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ABSTRACT 

I n  c e r t a i n  a tomic  f requency  s t a n d a r d s  it is n e c e s s a r y  t o  i n h i b i t  t h e  
r e l a x a t i o n  o f  a t o m i c  p o l a r i z a t i o n  induced by c o l l i s i o n s  between p o l a r i z e d  
s p e c i e s  and  t h e  walls o f  t h e  s t o r a g e  c e l l .  I t  is w e l l  known t h a t  t h e  
c h e m i s o r p t i o n  o f  v a r i o u s  c h l o r o s i l a n e  m a t e r i a l s  on g l a s s  a t o m i c  s t o r a g e  v e s s e l  
walls r e s u l t s  i n  s u r f a c e  c o a t i n g s  which i n h i b i t  e l e c t r o n i c  and n u c l e a r  s p i n  
r e l a x a t i o n .  In  t h e  p r e s e n t  s t u d y  t h e  chemica l  r e a c t i o n  o f  rub id ium,  and  by 
a n a l o g y  o t h e r  a l k a l i  m e t a l s ,  w i t h  d ich lorod imethyls i l ane- t rea ted  g l a s s  s u r f a c e s  
h a s  been s t u d i e d .  We f i n d  e v i d e n c e  t h a t  rubid ium r e a c t s  w i t h  a f r e s h l y  p r e p a r e d  
c o a t i n g  t o  produce  H2 and a v o l a t i l e  s i l i c o n - c o n t a i n i n g  s p e c i e s .  The most  
r e a s o n a b l e  r e a c t i o n  p r o c e s s  is p o s t u l a t e d  t o  be rubid ium r e a c t i n g  w i t h  r e s i d u a l  
s i l a n o l  g r o u p s  (Si-OH) found on t h e  s u r f a c e .  A s  t h e  r e a c t i o n  p r o c e e d s  t h e s e  
g r o u p s  would d i s a p p e a r ,  t h u s  r e d u c i n g  t h e  s p i n  r e l a x a t i o n  r a t e  a s s o c i a t e d  w i t h  
t h e  s u r f a c e .  We b e l i e v e  t h a t  t h i s  r e a c t i o n  r e s u l t s  i n  t h e  "cu r ing"  o f  wall 
c o a t i n g s  r e p o r t e d  by o t h e r  i n v e s t i g a t o r s .  C o n c u r r e n t l y ,  t h e  g a s e o u s  r e a c t i o n  
p r o d u c t s  become i m p u r i t i e s  w i t h i n  t h e  sys tem.  The s p i n  r e l a x a t i o n  c r o  s s e c t i o n  
o f  t h e  s i l i c o n  c o n t a i n i n g  s p e c i e s  is expec t ed  t o  be  l e s s  t h a n  1 x lo-'' cm2. 

I .  INTRODUCTION 

I n  c e r t a i n  a t o m i c  f r equency  s t a n d a r d s ,  i t  is n e c e s s a r y  t o  i n h i b i t  t h e  
r e l a x a t i o n  o f  a t o m i c  p o l a r i z a t i o n  induced  by c o l l i s i o n s  between t h e  p o l a r i z e d  
s p e c i e s  and t h e  walls o f  t h e  s t o r a g e  c e l l .  One method o f  r e d u c i n g  t h e  rate o f  
wall r e l a x a t i o n  is  t o  p l a c e  a n o n r e l a x i n g  c o a t i n g  on t h e  c e l l  I n  t h e  
hydrogen mase r ,  t e f l o n  c o a t i n g s  a r e  a p p l i e d  t o  t h e  s t o r a g e  c e l l  .'ayzil c o a t i n g s  
which i n h i b i t  a l k a l i  r e l a x a t i o n  have a l s o  been found .  While s t a n d a r d s  employing  
wall c o a t e d ,  e v a c u a t e d  c e l l s  a r e  c u r r e n t l y  n o t  i n  u s e  t h e y  s h o u l d  h a v e  s e v e r a l  
a t t r a c t i v e  f e a t u r e s .  The r a p i d  motion of t h e  p o l a r i z e d  atom t h r o u g h o u t  t h e  
e n t i r e  s t o r a g e  c e l l  w i l l  a v e r a g e  inhomogene i t i e s .  T h i s  w i l l  e l i m i n a t e  t h e  
" P o s i t i o n  S h i f t  E f f e c t " ,  a  p r o c e s s  f e l t  t o  produce  f r equency  d r i f t  i n  rub id ium 
g a s  c e l l  c l o c k s .  A d d i t i o n a l l y  t h e  h y p e r f i n e  t r a n s i t i o n  Q can  be e x t r e m e l y  h i g h  
i n  s u c h  a  ce l l  l e a d i n g  t o  a s t a n d a r d  w i t h  improved f r equency  s t a b i l i t y .  

The re  are two p r i n c i p  1 t y p e s  o f  a l ka l i  wall c o a t i n g  materials, p a r a f f i n s  3 
and  s i l a n e - b a s e d  c o a t i n g s  ? The s i l a n e - b a s e d  c o a t i n g s  c o n t a i n  s i l i c o n  a toms  
w i t h  hydrocarbon f u n c t i o n a l  g roups  a t t a c h e d .  The r e l a x a t i o n  p r o c e s s e s  
a s s o c i a t e d  w i t h  s i l a n e - b a s e d  c o a t ' n g s  were i n v e s t i g a t e d  i n  a ser ies  o f  
e x p e r i m e n t s  by Bouch ia t  and B r o s s e l ?  The a l k a n e - t y p e  c o a t i n g s  have  found u s e  
i n  t h e  d e t e r m i n a t i o n  o f  b a s i c  p h y s i c a l  q u a n t i t i e s  s u c h  a s  g - f a c t o r  r a t i o s 6  as 



well as 7;vy p r a c t i c a l  a p p l i c a t i o n s  i n  t h e  area o f  a t o m i c  f r e q u e n c y  
s t a n d a r d s .  A d d i t i o n a l l y ,  v a r i o u s  o p t i c a l  pumping e x p e r i m e n t s  have  employed 
s i l a n e - t y p e  c o a t i n g s  t o  r e d u c e  t h e  wall r e l a x a t i o n  o f  bo th  a l k a l i  e l e c t r o n i c  
s p i n  p o l a r i z a t i o n  and rare g a s  n u c l e a r  s p i n  p o l a r i z a t i ~ n . ~ , ~ ~  

The s i l a n e  c o a t i n g s  would a p p e a r  t o  be  p a r t i c u l a r l y  a t t r a c t i v e  f o r  a number 
o f  r e a s o n s :  Bouch ia t  and ~ r o s s e l ~  i n d i c a t e  t h a t  p r o p e r l y  p r e p a r e d  s i l a n e  
c o a t i n g s  d i s p l a y  s p i n  p o l a r i z a t i o n  r e l a x a t i o n  rates q u i t e  similar t o  t h o s e  o f  
t h e  a l k a n e  c o a t i n g s ;  t h e  p r e p a r a t i o n  o f  s i l a n e  c o a t i n g s  is q u i t e  s i m p l e ,  
r e q u i r i n g  none o f  t h e  vacuum m a n i p u l a t i o n s  a s s o c i a t e d  w i t h  t h e  a l k a n e  c o a t i n g s ,  
a n d ,  p e r h a p s  most i m p o r t a n t l y  t h e y  have been found t o  be  s t a b l e  a t  t e m p e r a t u r e s  
i n  e x c e s s  o f  350°C. The s t o r a g e  o f  p o l a r i z e d  a l k a l i  v a p o r s  a t  e l e v a t e d  
t e m p e r a t u r e s  cou ld  have a number o  p r a c t i c a l  a p p l i c a t i o n s ,  i n c l u d i n g  u s e  i n  t h e  
p r o d u c t i o n  o f  p o l a r i z e d  H- i o n s .  'l Consequent ly ,  w i t h  t h e  p o t e n t i a l l y  h i g h  
u t i l i t y  o f  s i l a n e  c o a t i n g s  i t  is o f  i n t e r e s t  t o  unde r s t and  any p e c u l i a r i t i e s  

