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A b s t r a c t  

Uncor rec ted  f requency  d r i f t  i n  t h e  rubidium (Rb) vapor a tomic  f requency  
s t a n d a r d  can be a s i g n i f i c a n t  s o u r c e  of t ime  e r r o r  f o r  sys tems  based on t h i s  
s t a n d a r d ,  and h a s  t h u s  d r a s t i c a l l y  Limited t h i s  s t a n d a r d ' s  range of 
a p p l i c a t i o n .  Not o n l y  a r e  t h e  o r i g i n s  of t h i s  d r i f t  no t  we l l  u n d e r s t o o d ,  b u t  
its c h a r a c t e r i s t i c s  have never  been f u l l y  documented. A s  a f i r s t  s t e p  i n  
c o r r e c t i n g  t h i s  s i t u a t i o n  w e  have reviewed t h e  a v a i l a b l e  exper imenta l  d a t a  
concern ing  d r i f t ,  and have a r r i v e d  a t  a c o n s i s t e n t  s e t  of g e n e r a l  Rb c l o c k  
d r i f t  c h a r a c t e r i s t i c s :  1 )  on an i n d i v i d u a l  s t a n d a r d  t he  s i g n  of the d r i f t  
c o e f f i c i e n t  may be v a r i a b l e ;  2)  t h e  magnitude and s i g n  of t h e  d r i f t  
c o e f f i c i e n t  are t y p i c a l l y  o n l y  s t a b l e  over  a p e r i o d  o f  rough ly  t h r e e  months,  

and 3) t h e  g e n e r a l  Rb c l o c k  d r i f t  c o e f f i c i e n t  is ( 5  * 2 )  x 1 0 - ' ~ / m o n t h .  Using 
t h e s e  c h a r a c t e r i s t i c s  w e  t h e n  d i s c u s s  e l e v e n  p o s s i b l e  mechanisms c a p a b l e  o f  
i n d u c i n g  d r i f t .  I t  is found t h a t  o n l y  f o u r  of  t h e s e  mechanisms are c o n s i s t e n t  
w i t h  t h e  d r i f t  c h a r a c t e r i z a t i o n :  1 )  a  t empera tu re - induced  p r e s s u r e  s h i f t  
mechanism, 2)  a q u a d r a t i c  Zeeman s h i f t  mechanism, 3)  a spect rum dependent 
l i g h t  s h i f t  mechanism, and 4 )  a p o s i t i o n  s h i f t  mechanism. It is s u g g e s t e d  
t h a t  t h e s e  f o u r  mechanisms r e c e i v e  more t h e o r e t i c a l  and e x p e r i m e n t a l  a t t e n t i o n  
t o  see i f  any one of  them is c a p a b l e  o f  e x p l a i n i n g  a l l  t h e  v a g a r i e s  of  Rb 
c l o c k  f r e q u e n c y  d r i f t  . 



I. I n t r o d u c t i o n  

For v a r i o u s  p r e c i s e  f requency  a p p l i c a t i o n s  i n  t h e  f i e l d ,  e i t h e r  onboard 
s a t e l l i t e s ,  a i r c r a f t  o r  i n  manpacks, t h e  rubidium (Rb) g a s  c e l l  a tomic  f r e -  
quency s t a n d a r d  i s  p a r t i c u l a r l y  a t t r a c t i v e  due t o  i ts  low weight  and moderate  
power consumption.  A d d i t i o n a l l y ,  r e c e n t  e x p e r i m e n t a l  s t u d i e s  have shown t h a t  
Rb gas c e l l  s t a n d a r d s  can a c h i e v e  f requency  s t a b i l i t i e s  t h a t  r i v a l  t h o s e  o f  
cesium (Cs) beam s t a n d a r d s  [ I ] ,  which makes them even more a t t r a c t i v e  f o r  
f i e l d  u s e .  C s  s t a n d a r d s ,  however, t y p i c a l l y  do n o t  d i s p l a y  f requency  d r i f t ,  
which is a d e t e r m i n i s t i c  v a r i a t i o n  of a n  o s c i l l a t o r ' s  f r equency  o u t p u t  [21. 
A l t e r n a t i v e l y ,  Rb g a s  c e l l  s t a n d a r d s  g e n e r a l l y  d i s p l a y  f r a c t i o n a l  f r equency  

d r i f t s  ( 6 f / f o ,  where f o  is t h e  c l a c k t s  nominal f r e q u e n c y )  of - 10-13/day. If 

u n c o r r e c t e d  t h e  magnitude of t h i s  d r i f t  c o e f f i c i e n t  r e p r e s e n t s  a p o t e n t i a l  
problem f o r  p r e c i s e  t ime  keeping and f requency  c o n t r o l ,  and t h u s  d r a s t i c a l l y  
l i m i t s  t h e  s t a n d a r d ' s  r ange  of a p p l i c a t i o n .  

B a s i c a l l y ,  t h e r e  a r e  two ways of t r e a t i n g  d r i f t  i n  an o s c i l l a t o r  wi thou t  
r e s o r t i n g  t o  a f r e q u e n c y  comparison between o s c i l l a t o r s  : one can " b l i n d l y "  
c o r r e c t  f o r  it ( e i t h e r  by p r e d i c t i n g  t h e  a p p r o p r i a t e  f r e q u e n c y  change based on 
a knowledge of t h e  o s c i l l a t o r ' s  past  h i s t o r y ,  o r  by employing a predetermined 
c o r r e l a t i o n  between d r i f t  and a moni tored c l o c k  p a r a m e t e r ) ,  or one can 
e l i m i n a t e  i t .  For example,  assume t h a t  t e m p e r a t u r e  a f f e c t s  an o s c i l l a t o r ' s  
f r equency  because  a c r i t i c a l  resistor somewhere i n  t h e  c i r c u i t  has a l a r g e  
t e m p e r a t u r e  c o e f f i c i e n t .  I n  t h i s  p a r t i c u l a r  c a s e  t e m p e r a t u r e  would be d e f i n e d  
as t h e  parameter  t h a t  d r i v e s  d r i f t  v i a  a mechanism of r e s i s t o r  t e m p e r a t u r e  
s e n s i t i v i t y .  Thus,  b a r r i n g  t h e  p o t e n t i a l l y  dangerous  s i t u a t i o n  o f  b l i n d  
p r e d i c t i o n ,  by m o n i t o r i n g  o s c i l l a t o r  t e m p e r a t u r e  one cou ld  c o r r e c t  f o r  t h e  
expec ted  f r e q u e n c y  change th rough  t h e  use  of some predetermined a l g o r i t h m ;  
a l t e r n a t i v e l y ,  one c o u l d  r e p l a c e  t h e  t e m p e r a t u r e  s e n s i t i v e  r e s i s t o r  w i t h  a 
less  s e n s i t i v e  one.  Both of  t h e s e  p r o c e d u r e s ,  however,  r e q u i r e  knowledge of  
t h e  c l o c k  pa ramete r s  t h a t  d r i v e  d r i f t  (e.g., t e m p e r a t u r e )  and knowledge of the  
mechanism(s)  by which d r i f t  o c c u r s  (e.g., r e s i s t o r  t e m p e r a t u r e  s e n s i t i v i t y ) .  

U n f o r t u n a t e l y ,  when o n e  surveys t h e  s p a r c e  Rb clock d r i f t  l i t e r a t u r e ,  one  
is b e s e t  w i t h  a v a r i e t y  of seemingly  u n r e l a t e d  d r i f t  c o e f f i c i e n t  measurements 
and hypo theses .  T h i s  s i t u a t i o n  is n o t  s o  much t h e  f a u l t  of t h e  v a r i o u s  
a u t h o r s ,  as  i t  is an i n d i c a t i o n  of  t h e  complex i ty  o f  t h e  q u e s t i o n .  The end 
r e s u l t  of t h i s  c o n f u s i o n ,  however, is t h a t  t h e r e  is no c l e a r  consensus  as t o  
t h e  g e n e r a l  c h a r a c t e r i s t i c s  of Rb c l o c k  d r i f t ;  o r  even i f  g e n e r a l  c h a r a c t e r -  
i s t i c s  of d r i f t ,  v a l i d  f o r  Rb s t a n d a r d s  as a c l a s s ,  e x i s t .  Obvious ly ,  g iven  
t h i s  s i t u a t i o n  i t  is no t  s u r p r i s i n g  t h a t  t h e r e  is no agreement as t o  t h e  
g e n e r a l  mechanism(s)  o f  Rb c l o c k  f r e q u e n c y  d r i f t ,  and hence t h e  pa ramete r s  
t h a t  d r i v e  d r i f t .  

