relates to the fact that the rotational en- 
ergy of the "quasimolecule n formed by the collision 
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of the a t o m s  is  in fact  p r o p o r t i o n a l  not to j2 but  to 
(J - L) 2. F u r t h e r ,  by us ing  the o r d i n a r y  f o r m u l a  
of p e r t u r b a t i o n  t heo ry  and Van V l e c k ' s  p r o p o r t i o n -  
a l i ty  t h e o r e m , *  we obta in  

X 

, < e E % ~  n]l. lO J S ~  x 
- h: . ~ , ~  

. . ,,>., t,-,,,) l-'i 

E,,. - /4 ,  

(6) 

where  the  s u m m a t i o n  i s  c a r r i e d  out with r e s p e c t  to 
a l l  exc i t ed  s t a t e s  n of the  i n t e r a c t i n g  a toms .  

Thus, by wr i t i ng  the Hami l ton i an  tt in the f o r m  

A A A 

H = H~ -L H,, (7) 

and subs t i tu t ing  (7) in (4), i t  i s  p o s s i b l e  in  p r i n c i p l e  
to f ind 3" wi thin  the f r a m e w o r k  of n o n s t a i i o n a r y  p e r -  
t u rba t i on  t h e o r y .  

F o r  our  p u r p o s e s ,  however ,  the d i r e c t  method of 
ca l cu l a t i on  given h e r e  can  h a r d l y  be r e g a r d e d  as  
jus t i f ied ,  s ince  the change f r o m  3" to 7 in a c c o r d a n c e  
with B r e w e r ' s  hypo thes i s  l eads  in p r a c t i c e  to an 
insuf f i c ien t  d e g r e e  of a c c u r a c y .  Consequen t ly  i t  i s  
convenien t  to use  the method  p r o p o s e d  by  B e r n h e i m  
[6], i n t roduc ing  the e f fec t ive  magne t i c  f ie ld  H' ( t )  
which i n t e r a c t s  with the m o m e n t  p of the o r i en ted  
a tom in a c c o r d a n c e  with the Gauss  law 

1~ H '  if) = }~ H exp  (-- t-'/(ato)='), (8)  

where  At  0 is  the  mean  c o l l i s i o n  t i m e .  
In the f i r s t  o r d e r  of p e r t u r b a t i o n  t h e o r y  we have 

i - .i 0 } 1 I  ~ ( t ' ) l O ~ . ) e x p ( i , , / t ' ) d t '  

[ l j' ,(O[a ~ / - / I 0 a ) e x p  i to ' t '  \• 
- . c o  

:-~- -'-:- ~--~" H3 (~ t~ (9) 
h 2 

In f u r t he r  e s t i m a t e s  of the f ie ld  s t r eng th  H it is  
p o s s i b l e  to take  va lues  c o r r e s p o n d i n g  to hype r f ine  
i n t e r a c t i o n ;  the concep t  of B e r n h e i m ' s  method i s  
a l so  inc luded  in th i s .  

Le t  us now tu rn  to the  p r o b a b i l i t y  T. Acco rd ing  to 
[3] i t  i s  n e c e s s a r y  to  put 

,,' ~ {: \ 2  
. . . . .  ~ z _Z':'_ ) (10) i ' \ ' 5.& 

*Detai ls  of the ca l cu l a t i ons  can  be found in the 
monograph  by A. Abraham,  Nuc l ea r  M a g n e t i s m  
[Russ ian  t r a n s l a t i o n ]  Chap.  6, IL, Moscow, 1963. 

where  the c o r r e c t i o n  f ac to r  x i s  in t roduced  for  the 
p u r p o s e  of s i m u l a t i n g  the s u r f a c e  poten t ia l  well  with 
the he lp  of s e v e r a l  a toms  of the buffer  gas  ; B r e w e r ,  
in p a r t i c u l a r ,  t a k e s  x = 4. If ~ is  the p e r i o d  of v i -  
b r a t i o n  of an a tom in the po ten t ia l  well,  then f rom 
F r e n k e l ' s  we l l -known f o r m u l a  [10] 

.Xt .... ~ e x p  (E, ;leT), (11) 

whe re  E a is  the a d s o r p t i o n  e n e r g y  and T is the t e m p -  
e r a t u r e  of the ce l l  wal l .  Thus, t ak ing  account  of (9) 