t e d  w i t h  t h e i r  u s e  i n  c o n t a i n i n g  a l k a l i  v a p o r s .  I n  p a r t i c u l a r ,  Zeng et asseFia a1 . have  found t h a t  a l k a l i s  a p p e a r  t o  r e a c t  w i t h  t h e  s i l a n e  c o a t i n g s ,  - 
r e s u l t i n g  i n  a l ka l i  vapor  d e n s i t i e s  far  below t h a t  expec ted  from s i m p l e  
l i q u i d / v a p o r  e q u i l i b r i u m  c o n s i d e r a t i o n s ,  and t h a t  t h i s  d e p r e s s e d  d e n s i t y  
c o n d i t i o n  c o n t i n u e s  f o r  s e v e r a l  days  a f t e r  a l k a l i  i n t r o d u c t i o n .  Fu r the rmore ,  
t h e y  o b s e r v e d  t h a t  i f  ce l l s  were cu red  a t  85OC o r  s e v e r a l  d a y s  t h e  r e d u c t i o n  i n  

r p r e s s u r e  t ended  t o  d e c r e a s e .  Camparo," i n  s t u d y i n g  t h e  r e l a x a t i o n  o f  ' h y p e r f i n e  p o l a r i z a t i o n  i n  c e l l s  w i t h  s i l a n e  coa ted  walls, found t h a t  t h e  
wall r e l a x a t i o n  rates a l s o  appea red  t o  d e c r e a s e  a f t e r  t h e  c e l l  had aged f o r  a 
number of d a y s .  

The e x p e r i m e n t s  r e p o r t e d  i n  t h i s  pape r  shed l i g h t  on t h e  chemica l  r e a c t i o n  
o f  g a s e o u s  a l k a l i  metals nd t h e  s i l a n e  wall c o a t i n g s .  Through s t u d y  o f  
h y p e r f i n e  l i n e s h a p e s  o f  Rb8' atoms c o n t a i n e d  i n  c e l l s  w i t h  s i l a n e  c o a t e d  walls, 
we deduce t h a t  a  r e a c t i o n  between Rb and t h e  w a l l  c o a t i n g  m a t e r i a l  d o e s  indeed  
t a k e  p l a c e .  The r e a c t i o n  r e s u l t s  i n  v o l a t i l e  p r o d u c t s  whose u l t i m a t e  p r e s s u r e s  
depend upon t h e  c o n d i t i o n s  under  which t h e  c e l l  was f a b r i c a t e d .  Through t h e  u s e  
o f  r e s i d u a l  g a s  a n a l y s i s  (RGA) we have  de termined t h a t  t h e  o u t g a s s e d  r e a c t i o n  
p r o d u c t s  are hydrogen and a s i l i c o n - c o n t a i n i n g  s p e c i e s .  The e x p e r i m e n t a l  
p r o c e d u r e s  and r e s u l t s  a r e  d i s c u s s e d  i n  t h e  second s e c t i o n  o f  t h e  p a p e r .  While 
unambiguous i d e n t i f i c a t i o n  o f  t h e  s i l i c o n - c o n t a i n i n g  r e a c t i o n  p r o d u c t  was n o t  
p o s s i b l e ,  a p l a u s i b l e  r e a c t i o n  mechanism and p roduc t  a r e  p r e s e n t e d  i n  t h e  t h i r d  
sect i o n .  

11. EXPERIMENTAL PROCEDURES AND RESULTS 

A .  STORAGE CELL FABRICATION 

The wall c o a t e d  r e sonance  ce l l s  used  i n  t h e  p r e s e n t  s t u d y  were s p h e r i c a l ,  
t y p i c a l l y  6 cm d i a m e t e r  pyrex c e l l s  t h a t  had a  3  cm l o n g ,  0 . 3  cm i n n e r  diam- 
e t e r ,  py rex  stem a t t a c h e d  t o  one  end.  The c e l l s  were c o a t e d  w '  h  d i c h l o r o -  
d i m e t h y l s i l a n e  u s i n g  a p rocedure  similar t o  t h a t  o f  Zeng e t  a l . :  9,'b b r i e f l y ,  a 
10$ by volume s o l u t i o n  o f  d i c h l o r o d i m e t h y l s i l a n e  i n  cyc lohexane  was p r e p a r e d ,  
i n s e r t e d  i n t o  t h e  r e sonance  c e l l s  and shaken ;  t h e  e x c e s s  was removed; t h e  c e l l s  
were r i n s e d  t w i c e  w i t h  p u r e  cyc lohexane ,  and a l lowed  t o  d r y  i n  a i r  o v e r n i g h t .  
The ce l l s  were then  a t t a c h e d  t o  a g l a s s  vacuum sys tem and baked o u t  a t  150°C f o r  



a p p r o x i m a t e l y  two d a y s  a t  whi h  p o i n t  t h e  vacuum l i n e ' s  p r e s s u r e  had r e t u r n e d  t o  
nominal  v a l  o f  5 x lo-' t o r r .  A f t e r  t h e  bakeou t ,  n a t u r a l  rub id ium ('72% 8 ki85 and 28% Rb ) was d i s t i l l e d  i n t o  t h e  c e l l s .  For  c e r t a i n  c e l l s  t h e  Rb was 

d i s t i l l e d  o n t o  t h e  c o a t e d  c e l l  walls. For  o t h e r  c e l l s  c a r e  was t a k e n  t o  e n s u r e  
t h a t  n o  l i q u i d  Rb came i n  c o n t a c t  w i t h  t h e  c o a t e d  s u r f a c e .  In  b o t h  c a s e s  p r i o r  
t o  e x p e r i m e n t a t i o n ,  t h e  Rb was d r i v e n  u s i n g  a  mi ld  t e m p e r a t u r e  g r a d i e n t  well 
i n t o  t h e  c e l l ' s  s t em.  As t h e  p o t e n t i a l  f o r  c e l l  o u t g a s s i n g  e x i s t e d ,  s e v e r a l  
c e l l s  o f  t h e  same s i z e  were f a b r i c a t e d  w i t h  a  second stem c o n t a i n i n g  a bar ium 
g e t t e r .  

Subsequen t  d i s c u s s i o n  o f  a l k a l i l s i l a n e  c o a t i n g  r e a c t i o n s  w i l l  be f a c i l i -  
t a t e d  by b r i e f l y  d e s c r i b i n g  t h e  p r o c e s s  t h rough  which d i c h l o r o d i m e t h y l s i l a n e  
a d h e r e s  t o  t h e  c e l l  w a l l s .  When t h i s  m a t e r i a l  chemisorbs  t o  g l a s s  a homogen- 
e o u s  s i l o x a n e  phase  is formed on t l i c a  s u r f a c e  by p r i m a r i l y  s i n g l e  s u r -  
f a c e - t o - d i m e t h y l s i l a n e  a t t a c h m e n t s .  9 E s s e n t i a l l y  , c h e m i s o r p t i o n  
p r o c e e d s  t h r o u g h  m u l t i p l e  s t e p s  as i l l u s t r a t e d  i n  F i g .  1 .  I n  t h e  p r imary  
r e a c t i o n  Si(CH3)2C12 r e a c t s  w i th  s i l a n o l  hyd rox l  g roups  on t h e  s u r f a c e ,  y i e l d -  
i n g  a condense  s l l o x a n e  p h a s e .  I n  t h e  secondary  r e a c t i o n  s t e p  a d s o r b e d  water 
h y d r o l y z e s  some o f  t h e  u n r e a c t e d  c h l o r i n e s  l e a d i n g  t o  Si(CH ) C 1 0 -  and  

3 2 .  Si(CH3)2(0H)O- s p e c i e s  i n  c l o s e  p r o x i m i t y .  With a  s l i g h t  bond a n g l e  a d j u s t m e n t  
t h e s e  s p e c i e s  can  t h e n  r e a c t  t o  form t h e  polymer ized  s t r u c t u r e  o f  F i g .  I b .  
a d d i t i o n  t o  t h e  pr imary  s i l a n e - g l a s s  b  d i n g  p r o c e s s  shown i n  F i g .  I b ,  t h e  S i  !y . . 