The purpose  of t h e  p r e s e n t  s t u d y  is t h e r e f o r e  twofo ld .  F i r s t ,  it is our 
i n t e n t  t o  o b t a i n  a c o n s i s t e n t  set of g e n e r a l  Rb c l o c k  d r i f t  c h a r a c t e r i s t i c s  
based on t h e  a v a i l a b l e  d a t a ,  and t o  c l e a r l y  s t a t e  t h e  assumpt ions  r e g a r d i n g  
d r i f t  c o n t a i n e d  w i t h i n  t h i s  c h a r a c t e r i z a t i o n .  We t h e n  p l a n  t o  i n v e s t i g a t e  a 
range  o f  p o s s i b l e  d r i f t  mechanisms t o  see i f  any a r e  c o n s i s t e n t  w i t h  t h i s  
g e n e r a l  d r i f t  c h a r a c t e r i z a t i o n .  I t  is our  hope t h a t  t h e  s u r v i v i n g  set  of 
p l a u s i b l e  mechanisms w i l l  h e l p  t o  gu ide  f u r t h e r  e x p e r i m e n t a l  r e s e a r c h  i n t o  
d r i f t ,  s o  t h a t  e v e n t u a l l y  an  unambiguous u n d e r s t a n d i n g  of t h e  mechanism(s1 of 
Rb c l o c k  d r i f t  and t h e  pa ramete r s  t h a t  d r i v e  d r i f t  w i l l  emerge. 



11. O u t l i n e  of Gas C e l l  S t a n d a r d  Opera t ion  

Before  p roceed ing  t o  o u r  main t o p i c ,  it w i l l  be advantageous  t o  b r i e f l y  
d e s c r i b e  t h e  o p e r a t i o n  of t h e  g a s  c e l l  s t a n d a r d .  F i g u r e  1 shows t h e  b a s i c  
p h y s i c s  package e lements  of an o p t i c a l l y  pumped g a s  cell a tomic  f requency  
s t a n d a r d :  t h e  lamp,  t h e  f i l t e r  c e l l ,  t h e  resonance  c e l l  and t h e  
p h o t o d e t e c t o r .  I n  combina t ion ,  t h e  lamp and f i l t e r  c e l l  produce a s p e c t r a l  
e m i s s i o n  t h a t  p r e f e r e n t i a l l y  e x c i t e s  atoms i n  t h e  resonance  c e l l  o u t  of one of 

2 t h e  5 S I l 2  ground s t a t e  h y p e r f i n e  m u l t i p l e t s .  For example,  t h e  o p t i c a l  

emiss ion  l i n e s  c o r r e s p o n d i n g  t o  t r a n s i t i o n s  from F=2 ( i . e .  t r a n s i t i o n  numbers 
3 and 4 i n  F ig .  1 b )  may be e f f e c t i v e l y  blocked by t h e  f i l t e r  c e l l ,  s o  t h a t  
o n l y  t h o s e  atoms i n  t h e  F-1 hyperf  i n e  m u l t i p l e t  can a b s o r b  l i g h t .  S i n c e  an 

e x c i t e d  atom can decay from t h e  5 2 ~  312 O r  5'pIl2 s t a t e  i n t o  e i t h e r  ground 

s t a t e  h y p e r f i n e  m u l t i p l e t ,  t h e  s u c c e s s i v e  a c t i o n  of several opt ical  absorp-  
t i o n s  and r e e m i s s i o n s  w i l l  l e a d  t o  a t r a n s f e r  of p o p u l a t i o n  from one h y p e r f i n e  
m u l t i p l e t  i n t o  t h e  o t h e r .  Fur thermore ,  s i n c e  t h i s  p r o c e s s  of o p t i c a l  pumping 
d e p o p u l a t e s  t h e  o p t i c a l l y  a b s o r b i n g  h y p e r f i n e  m u l t i p l e t ,  t h e  e q u i l i b r i u m  l i g h t  
i n t e n s i t y  t r a n s m i t t e d  by t h e  resonance  c e l l  and d e t e c t e d  by t h e  photodiode 
w i l l  be a t  a maximum. If microwaves of t h e  a p p r o p r i a t e  f r equency ,  6835 MHz, 
a r e  now a p p l i e d  t o  t h e  c a v i t y ,  atoms i n  t h e  overpopu la ted  h y p e r f i n e  m u l t i p l e t  
w i l l  be induced i n t o  r e t u r n i n g  t o  t h e  o p t i c a l l y  a b s o r b i n g  h y p e r f i n e  m u l t i -  
p l e t .  T h i s  a p p r o p r i a t e  f r e q u e n c y  is then  d e t e c t e d  as a decrease i n  t h e  L igh t  
i n t e n s i t y  t r a n s m i t t e d  by t h e  resonance  c e l l  as shown i n  Fig .  2. S i n c e  t h e  Q 

8 of t h e  a tomic  i n t e r a c t i o n  w i t h  t h e  microwaves is lo7-10 , t h e  d e c r e a s e  i n  
t r a n s m i t t e d  l i g h t  i n t e n s i t y  can be used t o  d i s c r i m i n a t e  a g a i n s t  v e r y  small 
changes i n  t h e  6835 MHz microwave f requency .  

I n  t h e  g a s  cell s t a n d a r d ,  however, t h e  center f r e q u e n c y  of t h e  c l o c k  
S i g n a l  Vatomlc does  no t  co r respond  t o  t h e  f r e e  a tom's  h y p e r f i n e  resonance  

f requency  vo. Var ious  p e r t u r b a t i o n s  o c c u r r i n g  i n  t h e  resonance  cell s h i f t  

'atomic from its unper tu rbed  va lue .  I f  these p e r t u r b a t i o n s  were s t a t i c ,  t h e n  

t h e  d i f f e r e n c e  between vatomic and vo would s imply  r e p r e s e n t  a c o n s t a n t  offset 

6v. T h i s  o f f s e t  would a f f e c t  t h e  s t a n d a r d ' s  a p p l i c a b i l i t y  as a pr imary 
s t a n d a r d ,  b u t  no t  a s  a secondary  s t a n d a r d .  U n f o r t u n a t e l y ,  t h e r e  a r e  compel- 
l i n g  r e a s o n s  f o r  b e l i e v i n g  t h a t  t h i s  o f f s e t  is n o t  s t a t i c .  Thus ,  a s  

'atomic v a r i e s  s l o w l y  i n  time, i t  can c a u s e  a s low v a r i a t i o n  i n  t h e  c l o c k ' s  

o u t p u t  frequency; i n  o ther  words i t  can induce d r i f t .  I n  the f o l l o w i n g  
s e c t i o n s  we w i l l  a n a l y z e  a number of a tomic  p e r t u r b a t i o n s  t h a t  l e a d  t o  t h e  
d i f f e r e n c e  b e t  ween v  and v we w i l l  c o n s i d e r  how t h e s e  o f f s e t s  might a t o m i c  o ' 
v a r y  s l o w l y  i n  t i m e ,  and we w i l l  de te rmine  t h e  c o n s i s t e n c y  of t h e s e  time 

v a r y i n g  offsets w i t h  t h e  d r i f t  c h a r a c t e r i z a t i o n .  