"~i z/-] y e x p  -; = r, ' ' (2t! ' ,  K T )  - t (12) 

We wil l  make  a s i m p l e  e s t i m a t e  by put t ing # = 
= 10-2~  ~ = 10 -12 sec ,  x = 5, H = 10G, Ea = 
= 0.1 eV, T = 350 ~ K. Subs t i tu t ing  these  va lues  in 
(12) g ives  ,/ -- 1.5 • 10 -2, which c o r r e s p o n d s  to t yp i ca l  
e x p e r i m e n t a l  cond i t ions .  The spec i f i c  p r o p e r t i e s  of 
the i nh ib i to r  ma in ly  e n t e r  in to  7 th rough  the p a r a m e t e r  

and a l so  to  a l e s s e r  d e g r e e  th rough  ~ and E a .  
In i nves t i ga t i ng  the r e l a x a t i o n  c h a x a c t e r i s t i c s  of 

a s y s t e m  of op t i ca l l y  o r i e n t e d  a toms ,  account  m u s t  
be taken  of the m a r k e d  dependence  of 3' on T which 
e m e r g e s  f r o m  f o r m u l a  (12). This  in p a r t i c u l a r  f o r c e s  
us to r e c o n s i d e r  FranzenTs conc lus ions  [11] r e l a t i n g  
to the change in longi tud ina l  r e l a x a t i o n  t ime  with 
concen t r a t i on  of o r i en t ed  a toms ,  s ince  in  th i s  e x p e r i -  
ment  a p r o t e c t i v e  coa t ing  of t e t r a c o n t a n e  was used .  
I t  i s  a l so  e s s e n t i a l  to  b e a r  in  mind tha t  F r e n k e l ' s  
formula,  [10] and consequen t ly  a l so  the exponent ia l  
dependence  of 1/on t e m p e r a t u r e  may  not be  val id  for  
a, change  in the inh ib i to r  f r o m  the c r y s t a l l i n e  to the 
amorphous  s ta te ,  i . e .  above a c e r t a i n  upper  l i m i t  of 
T [4, 121. 

In a number  of c a s e s  ano ther  f o r m u l a  fo r  the p r o b -  
a b i l i t y  3' may  be  use fu l ;  in  th is  f o r m u l a  t h e r e  i s  the 
e x p e r i m e n t a l l y  m e a s u r e d  shi f t  (usua l ly  r ed )  of the 
f r equency  of the hype r f ine  t r a n s i t i o n  A % which i s  
i n s e n s i t i v e  to changes  in f ie ld  s t r eng th .  On the b a s i s  
of [13, 14] we can w r i t e  

= [ 1 2 " ' (13) 
,:st,, " ~  ~ - ~ ]  

where ,  i n s t e a d  of the van d e r  Wa.als i n t e r a c t i o n  
e n e r g y  Ec0, i t  i s  p o s s i b l e  to use  the a p p r o x i m a t e  
value  E a .  In (13) AE c o r r e s p o n d s  to the r e s o n a n c e  
ene rgy  i n t e r v a l  in the s p e c t r u m  of an o r i en t ed  a tom 
with an ion iza t ion  po ten t i a l  V2; V 1 is  the mean  i o n i z a -  
t ion po ten t i a l  for  the i nh ib i t o r .  F r o m  this  

~; = r.[ ~ ~ H ' ~ A - ' L "  " ~  t'~ ]2 .  
(14) 

Equat ion (14) is  wel l  i l l u s t r a t e d  by A l l e y ' s  e x p e r i -  
men t s  [5], in which he r e c o r d e d  an anoma lous ly  l a r g e  
shif t  in the f r equency  of the hype r f ine  t r a n s i t i o n  Rb 87. 
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The probability of dlsorientas with the approach of 
an atom to the wall was also considerably greater  
than usual in this work: T = 0.1-0.2.  

The considerations developed in the present  paper 
cannot, of course, yet be regarded as a theory of 
relaxation that takes account of the action of both the 
buffer gas and the inhibitor. However, they already 
enable us to understand many important aspects of 
interaction which until recently were often described 
by the te rm "black art" [5]. 
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