$8 
NMR s t u d i e s  o f  S i n d o r f  and Maciel  l n d i c a t e  t h a t  a d d i t i o n a l  a t t a c h m e n t  
s t r u c t u r e s ,  shown i n  F i g .  I c ,  may a l s o  o c c u r .  From t h e s e  d i ag rams  we s e e  t h a t  
when a n  a l k a l i  atom impinges on t h e  d i m e t h y l s i l o x a n e  (DMS) s u r f a c e  it would 
a p p e a r  t o  i n i t i a l l y  i n t e r a c t  w i t h  t h e  ou t e rmos t  methyl  g roup .  One would s u p p o s e  
t h e  r e l a x a t i o n  p r o c e s s e s  t o  be similar t o  t h o s e  o c c u r r i n g  when p a r a f f i n s  a r e  
used  as a l l  c o a t i n g s ;  measurements of Rb i s o t o p i c  r e l a x a t i o n  r a t e s  per formed by 
Camparol' have  demons t r a t ed  t h i s  s u p p o s i t i o n  t o  be c o r r e c t .  

B .  RUBIDIUM HYPERFINE LINESHAPE MEASUREMENTS 

A f t e r  f a b r i c a t i o n  o f  t h e  s t o r a g e  c e l l s  we proceeded  t o  s t u d y  t h e  Rb 87 
ground s t a t e  hype r f  i n e  t r a n s i t  i on  l i n e s h a p e .  Hyperf i n e  1 i n e s h a p e s  can  be v e r y  
dependen t  upon t h e  envi ronment  i n  which t h e  i n t e r r o g a t e d  atom r e s i d e s .  Spec-  
i f i c a l l y ,  Dicke ( o r  c o l l i s i o n a l )  nar rowing  i n  such  a  t r a n s i t i o n  can  r u l t  i n  a 
l i n e s h a p e  w i t h  a  s p e c t r a l  w id th  l e s s  t h a n  t h e  Doppler  w id th ,15 , "  and is 
o b s e r v e d  when t h e  atoms a r e  con f ined  t o  small volumes o f  s p a c e  t h r o u g h  r a p i d  
v e l o c i t y - c h a n g i n g  c o l l i s i o n s .  I n  o r d e r  t o  o b s e r v e  t h i s  phenomenon t h e  a t o m i c  
mean free p a t h  must  be l e s s  t h a n  t h e  wavelength  o f  t h e  a tomic  r e s o n a n c e  u n d e r  
s t u d y .  A d d i t i o n a l l y ,  t h e  phase  of t h e  i n t e r r o g a t i n g  f i e l d  must  remain  c o n s t a n t  
w i t h i n  t h e  conf inement  r e g i o n .  A f i n a l  c o n s t r a i n t  f o r  o b s e r v a t i o n  o f  t h e  
phenomenon r e q u i r e s  t h e  c o n f i n i n g  c o l l i s i o n s  t o  b e  n o n p e r t u r b i n g ,  t h a t  is t h e  
i n t e r n a l  s t a t e  of t h e  atom must be unchanged by t h e  c o l l i s i o n s .  I n  t h e  s t u d y  o f  
a l k a l i  g round s ta te  h y p e r f i n e  t r a n s i t i o n s ,  where t h e  t r a n s i t i o n  wavelength  is on 
t h e  o r d e r  o f  c e n t i m e t e r s ,  a t o m i c  conf inement  can  be  o b t a i n e d  th rough  one  o f  two 
p r o c e d u r e s .  C o l l i s i o n s  w i th  a n  i n e r t  b u f f e r  g a s  are one  means o f  o b t a i n i n g  t h e  
r e q u i r e d  r a p i d  v e l o c i t y  changing  c o l l i s i o n s ,  and i n  t h i s  c a s e  L o r e n t z i a n  
l i n e s h a p e s  re obse rved  wi th  l i n e w i d t h s  be ing  p r o p o r t i o n a l  t o  t h e  a t o m i c  mean 
free p a t h .  I t  is a l s o  well known t h a t  Dicke nar rowed,  sub-Doppler  l i n e w i d t h s  



can  be  o b t a i n e d  i n  s t o r a g e  c e l l s  c o n t a i n i n g  no b u f f e r  g a s e s ,  b u t  r a t h e r  h a v i n g  
wall c o a t i n g s  t o  minimize t h e  r e l a x a t i o n  e f f e c t s  o f  wall c o l l i s i o n s  on t h e  
a t o m i c  s p i n  o r i e n t a t i o n .  In  t h e s e  s i t u a t i o n s ,  where t h e  a t o m ' s  s p a t i a l  
con f inemen t  r e s u l t s  from c o l l i s i o n s  w i t h  t h e  s t o r a g e  v e s s e l ' s  walls, t h e  
narrowed l i n e s h a p e  is composed o f  two components,  a  Dopp le r - f r ee  c e n t r a l  s p i k e  
whose w i d t h  is de t e rmined  by t h e  v a r i o u s  r e l a x a t i o n  p r o c e s s e s  o c c u r r i n g  w i t h i n  
t h e  s t o r a g e  v e s s e l ,  and a  broad u n d e r l y i n g  pede ta  wi th  a wid th  t y p i c a l l y  found 
t o  be  a p p r o x i m a t e l y  e q u a l  t o  t h e  Doppler  w id th .  65, t6  