111. Drift Characterization 

I n  o r d e r  t o  o b t a i n  a c h a r a c t e r i z a t i o n  o f  t h e  rubidium c l o c k ' s  f r equency  
d r i f t ,  t h e  l i t e r a t u r e  of t h e  p a s t  twenty  y e a r s  was su rveyed .  S e v e r a l  s t u d i e s  
s t o o d  o u t  as be ing  e x c e p t i o n a l  d r i f t  r e s e a r c h e s  [3]-[9], and a v e r a g e  d r i f t  



c o e f f i c i e n t s ,  Davg,  o b t a i n e d  from t h e i r  results are collected i n  Table I ;  to  

o b t a i n  t h e  a v e r a g e  d r i f t  c o e f f i c i e n t  magni tudes  t h e  d r i f t  v a l u e s  from t h e s e  
s t u d i e s  were weighted by t h e  number of  months of  o b s e r v a t i o n  f o r  a p a r t i c u l a r  
v a l u e  of d r i f t .  S i n c e  t h e s e  d r i f t  s t u d i e s  i n c l u d e  r e s u l t s  on f requency  
s t a n d a r d s  w i t h  d i f f e r e n t  d e s i g n  approaches  t o  t h e  Rb p h y s i c s  package,  a 
c h a r a c t e r i z a t i o n  of  d r i f t  r e s u l t i n g  from t h e i r  comparison shou ld  be 
r e p r e s e n t a t i v e  of t h e  Rb s t a n d a r d t s  d r i f t  i n  general. 

Regarding t h e  d a t a  c o l l e c t e d  i n  T a b l e  I ,  t h e r e  is a c l e a r  d i s t i n c t i o n  
between average  d r i f t  c o e f f i c i e n t  magnitudes measured p r i o r  t o  1967, and 
a v e r a g e  d r i f t  c o e f f i c i e n t  magni tudes  measured more r e c e n t l y :  

Davg 
(prior to 1967) 

D ( p o s t  1967) = 5 * 3 .  ( 1  
avg 

T h i s  o b s e r v a t i o n  s u g g e s t s  t h a t  somewhere around 1967 t h e  magnitude of t h e  Rb 
c l o c k ' s  d r i f t  c o e f f i c i e n t  improved by rough ly  a f a c t o r  of two i n d u s t r y  wide,  
and has  s t a y e d  n e a r l y  c o n s t a n t  t o  t h e  p r e s e n t  day.  S i n c e  t h e  m i d - s i x t i e s  seem 
t o  be the t ime p e r i o d  when t h e  s w i t c h  from vacuum t u b e  e l e c t r o n i c s  t o  s o l i d  
s t a t e  e l e c t r o n i c s  i n  t h e  Rb c l o c k  was o c c u r r i n g  [4 ] ,  i t  may be t h a t  t h i s  
d r a m a t i c  d e c r e a s e  i n  t h e  d r i f t  c o e f f i c i e n t  magnitude can be a t t r i b u t e d  t o  a n  
improvement i n  t h e  e l e c t r o n i c s  of  t h e  c l o c k .  I n  o u r  f u r t h e r  c o n s i d e r a t i o n s  of 
d r i f t  c o e f f i c i e n t  v a l u e s  we w i l l  t h e r e f o r e  o n l y  employ p o s t  1967 d a t a .  

If we c o n s i d e r  the coefficients c o l l e c t e d  i n  Table I the following 
s t a t e m e n t s  can be made. 

1 )  Even though t h e s e  f requency  s t a n d a r d s  a r e  o f  d i f f e r e n t  d e s i g n ,  and 
span t h e  p a s t  twenty  y e a r s  o f  Rb c l o c k  manufac tu re ,  w i t h i n  a  f a c t o r  
of  2-3 t h e y  a l l  e x h i b i t  t h e  same a v e r a g e  d r i f t  c o e f f i c i e n t  magni- 
t u d e .  Thus ,  t h e  c l o c k  pa ramete r s  t h a t  d r i v e  d r i f t  must no t  be 
a s s o c i a t e d  w i t h  t h e  c l o c k  c h a r a c t e r i s t i c s  t h a t  d i f f e r e n t i a t e  t h e s e  
s t a n d a r d s .  I n  p a r t i c u l a r ,  t h i s  o b s e r v a t i o n  a r g u e s  a g a i n s t  a  p u r e l y  
e l e c t r o n i c  mechanism fo r  d r i f t  (e .g . ,  a n  a . c .  or d .c .  i n s t a b i l i t y  i n  
t h e  servo demodulator)  , s i n c e  t h e  e l e c t r o n i c  d e s i g n  and components 
of' t h e s e  s t a n d a r d s  can be expec ted  t o  d i f f e r  s i g n i f i c a n t l y .  Thus, 
t h i s  o b s e r v a t i o n  s u g g e s t s  t h a t  t h e  mechanism of  d r i f t  must somehow 
be a s s o c i a t e d  w i t h  a v a r i a t i o n  i n  t h e  c e n t e r  f r e q u e n c y  of  t h e  
c l o c k t  s a tomic  s i g n a l  . Fur the rmore ,  t h i s  o b s e r v a t i o n  s u g g e s t s  t h a t  
t h e  same mechanism(s)  is r e s p o n s i b l e  f o r  d r i f t  i n  a l l  Rb f r e q u e n c y  
s t a n d a r d s  . 

2) The magnitude of  t h e  d r i f t  c o e f f i c i e n t  and even its s i g n  a r e  i n  
g e n e r a l  o n l y  s t a b l e  f o r  a p e r i o d  of rough ly  t h r e e  months. Thus,  i t  
c o u l d  be argued t h a t  t h e  p r o c e s s  a s s o c i a t e d  w i t h  d r i f t  is n o t  
d e t e r m i n i s t i c  a t  a l l ,  b u t  is i n  f a c t  t h e  r e s u l t  of some very  low 
f r e q u e n c y  n o i s e .  However, f o r  t he  p r e s e n t  purposes  t h e  d i s t i n c t i o n  
between a t r u l y  d e t e r m i n i s t i c  process and n o i s e  is of no conse- 
quence.  We a r e  o n l y  i n t e r e s t e d  i n  c h a r a c t e r i z i n g  t h e  behav io r  o f  
t h e  f r e q u e n c y  change t h a t  is l a b e l l e d  as d r i f t ,  s o  t h a t  a n  a n a l y s i s  
of  t h e  mechanisms t h a t  might d r i v e  t h i s  f r equency  change may be 
under taken.  



It should be n o t e d  t h a t  n o t  a l l  Rb c l o c k s  e x h i b i t  t h i s  
v a r i a t i o n  of t h e  d r i f t  c o e f f i c i e n t  [IOl. I f ,  however, one  were t o  
assume t h a t  d r i f t  is due t o  a s i n g l e  mechanism, o p e r a t i v e  i n  a l l  
s t a n d a r d s ,  t h e n  t h i s  o b s e r v a t i o n  would n o n e t h e l e s s  be i n d i c a t i v e  of 
a g e n e r a l  f r equency  d r i f t  c h a r a c t e r i s t i c .  S p e c i f i c a l l y ,  we would 
r e q u i r e  that  any c a n d i d a t e  mechanism be c a p a b l e  of  a c c o u n t i n g  f o r  a 
change i n  s i g n  of  t h e  d r i f t  c o e f f i c i e n t .  A l t e r n a t i v e l y ,  i f  d r i f t  
was assumed t o  be due t o  s e v e r a l  independen t  mechanisms, t h e n  one  
might account  f o r  v a r i a t i o n s  i n  t h e  d r i f t  c o e f f i c i e n t ' s  s i g n  by 
p o s t u l a t i n g  a n  o s c i l l a t i o n  i n  t h e  r e l a t i v e  importance  of two 
o p p o s i t e l y  s i g n e d  d r i f t  mechanisms ( i  . e ,  t h e  s i g n  of an i n d i v i d u a l  
d r i f t  mechanism would no t  have t o  be v a r i a b l e ) .  Thus, t h e  
i m p l i c a t i o n s  of t h i s  o b s e r v a t i o n  i n  an  a n a l y s i s  of d r i f t  mechanisms 
can o n l y  be a s s e s s e d  i n  terms of some g e n e r a l  assumpt ion r e g a r d i n g  
t h e  n a t u r e  of  Rb c l o c k  f requency  d r i f t .  T h i s  assumpt ion w i l l  be 
d i s c u s s e d  s u b s e q u e n t l y .  