P r i o r  t o  conduc t ing  expe r imen t s  on t h e  p r e p a r e d  c e l l s ,  m o t i o n a l l y  narrowed 
l i n e s h a p e s  c o n s i s t e n t  w i th  a  b u f f e r l e s s  w a l l  c o a t e d  c e l l  were a n t i c i - p a t e d .  
Somewhat u n e x p e c t e d l y ,  t h e  observed  l ' n e s h a p e s  i n d i c a t e d  t h e  p r e s e n c e  o f  a 
b u f f e r  g a s .  The l i n e s h a p e s  o f  t h e  Rbd7 ( F = l  , m F = O  - F=?,  m F = O )  ground s t a t  
h y p e r f i n e  t r a n s i t i o n  were obse rved  u s i n g  op t i ca l -mic rowave  doub le  r e so -nance  'i 
w i t h  a d i o d e  l a s e r  s e r v i n g  a s  t h e  s o u r c e  o f  o p t i c a l  pumping r a  - t i o n .  The 
e x p e r i m e n t a l  a p p a r a t u s  h a s  been d e s c r i b e d  i n  d e t a i l  p r e v i o u s l y .  1 ~ 7 ' ~  Fo r  a l l  o f  
t h e  c e l l s  t h a t  were f a b r i c a t e d  t h e  l i n e s h a p e s  d i s p l a y e d  w i d t h s  l e s s  t h a n  t h e  9 .2  
KHz Doppler  w i d t h .  In  t h o s e  where l i q u i d  Rb had been a l l owed  t o  t o u c h  t h e  
c o a t e d  s u r f a c e s ,  l i n e w i d t h s  o f  app rox ima te ly  500 Hz were measured.  The measured 
h y p e r f i n e  r e l a x a t i o n  r a t e  i n  t h i s  c e l l  was 220 Hz, i n d i c a t i n g  t h a t  a p p r o x i m a t e l y  
300 Hz o f  t h e  l i n e w i d t h  can be a s s o c i a t e d  w i t h  b u f f e r  g a s  induced  Dicke  
na r rowing .  I n  c e l l s  where c a r e  had been e x e r c i s e d  t o  keep l i q u i d  Rb from coming 
i n t o  c o n t a c t  w i t h  t h e  c o a t e d  s u r f a c e ,  l i n e w i d t h s  o f  a p p r o x i m a t e l y  7  KHz were 
o b t a i n e d .  From t h e  l i n e w i d t h s  and t h e  c h a r a c t e r i s t i c s  o f  Dicke na r rowing  we 
knew t h a t  a n  o u t g a s s e d  p roduc t  was p r e s e n t  i n  bo th  c a s e s .  However, t h e  na r rower  
l i n e s h a p e  obse rved  when l i q u i d  Rb was a l lowed t o  c o n t a c t  t h e  c o a t e d  s u r f a c e  
i m p l i e d  h i g h e r  o u t g a s s e d  p r o d u c t  p r e s s u r e .  R e s u l t s  o f  c a l c u l a t i o n s  p r e s e n t e d  i n  
Ref .  16 a l l o w  a n  e s t i m a t i o n  o f  g a s  p r e s s u r e s  w i t h i n  bo th  t y p e s  o f  c e l l s .  I n  t h e  
f i r s t  c a s e  t h e  p r e s s u r e  o f  t h e  o u t g a s s e d  p r o d u c t  was e s t i m a t e d  t o  be  on t h e  
o r d e r  o f  100 mTorr;  when l i q u i d  Rb was kep t  o f f  o f  t h e  c o a t i n g  m a t e r i a l ,  t h e  
p r e s s u r e ,  as i n d i c a t e d  by t h e  t r a n s i t i o n  l i n e w i d t h ,  a p p e a r s  t o  have  been 
a p p r o x i m a t e l y  2 mTorr.  I n  c e l l s  c o n t a i n i n g  barium g e t t e r s  d i s p l a y i n g  i n i t i a l  
l i n e w i d t h s  o f  500 Hz, f l a s h i n g  o f  t h e  g e t t e r  i n c r e a s e d  t h e  l i n e w i d t h s  t o  n e a r l y  
8 KHz, i n d i c a t i n g  a  s i g n i f i c a n t  r e d u c t i o n  in  t h e  o u t g a s s e d  p r o d u c t ' s  p r e s s u r e .  
I n  c e l l s  i n i t i a l l y  d i s p l a y i n g  l i n e s h a p e s  w i t h  7 KHz l i n e w i d t h s ,  g e t t e r  f l a s h i n g  
r e s u l t e d  i n  t h e  r e d u c t i o n  o f  t h e  l i n e w i d t h s  t o  5 KHz. While t h i s  r e d u c t i o n  i n  
l i n e w i d t h  might  seem t o  i n d i c a t e  an i n c r e a s e d  p r e s s u r e  i n  t h e  c e l l  a f t e r  g e t t e r  
f l a s h i n g ,  t h i s  is n o t  t h e  c a s e .  C a r e f u l  a n a l y s i s  o f  Dicke na r rowing  i n  wall 
c o a t e d  ce l l s  i n d i c a t e s  t h a t  i n  c e r t a i n  c a s e  t h e s e  c e l l s  w i l l  d i s p l a y  p e d e s t a l s  
w i t h  w i d t h s  well below t h e  Doppler  w id th .  I' I n  t h e s e  c e l l s  t h e  r e d u c t i o n  i n  
h y p e r f i n e  l i n e w i d t h  upon g e t t e r  f l a s h i n g  shows t h a t  t h e  o u t g a s s e d  p r o d u c t ' s  
p r e s s u r e  h a s  dropped t o  t h e  p o i n t  where a Rb a t o m ' s  mean f r e e  p a t h  is g r e a t e r  
t h a n  t h e  s t o r a g e  c e l l ' s  d imens ions .  One t h e n  o b s e r v e s  t h e  Dicke narrowed 
l i n e s h a p e  a s s o c i a t e d  w i t h  a  b u f f e r l e s s  s t o r a g e  c e l l .  For  o u r  c e l l s  t h a t  
l i n e s h a p e  is dominated by t h e  p e d e s t a l  w i th  t h e  c e n t r a l  s p i k e  d i s p l a y i n g  a 
n e g l i g i b l e  a m p l i t u d e .  

I t  is wor th  n o t i n g  t h a t  as a consequence  o f  Zeng e t  a l .  ' s9y10 o b s e r v a t i o n  
o f  r educed  a l k a l i  vapor  d e n s i t y ,  one  would e x p e c t  t h e  l o s s  r a t e  o f  a l k a l i  a toms 
t o  t h e  c o a t i n g ,  ( n ~ ) - ' ,  t o  c o n t r i b u t e  t o  t h e  h y p e r f i n e  r e sonance  l i n e w i d t h  1/T2 



(T is t h e  mean time between wall c o l l i s i o n s  and n  is t h e  mean number o f  wall 
c o l l i s i o n s  b e f o r e  t h e  a tom is l o s t  t o  t h e  c o a t i n g ) .  One c a n  e s t i m a t e  n  by a  
s i m p l e  r a t e  e q u a t i o n  a n a l y s i s ,  which shows t h a t  i f  t h e  r e d u c t i o n  o f  v a p o r  
d e n s i t y  is less  t h a n  a f a c t o r  o f  t e n ,  which is t h e  c a s e  i n  o u r  e x p e r i m e n t s ,  t h e n  
n  > 1000 .  However,  f rom r e l a x a t i o n  r a t e  measurements  we p e r f o r m e d  i n  c e l l s  
w h e r e  t h e  Rb a t o m ' s  mean f r e e  p a t h  was g r e a t e r  t h a n  t h e  s t o r a g e  c e l l ' s  
d i m e n s i o n s ,  it was f o u n d  t h a t  1/T2 c o r r e s p o n d e d  t o  r o u g h l y  5  w a l l  c o l l i s i o n s .  
C o n s e q u e n t l y ,  t h o u g h  t h e  l o s s  o f  a t o m s  t o  a  w a l l  c o a t i n g  c a n  c o n t r i b u t e  t o  T 2 ,  
i n  t h e  case o f  t h e  DMS c o a t i n g  u n d e r  d i s c u s s i o n  i t  a p p e a r s  t h a t  t h e  c o n t r i b u t i o n  
is i n s i g i f  i c a n t .  

C .  RESIDUAL GAS ANALYSIS STUDIES 

A s  d i s c u s s e d  a b o v e ,  t h e  h y p e r f i n e  l i n e s h a p e  s t u d i e s  i n d i c a t e d  t h e  p r e s - e n c e  
o f  a n  o u t g a s s e d  p r o d u c t ,  whose a p p e a r a n c e  was t i e d  t o  how i n t i m a t e l y  l i q u i d  Rb 
came i n t o  c o n t a c t  w i t h  t h e  DMS w a l l  c o a t i n g  material.  To g a i n  some i n f o r m a t i o n  
c o n c e r n i n g  t h e  i d e n t i t y  o f  t h e  o u t g a s s e d  m a t e r i a l ,  mass s p e c t r o m e t r i c  R G A  was 
p e r f o r m e d .  A f t e r  l i n e s h a p e  s t u d y  a  c e l l  was p l a c e d  i n t o  o n e  chamber  o f  a two- 
chamber ,  a l l  s t a i n l e s s  s t e e l  vacuum s y s t e m  w i t h  a  n o m i n a l  p r e s s u r e  o f  2 x  10- 7  
t o r r .  The q u a d r u p o l e  mass s p e c t r o m e t e r  head  r e q u i r e d  f o r  R G A  was a t t a c h e d  t o  
t h e  s e c o n d  chamber .  The chambers  were c o n n e c t e d  by a  v a l v e  and  b o t h  were 
e v a c u a t e d  by a s i n g l e  d i f f u s i o n  pump a t t a c h e d  t o  t h e  chamber  w i t h  t h e  RGA 
h e a d .  The d i f f u s i o n  pump u s e d  a  p o l y p h e n y l  e s t e r  o i l  ( S a n t o v a c  5 )  e l i m i n a t i n g  
s i l i c o n  c o n t a m i n a t i o n  which c o u l d  r e s u l t  f rom a s i l i c o n  b a s e d  pump o i l .  The 
stem o f  t h e  s t o r a g e  ce l l  was b roken  u s i n g  a  small p i s t o n  a t t a c h e d  t o  a  m o t i o n  
f e e d t h r o u g h  l e a d i n g  i n t o  t h e  f i r s t  chamber .  P r i o r  t o  o p e n i n g  t h e  c e l l  t h e  v a l v e  
be tween  t h e  two chambers  was c l o s e d .  Upon b r e a k i n g  t h e  c e l l ' s  stem t h e  r e l e a s e d  
g a s  was b l e d  f rom t h e  f i r s t  chamber i n t o  t h e  s e c o n d  f o r  RGA a n a l y s i s .  The 
d i f f u s i o n  pump a t t a c h e d  t o  t h e  s e c o n d  chamber was a l l o w e d  t o  pump c o n t i n u o u s l y  
d u r i n g  t h e  RGA a n a l y s i s .  By v a r y i n g  t h e  b l e e d  ra te  f r o m  t h e  f i r s t  chamber  
s u i t a b l e  g a s  p r e s s u r e  f o r  R G A  a n a l y s i s  c o u l d  b e  o b t a i n e d ,  t y p i c a l l y  5  x 10- 8 
t o r r  . 

Mass s p e c t r a  were o b t a i n e d  o v e r  t h e  mass r a n g e  of 1 t c  200  amu u s i n g  a  
L e y b o l d - H e r a e u s ,  I n c .  Q u a d r e x  700 R G A .  S p e c t r a  o f  t h e  n o r m a l  s y s t e m  background  
g a s  were compared t o  t h o s e  o b t a i n e d  a f t e r  a  c e l l  was opened and  t h e  f l o w  
c o n f i g u r a t i o n  was s t a b l e .  A number o f  mass  p e a k s  i n  t h e  f l o w  c o n f i g u r a t i o n  
s p e c t r a  c o u l d  be a t t r i b u t e d  t o  compounds e m a n a t i n g  from t h e  DMS c o a t e d  c e l l .  
The p r i n c i p a l  mass -peaks  and t h e  s p e c i e s  a s s  e d  w i t h  them were: 2-H2, 58-  
( C H 3 ) $ 3 i ,  43-CH S i ,  2 8 - ~ i ,  15-CH3, 85/87-Rb ( a p p r o p r i a t e  i s o t o p e  r a t i o ) ,  

a n d  101/103-ORb '5987. S i n c e  i t  was o f t e n  t h e  c a s e  t h a t  some f r a c t i o n  o f  t h e  
i n d i c a t e d  p e a k ' s  a m p l i t u d e  was due  t o  an  u n d e r l y i n g  s i g n a l  f rom t h e  s y s t e m  
background  s p e c t r u m ,  ( e . g . ,  mass 2 8  c o u l d  b e  d u e  t o  Si o r  N2) i t  would b e  
m i s l e a d i n g  t o  q u a n t i t a t i v e l y  a n a l y z e  t h e  peak  a m p l i t u d e s  However t h e  r a t i o s  o f  
t h e  i d e n t i f i e d  p e a k s  t o  t h o s e  a t  a d j a c e n t  m a s s e s  i n c r e a s e d  s u f f i c i e n t l y  i n  t h e  
f l o w  s p e c t r a ,  compared t o  background  s p e c t r a ,  t o  g i v e  u s  good c o n f i d e n c e  t h a t  a  
f r a g m e n t  d u e  t o  t h e  opened c e l l  was i n d e e d  p r e s e n t .  A p p a r e n t l y  a t  leas t  two 
d i f f e r e n t  compounds, hydrogen  and  a  s i l i c o n  c o n t a i n i n g  s p e c i e s ,  are r e a c t i o n  
p r o d u c t s  . 



Comparison o f  o u r  s p e c t r a  t o  t a b u l a t e d  ones1' f o r  d i c h l o r o d i m e t h y l s i l a n e  
i n d i c a t e d  t h a t  none o f  t h s  i n i t i a l  chemica l  was e i t h e r  p r e s e n t  o r  s u f f i c i e n t l y  
v o l a t i l e  t o  be d e t e c t e d  d i r e c t l y  by t h e  RGA. I n  f a c t ,  t h e  comple t e  a b s e n c e  of 
mass peaks  a t  6 3  and 65 ,  c o r r e s p o n d i n  t o  S i c 1  f r a g m e n t s  weighs  a g a i n s t  t h e  
p r e s e n c e  o f  any c h l o r o s i l a n e  compounds. 'O Also ,  t h e r e  was no i n d i c a t i o n  of 
l a r g e r  s i l i c o n  c o n t a i n i n g  compounds. The f r a g m e n t a t i o n  p a t t e r n  o f  (CH ) S i  0 3 6 . f  i n d i c a t e s  t h a t  t h e  S i -0-Si  s t r u c t u r e  is f a i r l y  s t r o n g ,  and had l a r g e  v o l a t i  e 
s i l o x a n e  s p e c i e s  been p r e s e n t  t hey  p robab ly  would have been d e t e c t e d  t h r o u g h  
o b s e r v a t i o n  of  a  f ragment  c o n t a i n i n g  t h i s  u n i t .  Also t h e  f r a g m e n t a t  i o n  p a t t e r n  
o f  (CH3)3SiOH i n d i c a t e s  t h a t  t h e  SiOH, mass 45, is q u i t e  s t a b l e .  The a b s e n c e  o f  
t h i s  mass peak weighs a g a i n s t  t h e  p a r e n t  compound b e i n g  a s i l a n o l .  The RGA 
r e s u l t s  a r e  c o n s i s t e n t  w i th  a  r e a c t i o n  p roduc t  c o n t a i n i n g  a s i n g l e  S i  w i t h  two 
me thy l  s u b s t i t u e n t s .  Taken i n  c o n j u n c t i o n  w i t h  t h e  o b s e r v a t i o n  o f  RbO 
f r a g m e n t s ,  t h e  r e s u l t s  p o i n t  t o  a  Rb s i l a n o l a t e  ((CH3)2XSi(ORb) w i t h  X 
u n s p e c i f i e d )  r e c u r s o r ;  v o l a t i l e  a lkal i t r imethyls i lanola tes  have  p r e v i o u s l y  

I t  is u n l i k e l y ,  t hough ,  t h a t  a t r i m e t h y l s i l a n o l a t e  is p r e s e n t  been o b s e r v e d .  
i n  t h i s  c a s e ,  a s  t h e  ( C H 3 ) 3 . ~ i +  f r agmen t  is  o f t e n  s t a b l e  and would be e x p e c t e d  
t o  b e  obse rved  i f  t h i s  s i l a n o l a t e  were p r e s e n t .  While some form o f  Rb 
s i l a n o l a t e  a p p e a r s  t o  b e  a  l i k e l y  r e a c t i o n  p r o d u c t  i t  is n o t  p o s s i b l e  t o  make an  
unambiguous i d e n t i f i c a t i o n  on t h e  b a s i s  o f  t h e  p r e s e n t  mass s p e c t r o m e t r i c  
a n a l y s i s .  I n  t h e  f o l l o w i n g  s e c t i o n  p o s s i b l e  r e a c t i o n  p r o c e s s e s  between Rb and 
t h e  s i l a n e  c o a t i n g  a r e  b r i e f l y  d i s c u s s e d .  