3 )  Computing an average  d r i f t  c o e f f i c i e n t  for  t h e  Rb s t a n d a r d  i n  
g e n e r a l  y i e l d s .  

g 
= (4 .5  + 2 .2 )  x ~ n - ~ * / t n o n t h .  (2) 

Thhs,  since d r i f t  c o e f f i c i e n t s  are i n  g e n e r a l  stable  For periods of 
rough ly  t h r e e  months t h e  t o t a l  f r a c t i o n a l  f r equency  changes  

r e s u l t i n g  from d r i f t  must a t  l e a s t  be on t h e  o r d e r  of 1-2 x 10-I I .  
A d d i t i o n a l l y ,  by c o n s i d e r i n g  t h e  minimum d r i f t  c o e f f i c i e n t  

magni tudes  c o l l e c t e d  i n  T a b l e  I ,  one  f i n d s  t h a t  i n  g e n e r a l  t h e  b e s t  
t h a t  one can expec t  from t h e  Rb s t a n d a r d  w i t h  r e g a r d  t o  d r i f t  is 

rough ly  ( 1.4 * 0.8) x l o h 1  2/month f o r  a p e r i o d  of approx imate ly  two 

months. Any p l a u s i b l e  d r i f t  mechanism must be c a p a b l e  of a c c o u n t i n g  
f o r  t h e s e  magni tudes .  

I V .  P o s t u l a t e s  Regarding t h e  Nature  of t h e  Drift Mechanism(3) 

Before p roceed ing  t o  t h e  d i s c u s s i o n  of  potential d r i f t  mechanisms, it is 
n e c e s s a r y  t o  e x p l i c i t l y  s t a t e  our  i n i t i a l  assumpt ions  r e g a r d i n g  t h e  n a t u r e  o f  
t h e  d r i f t  mechanism(s).  B a s i c a l l y ,  t h e s e  assumpt ions  o r  p o s t u l a t e s  f a l l  i n t o  
s i x  c a t e g o r i e s  which are p r i m a r i l y  d i f f e r e n t i a t e d  by t h e  number and 
u n i v e r s a l i t y  of t h e  mechanisms r e s p o n s i b l e  f o r  d r i f t .  I n  order of  complexi ty  
t h e s e  c a n d i d a t e  p o s t u l a t e s  a r e :  

1 )  D r i f t  is due t o  a  s i n g l e  u n i v e r s a l  mechanism: a l l  Rb c l o c k s  have 
t h e  same s i n g l e  d r i f t  mechanism. 

2 )  D r i f t  is due t o  s e v e r a l  mechanisms, b u t  o n l y  one mechanism is e v e r  
r e s p o n s i b l e  f o r  d r i f t  i n  a p a r t i c u l a r  c l o c k .  

3) I n  a p a r t i c u l a r  c l o c k  d r i f t  is due t o  s e v e r a l  independent  
mechanisms, bu t  t h e s e  s e v e r a l  mechanisms o c c u r  u n i v e r s a l l y .  

4) I n  a p a r t i c u l a r  c l o c k  d r i f t  is due t o  s e v e r a l  independent  
mechanisms, and d i f f e r e n t  combinat ions  of mechanims a r e  r e s p o n s i b l e  
f o r  d r i f t  i n  d i f f e r e n t  c l o c k s .  



5) I n  a p a r t i c u l a r  clock d r i f t  is due t o  s e v e r a l  s y n e r g i s t i c  mechanisms 
( i . e . ,  t h e  t o t a l  e f f e c t  of t h e  mechanisms is g r e a t e r  t h a n  t h e  sum of 
t h e i r  independent  e f f e c t s ) ,  b u t  t h e s e  mechanisms and t h e i r  synergism 
a r e  u n i v e r s a l .  

6 )  I n  a p a r t i c u l a r  c l o c k  d r i f t  is due t o  s e v e r a l  s y n e r g i s t i c  
mechanisms, and t h e r e  is no r e l a t i o n  between t h e  synerg i sm e x i s t i n g  
i n  one  c l o c k  and t h a t  e x i s t i n g  i n  any o t h e r .  

Obvious ly ,  i f  p o s t u l a t e s  5 or 6 r e f l e c t e d  t h e  r e a l i t i e s  of d r i f t  an 
u n d e r s t a n d i n g  o f  d r i f t  would be a very  d i f f i c u l t  t a s k .  However, s ince at 
p r e s e n t  t h e r e  is no e x p e r i m e n t a l  e v i d e n c e  t o  s u g g e s t  a synergism among 
p o t e n t i a l  mechanisms of d r i f t ,  o r  even a t h e o r e t i c a l  u n d e r s t a n d i n g  of  how such  
a synergism cou ld  arise,  we w i l l  i g n o r e  t h i s  p o s s i b i l i t y  i n  t h e  f o l l o w i n g  
a n a l y s i s  of p o t e n t i  a 1  d r i f t  mechanisms. Fur the rmore ,  s i n c e  t h e  p r e v i o u s  
c h a r a c t e r i z a t i o n  lead t o  t h e  c o n c l u s i o n  t h a t  t h e  mechanisrn(s1 of d r i f t  is t h e  
same i n  a l l  s t a n d a r d s  ( i .e .  t h e  mechanisrn(s) is u n i v e r s a l )  p o s t u l a t e s  2 and 4 
a r e  s e e n  t o  be i n c o n s i s t e n t  w i t h  exper iment  and may t h u s  be r e j e c t e d .  L e f t  
w i t h  o n l y  p o s t u l a t e s  1 and 3, t h e r e  is u n f o r t u n a t e l y  no c r i t e r i a ,  e i t h e r  
e x p e r i m e n t a l  o r  t h e o r e t i c a l ,  f o r  d e t e r m i n i n g  t h e  more r e a l i s t i c .  Thus ,  f o r  
t he  sake of  s i m p l i c i t y  we w i l l  choose  p o s t u l a t e  1 as our  "workingw p o s t u l a t e  
f o r  t h e  p r e s e n t  study, remain ing  cogn izan t  of t h e  f a c t  t h a t  a t  some p o i n t  
e x p e r i e n c e  may f o r c e  u s  t o  abandon t h i s  p o s t u l a t e  i n  f a v o r  of  p o s t u l a t e  3. 

V. Drift  Mechanisms 

As p r e v i o u s l y  mentioned the  mechanism of d r i f t  i n  t h e  Rb f r e q u e n c y  
s t a n d a r d  is b e l i e v e d  t o  r e s u l t  from a time v a r y i n g  s h i f t  i n  t h e  a tomic  
s i g n a l ' s  r e sonance  f requency .  I n  t h e  p r e v i o u s  s e c t i o n  we were a b l e  t o  l i s t  
some of t h e  c h a r a c t e r i s t i c s  of t h i s  s h i f t ;  now, i n  t h e  p r e s e n t  s e c t i o n  we want 
t o  d e t e r m i n e  p l a u s i b l e  a tomic  f requency  s h i f t  p r o c e s s e s  f o r  d r i f t .  The pro- 
c e a s e s  t o  be c o n s i d e r e d  a r e  c o l l e c t e d  i n  T a b l e  11, and e a c h  of t h e s e  w i l l  be 
d e a l t  w i t h  i n  t u r n .  Our method w i l l  be t o  de te rmine  d r i f t  c h a r a c t e r i s t i c s  
based on t h e  i n d i v i d u a l  s h i f t  p r o c e s s e s  (mechanisms),  and t o  compare t h e s e  
e x p e c t e d  c h a r a c t e r i s t i c s  w i t h  t h o s e  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  I n  
t h i s  way we will f i n d  t h a t  o u t  of t h e  L i s t  of e l e v e n  p r o c e s s e s ,  t h e r e  are o n l y  
f o u r  p l a u s i b l e  mechanisms of d r i f t .  For c l a r i t y  t h e  e l e v e n  p r o c e s s e s  a r e  
grouped i n t o  t h r e e  c a t e g o r i e s :  1 )  a c a t e g o r y  i n  which a tomic  f r e q u e n c y  s h i f t s  
are due t o  c o l l i s i o n a l  p r o c e s s e s ,  2) a c a t e g o r y  i n  which a t o m i c  f requency  
s h i f t s  a r e  due t o  e l e c t r o m a g n e t i c  f i e l d  i n t e r a c t i o n s ,  and 3 )  a c a t e g o r y  i n  
which a t o m i c  f requency  s h i f t s  are due t o  m i s c e l l a n e o u s  p r o c e s s e s .  