111. POTENTIAL INTERACTIONS BETWEEN RUBIDIUM AND THE SILANE WALL COATING 

The e x p o s u r e  o f  s i l i c o n  c o n t a i n i n g  compounds t o  a l ka l i  metals is a pro-  
c e d u r e  o f t e n  u sed  i n  o r g a n o s i l y l m e t a l l i c  s y n t h e s i s .  22 Study  o f  t h e  r e a c t i o n s  
which h a v e  been obse rved  t o  proceed  can  shed  some l i g h t  i n t o  what may be  
o c c u r r i n g  w i t h i n  t h e  s i l a n e  c o a t e d  c e l l s .  I t  is i m p o r t a n t  t o  n o t e ,  t hough ,  t h a t  
many p r e v i o u s l y  a n a l y z e d  r e a c t i o n s  p roceed  i n  anhydrous  s o l v e n t s  s u c h  as  e t h e r  
( ( C 2 H 5 ) 2 0 ) .  o r  t e t r a h y d r o f u r a n  ( (CH2)40).  The a b i l i t y  o f  t h e s e  r e a c t i o n s  t o  
p roceed  I n  a s o l v e n t l e s s  envi ronment  h a s  o f t e n  n o t  been d e m o n s t r a t e d .  
Consequen t ly  t h e  p r o c e s s e s  d i s c u s s e d  s h o u l d  be c o n s i d e r e d  as' i l l u s t r a t i v e  o f  
r e a c t i o n s  which might  t a k e  p l a c e  and n o t  d e f i n i t i v e  s t a t e m e n t s .  

As a  s t a r t i n g  p o i n t ,  i t  is r e a s o n a b l e  t o  e x p e c t  t h a t  a l k a l i s  d o  n o t  r e a c t  
w i t h  t h e  p r i n c i p a l  form o f  t h e  s u r f a c e  c o a t i n g ,  s t r u c t u r e  ( i i i )  i n  F i g .  1 .  
Should  t h i s  r e a c t i o n  o c c u r  t h e  e n t i r e  c o a t i n g  would be s u s c e p t i b l e  t o  a t t a c k ,  
n u l l i f y i n g  i t s  v a l u e  a s  a  n o n r e l a x i n g  s u r f a c e ;  t h e  c o a t i n g ,  however,  is obse rved  
t o  m a i n t a i n  i ts  v a l u e  as a n o n r e l a x i n g  s u r f a c e  even  a f t e r  s i g n i f i c a n t  
o u t g a s s i n g .  Consequen t ly ,  r e a c t i o n s  which o c c u r  are p r o b a b l y  between Rb and 
m i n o r i t y  fo rms  o f  t h e  s u r f a c e  c o v e r i n g ,  such  as s t r u c t u r e s  ( i v )  and ( v ) ,  o r  
i s o l a t e d  s i l a n o l s  n o t  c l o s e  enough t o  a  c h l o r o s i l a n e  group t o  have  undergone  t h e  
second p o l y m e r i z a t i o n  r e a c t i o n  shown i n  F i g .  I b .  A f t e r  r ev i ewing  t h e  chemica l  
l i t e r a t u r e  t h e  SiOH c o n t a i n i n g  s p e c i e s  would a p p e a r  most l a b i l e  under  a l k a l i  
a t t a c k .  I n  t h e  p r e s e n c e  o f  a n  a l ka l i  m e t a l  t r i m e t h y l  l a n o l  r e a c t s  t o  form t h e  
s i l a n o l a t e  w i t h  t h e  e v o l u t i o n  o f  mo lecu la r  hydrogen.  A similar r e a c t i o n  i n  
t h e  wall c o a t e d  c e l l ,  



-O(CH ) SiOH + Rb + 1 / 2  H2 + -O(CH ) S i ( O R b ) ,  
3 2  3 2  

( 1 )  

where  -0 i n d i c a t e s  a t t a c h m e n t  t o  a s i l i c o n  a tom i n  t h e  g l a s s  l a t t i c e ,  c o u l d  
e x p l a i n  t h e  o r i g i n  o f  m o l e c u l a r  hydrogen  o b s e r v e d  i n  t h e  R G A ,  as well as p r o -  
v i d i n g  a p r e c u r s o r  f o r  t h e  h y p o t h e s i z e d ,  v o l a t i l e  Rb s i l a n o l a t e  compound. I n  
r e a c t i o n  ( 1 )  t h e  s i l i c o n  c o n t a i n i n g  p r o d u c t  w i l l  b e  r e f e r r e d  t o  as  t h e  
" s i l a n o l a t e  i n t e r m e d i a t e .  l 1  

To o b t a i n  a  g a s  p h a s e  s i l i c o n - c o n t a i n i n g  compound a  r e a c t i o n  mus t  t a k e  
p l a c e  which  d i s r u p t s  t h e  S i - 0 - S i  s t r u c t u r e  which b i n d s  t h e  wall c o a t i n g s  t o  t h e  
g l a s s .  The a b i l i t y  o f  a n  k a l i  t o  c l e a v e  t h e s e  bonds  is  h i g h l y  d e p e n d e n t  on 
t h e  s i l i c o n  s u b s t i  t u e n t s  . H e x a m e t h y l d i s i l o x a n e  ( (CH3)3SiOSi(CH ) 3 )  is 
u n a f f e c t e d  by a l k a l i  m e t a l s ,  and  t h e  s i m i l a r i t y  o f  s t r u c t u r e  ( ~ l i )  i n  dg. 1  t o  
h e x a m e t h y l d i s i l o x a n e  is e v i d e n t .  C o n s e q u e n t l y ,  a  c o r r e s p o n d i n g  l a c k  o f  
r e a c t i v i t y  i n  t h e  p r e s e n c e  o f  an a l k a l i  m e t a l  c o u l d  e x p l a i n  t h e  g e n e r a l  s t a -  
b i l i t y  o f  t h e  wall c o a t i n g  and  a  s i m i l i a r  i n e r t n e s s  o f  s t r u c t u r e  ( i v )  i n  F i g .  
1 .  I n  c o n t r a s t ,  t h e  s i l a n o l a t e  i n t e r m e d i a t e  j u s t  d i s c u s s e d  may b e  s i g n i f i -  
c a n t l y  more r e a c t i v e  w i t h  r e s p e c t  t o  a l k a l i  a t t a c k .  A p o t e n t i a l  r e a c t i o n  
r e s u l t i n g  i n  a Rb d i s i l a n o l a t e  is  d e s c r i b e d  by r e a c t i o n  ( 2 ) .  

-O(CH ) S i ( 0 R b )  + 2Rb + -Rb + ( C H  ) S i ( O R b ) 2  
3 2  3 2 

( 2 )  