A.  C o l l i s i o n a l  S h i f t s  

1 )  The Wall S h i f t  - I n  t h e  hydrogen maser c o l l i s i o n s  of  H atoms w i t h  t h e  
c o n t a i n e r  walls produce a s i g n i f i c a n t  s h i f t  of t h e  h y p e r f i n e  r e s o n a n c e  f r e -  
quency [ I l l .  One might imagine  t h a t  a similar e f f e c t  is a l s o  p r e s e n t  i n  t h e  
Rb g a s  c e l l  s t a n d a r d ,  and t h a t  v a r i a t i o n s  i n  the  w a l l ' s  c h a r a c t e r i s t i c s  
accoun t  f o r  d r i f t .  However, i n  t h e  Rb gas c e l l  s t a n d a r d  t h e  g l a s s  w a l l s  of 
t h e  resonance  c e l l  a r e  t y p i c a l l y  ba re .  Thus ,  w a l l  c o l l i s i o n s  are e x t r e m e l y  
d e p o l a r i z i n g  , and ve ry  n e a r  t h e  w a l l  's s u r f  a c e  t h e  hyperf  i n e  p o l a r i z a t i o n  is 
e s s e n t i a l l y  z e r o  C123. A s  a r e s u l t  of  t h e  d e p o l a r i z i n g  n a t u r e  of t h e  w a l l s ,  
t h e  resonance  c e l l  t y p i c a l l y  c o n t a i n s  s e v e r a l  t o r r  of some i n e r t  b u f f e r  g a s  t o  
slow d i f f u s i o n  t o  the  w a l l s ,  and t h e  rubidium atoms a r e  t y p i c a l l y  c o n s i d e r e d  



as f r o z e n  i n  p l a c e  due t o  t h e  p resence  of t h i s  b u f f e r  gas. S i n c e  none o f  t h e  
microwave s i g n a l  can come from r e g i o n s  n e a r  t h e  w a l l ' s  s u r f a c e ,  i t  is u n l i k e l y  
t h a t  a w a l l  s h i f t  e x i s t s  i n  t h e  passive Rb s t a n d a r d .  Thus, t h e  w a l l  s h i f t  is 
a h i g h l y  u n l i k e l y  mechanism of d r i f t .  

2)  P r e s s u r e  S h i f t s  - When an a l k a l i  atom I s  i n  the presence  of a buffer 
g a s  atom o r  molecu le ,  t h e  a l k a l i  e x p e r i e n c e s  a v a r i a t i o n  i n  t h e  energy  l e v e l  
s p a c i n g  a s s o c i a t e d  w i t h  t h e  c l o c k  t r a n s i t i o n .  Th i s  e f f e c t  is r e f e r r e d  t o  as 
t h e  p r e s s u r e  s h i f t  e f f e c t  [12] ,  and is r e s p o n s i b l e  f o r  t h e  dependence of t h e  
c l o c k t s  t r a n s i t i o n  f requency  on b u f f e r  gas d e n s i t y .  If  Ts is t h e  t e m p e r a t u r e  

a t  which t h e  resonance  cell was f i l l e d  w i t h  t h e  b u f f e r  g a s  f o r  t h e  measurement 
o f  cr ( i . e .  t h e  p r e s s u r e  s h i f t  c o e f f i c i e n t ) ,  t h e n  t h e  f r a c t i o n a l  f r equency  

P 
s h i f t  due t o  t h i s  mechanism may be w r i t t e n  i n  t h e  form [13]: 

where [BG] is t h e  number d e n s i t y  of b u f f e r  gas atoms o r  molecu les  i n  t h e  
resonance  cel l .  However, due  t o  t h e  f a c t  t h a t  t h e  b u f f e r  gas d e n s i t y  i n  t h e  
immediate v i c i n i t y  o f  an a lka l i  atom is governed by a  Boltzmann f a c t o r  [14],  

@P 
is expec ted  t o  d i s p l a y  a s l i g h t  t e m p e r a t u r e  dependence. Expanding a 

P 
about t h e  nominal r e sonance  c e l l  t e m p e r a t u r e  To t o  f i r s t  o r d e r  i n  a Tay lo r  

s e r i e s ,  Eq. ( 3 )  becomes 

where B (To) = ( d ~ l d T ) ~ = ~ , .  Thus, the c l o c k  f requency  can be expec ted  t o  show 

a s e n s i t i v i t y  t o  bo th  resonance  c e l l  t e m p e r a t u r e  and b u f f e r  g a s  d e n s i t y  as a 
r e s u l t  of t h i s  mechanism. If e i t h e r  parameter  were t o  change s l o w l y  i n  t i m e ,  
t h e n  t h i s  mechanism might account  f o r  d r i f t .  Below, w e  c o n s i d e r  t h r e e  
s p e c i f i c  p r e s s u r e  s h i f t  s i t u a t i o n s .  

2a) Permeat ion P r e s s u r e  S h i f t  - S i n c e  helium has a f a i r l y  l a r g e  c o e f f i -  
c i e n t  for  permeat ion th rough  c e r t a i n  t y p e s  of g lass  [15] ,  one  cou ld  imagine  
t h a t  a tmospher ic  helium d i f f u s e s  i n t o  t h e  resonance  c e l l ,  and t h a t  t h e  
d i f f u s i o n  p r o c e s s  r e s u l t s  i n  a t ime v a r y i n g  a tomic  resonance  f requency .  
R e c e n t l y ,  Goldberg e t  a l .  demons t ra ted  t h e  p o t e n t i a l  importance  of t h i s  
mechanism [ 9 ] .  Helium h a s  a f r a c t i o n a l  f r equency  s h i f t  c o e f f i c i e n t  of +1.05 x 

p e r  t o r r  [121, and s i n c e  t h e  p a r t i a l  p r e s s u r e  o f  He i n  t h e  atmosphere 
is - 4 m t o r r  [16] ,  t h e  t o t a l  f r a c t i o n a l  f r equency  s h i f t  one  would e x p e c t  i s  4 

x T h i s  magnitude is c o n s i s t e n t  w i t h  our c h a r a c t e r i z a t i o n  of d r i f t ,  
imply ing  t h a t  o v e r  a t h r e e  month i n t e r v a l  -100 p to r r  of He d i f f u s e s  i n t o  t h e  
resonance  c e l l .  However, a f t e r  t h r e e  months t h e  p r e c e d i n g  c h a r a c t e r i z a t i o n  
l e a d s  us t o  e x p e c t  a change i n  s i g n  of t h e  d r i f t  c o e f f i c i e n t .  With t h e  
p r e s e n t  mechanism t h i s  cou ld  o n l y  occur  i f  He began t o  d i f f u s e  o u t  of t h e  
resonance  c e l l .  I g n o r i n g  any e x o t i c  changes i n  t h e  He p r e s s u r e  g r a d i e n t  
a c r o s s  t h e  g l a s s  i n t e r f a c e ,  t h i s  p r o c e s s  is therrnodynamica1L y f o r b i d d e n .  
Thus,  though t h e  magni tude of t h i s  p e r m e a t i o n - p r e s s u r e - s h i f t  mechanism a p p e a r s  
r e a s o n a b l e ,  i t  cannot  accoun t  f o r  t h e  c h a r a c t e r i s t i c  change i n  sign of t h e  



d r i f t  c o e f f i c i e n t .  Note,  however,  t h a t  i f  t h e  n a t u r e  of d r i f t  s a t i s f i e d  t h e  
t h i r d  d r i f t  p o s t u l a t e ,  t h e n  t h i s  p r o c e s s  c o u l d  n o t  be s o  e a s i l y  r e j e c t e d .  

(2b) The Adsorp t ion  P r e s s u r e  Shift - I n  t h i s  mechanism of  drlit  we 
c o n s i d e r  the f a c t  t h a t  a t  t h e  nominal r e s o n a n c e  cell t e m p e r a t u r e  To t h e r e  is 

a n  adsorbed  layer of b u f f e r  g a s  molecu les  on t h e  i n n e r  s u r f a c e  o f  t h e  
resonance  c e l l .  The amount of b u f f e r  gas t h a t  is adsorbed  is t y p i c a l l y  r e p r e -  
s e n t e d  by t h e  d e g r e e  o f  surface coverage B ( T , P )  C171, which is t h e  s u r f a c e  
d e n s i t y  of t h e  adsorbed  b u f f e r  gas a t  a p a r t i c u l a r  t e m p e r a t u r e  and 
p r e s s u r e ,  ~ ( T , P ) ,  no rmal ized  t o  t h e  s u r f a c e  d e n s i t y  of a monolayer am: 

Thus,  a change i n  e i t h e r  cell t e m p e r a t u r e  o r  p r e s s u r e  w i l l  change the d e g r e e  
of s u r f a c e  c o v e r a g e ,  and hence t he  number of b u f f e r  molecu les  i n  t h e  gas 
phase. S i n c e  t h e  number d e n s i t y  of  b u f f e r  gas molecu les  has  a d i r e c t  
i n f l u e n c e  on t h e  c l o c k  f r e q u e n c y  via t h e  p r e s s u r e  s h i f t  e f f e c t ,  v a r i a t i o n s  i n  
0 could  be r e l a t e d  t o  d r i f t .  

For a c y l i n d r i c a l  r e sonance  cell of r a d i u s  rc i t  is f a i r l y  e a s y  t o  show 

t h a t  t h e  change i n  b u f f e r  gas d e n s i t y  t h a t  results from a change i n  t h e  d e g r e e  
of s u r f a c e  coverage is g iven  by t h e  e x p r e s s i o n :  

Thus,  the change i n  the adsorption p r e s s u r e  shift can be written: 

where e(T , P  ) is t h e  d e g r e e  of  surface coverage  i n  a n  o p e r a t i n g  rubidium f r e -  
0 0 

quency standard a t  nominal t e m p e r a t u r e  and p r e s s u r e .  Expanding A 0  t o  first 
o r d e r  i n  a Tay lo r  s e r i e s ,  Eq.  (7) becomes 

6 v 20m a 0  a e 
'(7) o APS = - a P TQ c [ (aP) bP + (=) AT].  

If we now assume t h a t  a n y  change i n  b u f f e r  gas p r e s s u r e  is due t o  a change i n  
t h e  resonance  c e l l  t e m p e r a t u r e ,  t h e n  from t h e  i d e a l  gas e q u a t i o n  of s t a t e  we 
have 

APS P C 



I n  o r d e r  t o  de te rmine  B ( T , P )  and its t e m p e r a t u r e  dependence for quanti- 
t a t i v e  a n a l y s i s  of Eq .  ( 9 ) ,  we can c o n s i d e r  t h e  t e s t  c a s e  o f  n i t r o g e n  adsorp- 
t i o n  on Pyrex.  (We w i l l  assume t h a t  a nominal b u f f e r  gas p r e s s u r e  is t e n  
t o r r  .) For n i t r o g e n  t h e  pa ramete r s  r e q u i r e d  f o r  t h i s  p r e s s u r e  s h i f t  e f f e c t  

a r e :  a - 7.6 x p e r  t o r r  1121 and om = 6.2 x cm2 [17]. Hobson h a s  
P 

s t u d i e d  t h i s  problem i n  d e t a i l  [171, and u s i n g  h i s  procedure  for  calculating 
t h e  a d s o r p t i o n  i so the rm C181, [191,  t h e  d a t a  o f  T a b l e  I11 was o b t a i n e d .  T h i s  
d a t a  y i e l d s  t h e  v a l u e s :  

and 

a e - a p  I P = P ~  = + 7.7 x per  t o r r  

Assuming a nominal clock t e m p e r a t u r e  of 70°C, a cell r a d i u s  of 1.35 cm C201, 
and a c e l l  f i l l i n g  t e m p e r a t u r e  f o r  t h e  a measurement ( T ~ )  of 25%, y i e l d s  

P 

-1 4 - - 1 . 9 ~ 1 0  p e r d e g r e e .  
0 APS 

From t h i s  v a l u e  w e  conclude t h a t  i n  o r d e r  f o r  t h i s  mechanism t o  accoun t  f o r  
d r i f t  t h e  resonance  cell t e m p e r a t u r e  would have t o  vary  by rough ly  250 d e g r e e s  
per month. T h i s  is comple te ly  u n r e a s o n a b l e ,  and s o  we c o n s i d e r  t h i s  mechanism 
as i n c o n s i s t e n t  w i t h  o u r  c h a r a c t e r i z a t i o n  of d r i f t .  

2 c )  The Temperature-Induced P r e s s u r e  S h i f t  - As mentioned p r e v i o u s l y  t h e  
p r e s s u r e  s h i f t  c o e f f i c i e n t  can d i s p l a y  a t e m p e r a t u r e  s e n s i t i v i t y  which is due 
t o  a b u f f e r  gas d e n s i t y  d i s t r i b u t i o n  i n  t h e  immediate v i c i n i t y  of  t h e  a l k a l i  
atom. Thus, i f  the b u f f e r  g a s  t e m p e r a t u r e  shou ld  change by AT, t h e n  t h e r e  
w i l l  be a resonance  f requency  s h i f t  

6v dy) - 6 ( T ~ )  [ B G ~ L T ~ A T .  
o TIPS 

From Vanier et  a l .  [ I 3 1  we have for our n i t r o g e n  test  case 

0 $(To)  = + 7.6 x lo-" per ( t o r r  C) ( 1  3)  

which,  on assuming a nominal  b u f f e r  g a s  p r e s s u r e  o f  t e n  t o r r  , yields 

A (6") -1 0 0 
+ 7.6 x 10 p e r  C. (14)  

T I P S  

Thus ,  f o r  t h i s  temperature- induced p r e s s u r e  s h i f t  t o  accoun t  f o r  d r i f t ,  tern- 
p e r a t u r e  changes of r o u g h l y  s i x  m i l l i d e g r e e s  p e r  month would be r e q u i r e d .  
S i n c e  a g i n g  r a t e s  f o r  t h e r m i s t o r s  can be as l a r g e  as 26 m i l l i d e g r e e s  pe r  month 



[21 I ,  and s i n c e  o s c i l l a t i o n s  i n  t e m p e r a t u r e  would f o r c e  a change i n  s i g n  o f  
t h e  d r i f t  c o e f f i c i e n t ,  t h i s  e f f e c t  seems t o  be a p l a u s i b l e  mechanism f o r  
d r i f t .  