T h i s  p r o c e s s  is c o n s i s t e n t  w i t h  t h e  r e a c t i o y j  o t h e r  s i l o x a n e s ,  s u c h  as 1 , 1 , 3 , 3 -  
tetramethyl-1,3-diphenyldisiloxane, u n d e r g o .  The v o l a t i l e  s i l a n o l a t e  is t h e n  
h y p o t h e s i z e d  t o  b e  Rb d i m e t h y l d i s i l a n o l a t e  ( ( C H 3 ) 2 S i ( O R b ) 2 ) ,  t o  b e  a b b r e v i a t e d  
as RbDDS. The o u t l i n e d  r e a c t i o n  scheme y i e l d s  p r o d u c t s ,  H a n d  RbDDs, whose 
e x p e c t e d  mass  s p e c t r a  would be c o n s i s t e n t  w i t h  t h e  p r e s e n t  R ~ A .  The e x t e n t  t o  
which  t h e s e  r e a c t i o n s  c a n  o c c u r  is o f  c o u r s e  d e p e n d e n t  o n  t h e  amount  o f  
u n r e a c t e d  s i l a n o l  s u b s t i t u e n t s  on t h e  g l a s s  s u r f a c e  p r i o r  t o  i n t r o d u c t i o n  o f  t h e  
a l k a l i  metal. S i n d o r f  and  ~ a c i e l l ~  i n d i c a t e  u n r e a c t e d  s i l a n o l s  may c o m p r i s e  up 
t o  a p p r o x i m a t e l y  20% o f  t h e  t o t a l  s u r f a c e  c o a t i n g  s i l a n e .  T h i s  is a n  
a p p r e c i a b l e  f r a c t i o n  and  c o u l d  l e a d  t o  t h e  c o n s i d e r a b l e  o u t g a s s i n g  o b s e r v e d .  I t  
is a l s o  a p p a r e n t  f rom t h e  p r e s e n t  s t u d i e s  t h a t  t h e  r a p i d i t y  w i t h  which  t h e  
r e a c t i o n s  p r o c e e d ,  a n d  p o t e n t i a l l y  t h e  d e g r e e  t o  which a l l  s u r f a c e  s i l a n o l s  a r e  
consumed,  d e p e n d s  o n  t h e  c o n c e n t r a t i o n  o f  Rb a t  t h e  c e l l  s u r f a c e .  S h o u l d  l i q u i d  
Rb be p r e s e n t  t h e  r e a c t i o n  would be e x p e c t e d  t o  p r o c e e d  more r a p i d l y  and  t o  a  
h i g h e r  d e g r e e  o f  c o m p l e t i o n ;  t h i s  is  c o n s i s t e n t  w i t h  o u r  o b s e r v a t i o n s .  To 
e m p h a s i z e  t h e  c o n j e c t u r a l  n a t u r e  o f  t h i s  r e a c t i o n  s e q u e n c e  we s h o u l d  p o i n t  o u t  
t h a t  i n  o u r  r e v i e w  o f  t h e  l i t e r a t u r e  we c o u l d  n o t  f i n d  p r e v i o u s  m e n t i o n  o f  
RbDDS. The d e f i n i t i v e  v e r i f i c a t i o n  o f  t h i s  s e q u e n c e  o  r e a c t i o n s  would r e q u i r e  
a d d i t i o n a l  s t u d i e s .  Of p a r t i c u l a r  v a l u e  s h o u l d  be S i 2 g  NMR s t u d i e s  o f  t h e  f o r m  
p e r f o r m e d  by S i n d o r f  and  M a c i e l  which c o u l d  m o n i t o r  s i l a n o l  c o n c e n t r a t i o n s  on 
t h e  g l a s s  s u r f a c e  b e f o r e  a n d  a f t e r  a l k a l i  e x p o s u r e .  

IV . DISCUSSION 

The r e a c t i o n  s e q u e n c e  d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n  is n o t  o n l y  
c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  t h e  p r e s e n t  s t u d y ,  b u t  a l s o  c a n  e x p l a i n  
o b s e r v a t i o n s  o f  p r i o r  i n v e s t i g a t i o n s .  Both t h e  i n i t i a l  r e a c t i o n  o f  Rb w i t h  t h e  



r e s i d u a l  s i l a n o l s  on t h e  g l a s s  s u r f a c e ,  a s  well a s  f o r m a t i o n  o f  t h e  v o l a t i l e  
RbDDs, consume a t o m i c  Rb. Thus ,  w h i l e  t h e s e  r e a c t i o n s  a r e  p r o c e e d i n g  one  would 
e x p e c t  t h e  vapor  d e n s i t y  o f  a tomic  Rb i n  a wall c o a t e d  c e l l  t o  be d e p r e s s e d  
below t h a t  e x p e c t e d  from l i q u i d / v a p o r  e q u i l i b r i u  o n s i d e r a t i o n s .  T h i s  is 
c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  o f  Zeng e t  a l .  ', Also ,  o b s e r v a t i o n s  o f  
r e d u c t i o n s  i n  wall r e l a x a t i o n  r a t e s  ( i . e . ,  c e l l  c u r i n g )  a f t e r  Rb e x p o s u r e  can  be 
e x p l a i n e d  on t h e  b a s i s  o f  two d i f f e r e n t  e f f e c t s .  F i r s t ,  t h e  o u t g a s s e d  p r o d u c t  
w i l l  a c t  as a b u f f e r  g a s  r e d u c i n g  t h e  number o f  wall c o l l i s i o n s  p e r  u n i t  time 
compared t o  an e v a c u a t e d  c e l l .  I n  unpub l i shed  e x p e r i m e n t s  Happer h a s  o b s e r v e d ,  
t h o u g h ,  t h a t  t h e  c e l l  c u r i n g  is observed  even i n  c e l l s  c o n t a i n i n g  many t o r r  o f  
b u f f e r  g a s .  The r e l a t i v e l y  small c o n t r i b u t i o n  o f  t h e  o u t g a s s e d  p r o d u c t  t o  t o t a l  
c e l l  p r e s s u r e  i n  t h e s e  c a s e s  cou ld  n o t  t h e n  e x p l a i n  t h e  o b s e r v e d  r e d u c t i o n  i n  
w a l l  r e l a x a t i o n  r a t e .  Consequent ly  t h e  r e a c t i o n  sequence  must  a l s o  modify t h e  
r e l a x a t i o n  p r o p e r t i e s  o f  t h e  s u r f a c e  i t s e l f .  

To b e t t e r  unde r s t and  how t h e  d i s c u s s e d  r e a c t i o n  sequence  can  modify t h e  
r e l a x a t i o n  p r o p e r t i e s  o f  t h e  wall c o a t i n g  m a t e r i a l  we v i s u a l i z e  t h e  b u l k  g l a s s  
as cove red  by a  s i l o x a n e  canopy,  a k i n  t o  t h e  f o l i a g e  canopy c o v e r i n g  a  r a i n  
f o r e s t .  The o u t e r m o s t  "branches"  o f  t h e  g l a s s  s u r f a c e ' s  canopy a r e  t h e  hydro-  
gen a toms a t a c h e d  t o  t h  c a r b o n s  o f  t h e  methyl  g roups .  The s t u d i e s  o f  Bouch ia t  
and  Brosse l '  and CamparoT2 show t h a t  p a r a f f i n s  and s i l a n e  c o a t i n g s  r e l a x  n u c l e a r  
and e l e c t r o n i c  p o l a r i z a t i o n  th rough  t h e  same mechanisms. Consequen t ly ,  t h e  
o u t e r m o s t  hydrogen and carbon atoms p l ay  t h e  g r e a t e s t  r o l e s  i n  t h e  wall 
r e l a x a t i o n  p r o c e s s .  S i l i c o n  atoms i n  t h e  s i l o x a n e  c o a t i n g  a r e  o f  o n l y  s econda ry  
i m p o r t a n c e .  t e r s p e r s e d  among t h e  c a n o p y ' s  methyl  g r o u p s  a r e  h y d r o x y l  
g r o u p s .  McNealS3 demons t r a t ed  t h a t  m o l e c u l e s  w i t h  permanent  d i p o l e  moments can  
be h i g h l y  d e p o l a r i z i n g .  S p e c i f i c a l l y  h e  found t h a t  met y l e t h e r ,  a p o l a r  
molqfiule  had a  d e p o l a r i z a t i o n  c r o s s  s e c t i o n  o f  3 x  10' cmp, compared t o  8 x  
10- cd2 f o r  n o n p o l a r  methane.  On t h e  b a s i s  o f  s i m p l e  e l e c - t r o n e g a t i v i t y  
c o n s i d e r a t i o n s  one  would e x p e c t  t h e  SiOH, s i l a n o l  u n i t s  on t h e  c o a t i n g  material 
t o  a l s o  have permanent  d i p o l e  moments. These hydroxyl  s u b s t i t u e n t s  are t h e n  
s i t e s  f o r  s t r o n g  e l e c t r o n i c  and n u c l e a r  d e p o l a r i z a t i o n .  

The r e a c t i o n  scheme we have o u t l i n e d  r e s u l t s  i n  t h e  e v e n t u a l  removal  o f  
hyd roxy l  g roups  from t h e  s u r f a c e  c o a t i n g  canopy.  However, a f t e r  t h e  removal  o f  
t h e  RbDDs p r o d u c t  one  might  e x p e c t  a  p a t c h  bulk  g l a s s  t o  become v i s i b l e  t o  an  
imp ing ing  a l k a l i  a tom. Herzberg  and Erwin" found though ,  t h a t  g l a s s  s u r f a c e s  
t r e a t e d  w i t h  d i c h l o r o d i m e t h y l s i l a n e  can  deve lope  g r e a t e r  t h a n  monolayer  c o a t i n g  
c o v e r a g e s .  Consequen t ly ,  t h e  s u r f a c e  canopy cou ld  be d e n s e  enough t h a t  even  
a f t e r  t h e  removal  o f  i s o l a t e d  RbDDs m o l e c u l e s ,  r e a r r a n g e m e n t s  o f  t h e  canopy 
would s t i l l  p r o v i d e  e f f e c t i v e  cove rage  o f  t h e  s u r f a c e .  Fu r the rmore ,  w i t h  r e g a r d  
t o  t h e  v o l a t i l e  RbDDs p r o d u c t ,  i t  is q u i t e  p o s s i b l e  t h a t  i t  t o o  h a s  a permanent  
d i p o l e  moment, and is t h u s  d e p o l a r i z i n g .  However, s i n c e  g a s  phase  c o l l i s i o n  
i n t e r a c t i o n  t i m e s  a r e  t y p i c a l l y  o r d e r s  o f  magni tude  s m a l l e r  t h a n  a t o m / s u r f a c e  
i n t e r a c t i o n  t i m e s ,  t h e  n e t  e f f e c t  o f  p roduc ing  a v o l a t i l e  RbDDs p r o d u c t  would be  
a  r e d u c t i o n  i n  t h e  i n f l u e n c e  o f  permanent  d i p o l e  moment s p e c i e s  on a l k a l i  s p i n  
r e l a x a t i o n .  Thus ,  w i t h i n  t h i s  p o s t u l a t e d  r e a c t i o n  s e q u e n c e ,  e x p e r i m e n t a l  
o b s e r v a t i o n s  o f  a  g r a d u a l  c u r i n g  o r  a g i n g  o f  t h e  s i l a n e  wall c o a t i n g s ,  r e s u l t i n g  
i n  r educed  wall r e l a x a t i o n  r a t e s ,  can be e x p l a i n e d .  



V .  CONCLUSIONS AND SUMMARY 

T h i s  s t u d y  h a s  shown t h a t  a r e a c t i o n  o c c u r s  when Rb, and  p o t e n t i a l l y  o t h e r  
a l k a l i  metals, is e x p o s e d  t o  a s i l a n e  w a l l  c o a t i n g .  V o l a t i l e  p r o d u c t s  i n c l u d i n g  
H2 a n d  a s i l i c o n  c o n t a i n i n g  s p e c i e s  a r e  p r o d u c e d ,  and t h e  d e g r e e  t o  which  t h e  
r e a c t i o n  p r o c e e d s  is found  t o  be d e p e n d e n t  on t h e  amount o f  Rb t o  which  t h e  wall 
c o a t i n g  is e x p o s e d .  A r e a c t i o n  s e q u e n c e  was s u g g e s t e d  which c o u l d  r e s u l t  i n  t h e  
r e d u c t i o n  o f  wall c o a t i n g  r e l a x a t i o n  r a t e s  a s  it p r o c e e d s ;  a  c o n s e q u e n c e  o f  t h e  
r e a c t i o n  t h a t  is c o n s i s t e n t  w i t h  t h e  c e l l  c u r i n g  o b s e r v a t i o n s  made by p r e v i o u s  
i n v e s t i g a t o r s .  Whi le  t h e  s u g g e s t e d  r e a c t i o n s  may t e n d  t o  improve  t h e  c o a t i n g ' s  
p r o p e r t i e s ,  i t  is i m p o r t a n t  t o  be a w a r e  t h a t  t r a c e  i m p u r i t i e s  a r e  b e i n g  
i n t r o d u c e d  i n t o  t h e  s y s t e m .  On t h e  b a s i s  o f  measured  r e l a x a t i o n  r a t e s  a n d  
e s t i m a t e d  o u t g a s s i n g  p r e s s u r e s ,  we e s t i m a t e  t h a t  t h e  e l e c t r o n  s p i n  re1 x a t i  n  
c r o s s  s e c t i o n  o f  t h e  s i l i c o n  c o n t a i n i n g  s p e c i e s  mus t  b e  l e s s  t h a n  1 x  cm', 
which  is a  d e p o l a  i z a t i o n  c r o s s  s e c t i o n  t h a t  is  c o n s i s t e n t  w i t h  e i t h e r  p o l a r  o r  
n o n p o l a r  s p e c i e s .  ' I n  g a s  c e l l  a t o m i c  s t a n d a r d s ,  t h e  p r e s e n c e  o f  t h e  i m p u r i t y  
s p e c i e s  c a n ,  a s  a r e s u l t  o f  a l t e r e d  D i c k e - n a r r o w i n g ,  d e c r e a s e  t h e  h y p e r f i n e  
t r a n s i t i o n  Q .  T h i s  would d e g r a d e  t h e  f r e q u e n c y  s t a b i l i t y  o f  a  s t a n d a r d  u s i n g  
s u c h  a  c e l l .  C o n s e q u e n t l y ,  f o r  s t a n d a r d  u s e ,  c a r e  mus t  be  t a k e n  t o  i n s u r e  t h e  
c u r i n g  p r o c e s s  is  c o m p l e t e d  p r i o r  t o  f i n a l  s e a l i n g  o f  s u c h  an  e v a c u a t e d  w a l l  
c o a t e d  c e l l .  
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F i g u r e  1 .  Schema t i c  r e p r e s e n t a t i o n  o f  t h e  r e a c t i o n  s t e p s  f o r  t h e  c h e m i s o r p t i o n  
o f  d i c h l o r o d i m e t h y l s i l a n e  t o  g l a s s .  I n  F i g .  l a ,  Si(CH3)2C12 r e a c t s  
w i t h  OH g roups  on t h e  s u r f a c e  y i e l d i n g  H C 1  and a condensed s i l o x a n e  
mo lecu le  Si(CH3)2C10-. Subsequent  r e a c t i o n  o f  t h i s  s i l o x a n e  m o l e c u l e  
w i t h  adso rbed  w a t e r  l e a d s  t o  s i t u a t i o n s  a s  d e p i c t e d  i n  I b .  I n  F i g .  
1b adso rbed  w a t e r  h a s  hyd ro lyzed  some o f  t h e  u n r e a c t e d  c h l o r i n e s ,  
l e a d i n g  t o  Si(CH3)2C10- and Si(CH3)2(0H)O- s p e c i e s  i n  c l o s e  
p r o x i m i t y .  With a  s l i g h t  bond a n g l e  a d j u s t m e n t  t h e s e  n e i g h b o r i n g  
s p e c i e s  can  r e a c t  t o  form H C 1  and t h e  polymer ized  d imer  
O[Si(CH ) 2 ( 0 - ) ] 2 .  I n  F i g .  1c s u r f a c e  c o a t i n g  s t r u c t u r e s  t h a t  o c c u r  

? w i t h  a ower f r equency  a r e  shown. 



QUESTIONS AND ANSWERS 

Jacques Vanier, National Research Council: I have a problem with your last conclusion. I 
disagree completely. If you remove the products, you will not have any buffer gas. Then 
you will have a relaxation time that will be so short that it will be equivalent to one 
transversal of the bulb. The atom will die. I don't think that your coating will help. 

Mr. Frueholtz: According to the results, which will be published in the paper, the coating 
is fairly good. Additionally, We have done some relaxation studies using the coating and 
we know that we can get five bounces off the surface. This is not as good as a paraffin 
coating, but we have not optimized the coating procedure. The point that should be made 
is that this coating looks very similar to paraffin in that, when an impinging atom what it 
sees is primarily the same thing. 

Mr. Vanier: My experience is that by using this coating, you lose a milligram of rubidium 
which gets swallowed by the wall. 

Mr. Frueholtz: We get somewhat different results then. 