It s h o u l d  be ment ioned,  however,  t h a t  t h i s  t e m p e r a t w e  s e n s i t i v i t y  ( a f t e r  
c o r r e c t i n g  f o r  m i x t u r e s  of b u f f e r  gas C131) is somewhat l a r g e r  t h a n  a s t a t e -  
of - t h e - a r t  c l o c k ' s  r e sonance  c e l l  t e m p e r a t u r e  c o e f f i c i e n t  [ 2 2 ] .  One 
e x p l a n a t i o n  f o r  t h i s  d i s c r e p a n c y  cou ld  be t h a t  t h e  resonance  c e l l  t e m p e r a t u r e  
c o e f f i c i e n t  r e p r e s e n t s  a  sum of ve ry  many d i f f e r e n t  t e m p e r a t u r e  dependent 
s h i f t  mechanisms, of which t h e  p r e s s u r e  s h i f t  is only one. I n  p a r t i c u l a r ,  t h e  
inhomogeneous l i g h t  s h i f t  C201 h a s  a ve ry  compl ica ted  t e m p e r a t u r e  dependence,  
and how t h i s  m a n i f e s t s  i t s e l f  i n  t h e  resonance  c e l l  t e m p e r a t u r e  c o e f f i c i e n t  is 
n o t  a t  a l l  c l e a r .  I t  might be t h a t  over  r e l a t i v e l y  l a r g e  t e m p e r a t u r e  
v a r i a t i o n s  ( s e v e r a l  d e g r e e s )  t h e  inhomogeneous l i g h t  s h i f t  p a r t i a l l y  
compensates f o r  t h e  p r e s s u r e  s h i f t  . Thus,  though t h e  above c a l c u l a t i o n  
i n d i c a t e s  t h e  p o t e n t i a l  s e r i o u s n e s s  of t h e  temperature- induced p r e s s u r e  s h i f t  
mechanism, more work needs  t o  be done i n  o r d e r  t o  b e t t e r  unders tand  t h e  
phenomenon. 

3 )  The Spin-Exchange S h i f t  - Basically, a s  i ts  name i m p l i e s  a l k a l i  s p i n  
exchange phenomena a r e  t y p i c a l l y  a s s o c i a t e d  w i t h  an exchange of v a l e n c e  
e l e c t r o n  s p i n  o r i e n t a t i o n  d u r i n g  an a l k a l i - a l k a l i  a tomic  c o l l i s i o n .  I n  a 
spin-exchange c o l l i s i o n  i t  i s  customary t o  imagine  t h e  s p i n s  of t h e  two 

+ -* 
i n t e r a c t i n g  rubidium atoms, s, and s,, a s  p r e c e s s i n g  abou t  t h e i r  r e s u l t a n t  

I L + + +  
S =  s + s  [12]. If t h e  i n d i v i d u a l  s p i n s  p r e c e s s  by 1800 ,  t h e n  t h e  s p i n  

1 2  
w i l l  have been t r a n s f e r r e d  t o  atom number 2 and v i c e  v e r s a ;  t h e  s p i n s  w i l l  

1 
have been exchanged. If t h e  s p i n s  do n o t  p r e c e s s  by e x a c t l y  180°,  t h e n  n o t  
o n l y  w i l l  t h e  p r o b a b i l i t y  f o r  s p i n  exchange be reduced ,  bu t  t h e r e  w i l l  be a 
s h i f t  i n  t h e  Rb a t o m ' s  0-0 h y p e r f i n e  t r a n s i t i o n  f requency .  The f r a c t i o n a l  
f r eque rzy  s h i f t  t h a t  r e s u l t s  from spin-exchange has t h e  form [23]- [25]  

where Ye is t h e  c o l l i s i o n a l  spin-exchange rate,  A/oex is t h e  r a t i o  of t h e  
spin-exczange s h i f t  parameter  t o  t h e  spin-exchange c r o s s  s e c t i o n ,  and C p ( 2 , O ) -  

p (  1 , O )  1 is t h e  p o p u l a t i o n  d i f f e r e n c e  between t h e  two mF - 0  Zeeman s u b l e v e l s ;  

f o r  s i m p l i c i t y  we w i l l  deno te  t h i s  p o p u l a t i o n  d i f f e r e n c e  by r i n  what 
f o l l o w s .  Employing t h e  v a l u e  of X/oex a p p r o p r i a t e  f o r  hydrogen-hydrogen s p i n -  

exchange i251  [261,  s i n c e  t h i s  v a l u e  is not  known f o r  rubidium;  and 
- - 

s e t t i n g  yex = N vuex, where N is t h e  rubidium number d e n s i t y  (cmk3) and v is 

t h e  r e l a t i v e  v e l o c i t y  between two Rb a toms,  we have 

6 v (--) - 1 . 3  x 1 0 ' ~ '  Nr. (16)  
o SE 

I n  t h i s  e x p r e s s i o n  we have assumed t h a t  t h e  c l o c k  h a s  a nomi.na1 o p e r a t i n g  

t e m p e r a t u r e  of  65OC, and w e  have t a k e n  o l e x  = 1.9 x an2 1271. 



From E q .  ( 16)  i t  is apparent that  i f  e i t h e r  t h e  Rb number d e n s i t y  or t h e  
p o p u l a t i o n  d i f f e r e n c e  v a r i e s ,  t h e  spin-exchange s h i f t  will be a l t e r e d .  Thus ,  
v a r i a t i o n s  i n  e i t h e r  one of these paramete r s  cou ld  p o t e n t i a l l y  be r e s p o n s i b l e  
f o r  d r i f t .  If we l e t  A ( ~ V / V ~ ) ~ ~  be t h e  a l t e r a t i o n  of t h e  spin-exchange 

s h i f t  r e s u l t i n g  from v a r i a t i o n s  i n  e i t h e r  N o r  r ,  we have 

- 2 1 
A ( ~ )  = 1 . 3 x 1 0  [ ~ A N ~ N A P ] .  (1 7)  

SE 

To s i m p l i f y  t h i s  fo rmula  f u r t h e r ,  we can u s e  K i l l i a n t s  fo rmula  f o r  N C281: 

N = exp (-951 Y / T ) ,  

2 where T is t h e  t e m p e r a t u r e  i n  degrees  Ke lv in  and P, - 3.55 x 10'' dyneslcm , - 
t o  f i n d  t h a t  N = 4.5 x 10" ernA3 a t  6 5 O C .  Fur the rmore ,  we can employ t h e  
c l o c k  model of Camparo and F r u e h o l z  [291 t o  e s t i m a t e  r f o r  a Rb c l o c k  under 

normal ope ra t ing  c o n d i t i o n s :  r = 8.5 x 10-3. Using t h e s e  r e s u l t s  i n  Eg. (17 )  
we have 

If we first assume t h a t  t h e  a l t e r a t i o n  of the spin-exchange s h i f t  is due 
e n t i r e l y  t o  v a r i a t i o n s  i n  t h e  0-0 h y p e r f i n e  p o p u l a t i o n  d i f f e r e n c e  ( i  .e .  t h e  
term Ar/r), t h e n  i n  o r d e r  t o  accoun t  f o r  t h e  t o t a l  3 month d r i f t  r e l a t e d  
s h i f t  i n  t h e  0-0 hyper f  i n e  t r a n s i t i o n  f requency  of  t h e  c l o c k ,  Ar/r would have 
t o  be - 3. S i n c e  c a l c u l a t i o n s  based on t h e  c l o c k  model of Camparo and 
F r u e h o l z  1291 i n d i c a t e  t h a t  Ar/r would o n l y  be about  0.4 f o r  a  20% change in 
t h e  l amp ' s  l i g h t  i n t e n s i t y ,  i t  seems unreasonab le  t o  expec t  Ar/r -3 over  a 3 
month t i m e  i n t e r v a l .  Thus, if spin-exchange is a s s o c i a t e d  w i t h  d r i f t ,  i t  
a p p e a r s  t h a t  i t  must c o n t r i b u t e  through v a r i a t i o n s  i n  t h e  Rb number d e n s i t y  
(i . e .  t h e  term A N / N )  [30]. 

From K i l l i a n t s  fo rmula  fo r  N (Eq. 18)  i t  is clear t h a t  N is v e r y  s e n s i -  
t i v e  t o  t h e  c l o c k ' s  o p e r a t i n g  t empera tu re .  Thus,  i f  we imagine  t h a t  v a r i a -  
t i o n s  i n  N are r e l a t e d  t o  c l o c k  t e m p e r a t u r e  v a r i a t i o n s ,  then we can expand N 
i n  a Taylor s e r i e s  abou t  the  nominal c l o c k  o p e r a t i n g  t e m p e r a t u r e  To t o  o b t a i n  
an  e x p r e s s i o n  f o r  A N / N .  Thus ,  i n  f i r s t  o r d e r  

s o  t h a t  



I n  order  t o  account for d r i f t ,  t h e  above formula sugges t s  t h a t  AT would have 
t o  vary on t h e  o rde r  of 12OC per month. This  is u n r e a l i s t i c ,  and s o  we must 
cons ider  spin-exchange as a h ighly  u n l i k e l y  d r i f t  mechanism. 

B. Electromagnetic F i e l d  S h i f t s  

4)  The Bloch-Siegart S h i f t  - I n  t h e  Rb gas c e l l  frequency s t anda rd  an  
o s c i l l a t i n g  magnetic f i e l d  i n  a microwave c a v i t y  is r e spons ib l e  f o r  inducing 
atomic hyperf i n e  t r a n s i t i o n s  [ I  11. This  o s c i l l a t i n g  f ieLd can be imagined as 
two coun te r - ro t a t i ng  f i e l d s ,  on ly  one of which is r e s p o n s i b l e  f o r  inducing t h e  
hyper f ine  t r a n s i t i o n s .  The o t h e r  r o t a t i n g  component of t he  o s c i l l a t i n g  f i e l d  
produces a  f r a c t i o n a l  f requency s h i f t  on t h e  order  of [31] 

where p, is t h e  Bohr magneton, I B,l is t h e  magnitude of t h e  o s c i l l a t i n g  mag- 

n e t i c  f i e l d  and hvo is the  atomic hyper f ine  energy level spacing.  Assuming an 

average power of t en  microwatts  supp l i ed  t o  a minimum volume TE1 microwave 

cav i ty  with a Q of 100, t h e  maximum value  of 1 Ba 1 i n  t h e  resonance cell is - 1 
-1 4 '  mG [20]. This  r e s u l t s  i n  a maximum f r a c t i o n a l  frequency s h i f t  of 1 x 10 , 

which is t o o  small t o  account  fo r  t h e  t o t a l  3 month d r i f t  r e l a t e d  s h i f t . '  

5) The Q u a d r a t i c  Zeeman S h i f t  - Due t o  t h e  f i n i t e  s t r e n g t h  of t he  
hyper f ine  i n t e r a c t i o n ,  t h e  rubidium clock t r a n s i t i o n  has a s l i g h t  magnetic 
f i e l d  s e n s i t i v i t y .  Th is  s e n s i t i v i t y  is c a l l e d  t h e  quad ra t i c  Zeeman s h i f t ,  and 
has t h e  genera l  form: 

where g, is the  e l e c t r o n  g- fac tor  and B is the  magnetic f i e l d  s t r e n g t h  i n  

gauss.  Assuming a nominal c lock magnetic f i e l d  of 0.1 gauss ,  Eq.  ( 2 3 )  impl ies  
t h a t  t h e  f u l l  quad ra t i c  Zeeman s h i f t  i n  a t y p i c a l  Rb frequency s t anda rd  is 

8.4 x lo-". Since t h i s  t o t a l  s h i f t  is roughly 50 t imes greater than t h e  t o t a l  
d r i f t  r e l a t e d  change i n  t h e  c l o c k ' s  f requency ,  one could account  f o r  d r i f t  by 
p o s t u l a t i n g  a very small  r e l a t i v e  change of t h e  c l o c k ' s  magnetic field. 

I n  o rde r  t o  quan t i fy  t h e  r e q u i r e d  r e l a t i v e  magnetic f i e l d  change, we can 
expand Eq.  (23) i n  a  Taylor s e r i e a  about some nominal c lock f i e l d  s t r e n g t h  

B,. Then t o  f i r s t  o rder  one has 



TO a c c o u n t  f o r  t h e  t y p i c a l  d r i f t  r a t e  of 5 x 10-'*/month, Eq. (25) implies 
t h a t  A B ( t ) / B o  must  be on t h e  o r d e r  of O.S%/month, and t h a t  t h e  t o t a l  r e l a t i v e  

change i n  t h e  magne t i c  f i e l d  o v e r  a t h r e e  month i n t e r v a l  must be r o u g h l y  1 % .  
Though t h i s  change i n  t h e  c l o c k ' s  magne t i c  f i e l d  may seem l a r g e ,  i t  is 
n e v e r t h e l e s s  p l a u s i b l e .  T h e r e f o r e ,  u n t i l  magnet ic  f i e l d  s t a b i l i t y  d a t a  
becomes a v a i l a b l e ,  we r e t a i n  t h e  q u a d r a t i c  Zeeman s h i f t  as a v i a b l e  mechanism 
o f  d r i f t  . 

6 )  The I n t e n s i t y  Dependent L i g h t  S h i f t  - One of t h e  moat impor tan t  
p h y s i c a l  p r o c e s s e s  t h a t  o c c u r s  i n  t h e  Rb f r e q u e n c y  s t a n d a r d  i s  t h e  Light shift 
e f f e c t  ~ 3 2 1 .  Q u a l i t a t i v e l y  t h i s  e f f e c t  can be unders tood as a r i s i n g  from an 
a tomic  p e r t u r b a t i o n  a s s o c i a t e d  w i t h  t h e  i n t e r a c t i o n  of a n  induced a tomic  
d i p o l e  moment P w i t h  t h e  o s c i l l a t i n g  e l e c t r i c  f i e l d  of t h e  l i g h t  E [33]. 
S i n c e  t h e  d i p o l e  moment is induced by t h e  same o s c i l l a t i n g  e l e c t r i c  f i e l d  
( i . e .  P = uE, where a is t h e  a tomic  p o l a r i z a b i l i t y ) ,  t h e  s h i f t  i n  f r e q u e n c y  

15 p r o p o r t i o n a l  t o  ~ E I *  o r  t h e  l i g h t  i n t e n s i t y  coming from t h e  lamp. One 

cou ld  t h u s  e x p e c t  t h a t  slow v a r i a t i o n s  i n  t h e  l amp ' s  i n t e n s i t y  produce 
d r i f t .  Volk  and F r u e h o l z  1341, however, c o n c l u s i v e l y  showed t h a t  f o r  one 
f requency  s t a n d a r d  t h i s  s h i f t  cou ld  no t  be a s s o c i a t e d  w i t h  d r i f t .  T h e r e f o r e ,  
t h e  candidacy of  t h i s  s h i f t  a s  a  s o u r c e  of  d r i f t  must be r e j e c t e d ,  s i n c e  i t  
would v i o l a t e  our  assumpt ion t h a t  d r i f t  is a s s o c i a t e d  w i t h  a u n i v e r s a l  
mechanism. 

7) The Spectrum Dependent Light S h i f t  - Though we d i s c u s s e d  and 
r e j e c t e d  t h e  l i g h t  s h i f t  due  t o  i n t e n s i t y  f l u c t u a t i o n s  as a p o s s i b l e  mechanism 
of d r i f t ,  i t  must be remembered t h a t  t h e  l i g h t  s h i f t  is a l s o  a f u n c t i o n  of  t h e  
s p e c t r a l  p r o f i l e  of t h e  lamp l i n e s  e n t e r i n g  t h e  c i o c k ' s  r e sonance  c e l l .  Thus,  
one cou ld  imagine  a d r i f t  mechanism whereby t h e  l i g h t  i n t e n s i t y  d i d  n o t  
change,  bu t  t h e  o p t i c a l  spect rum d i d .  I n  order t o  e s t i m a t e  t h e  
c h a r a c t e r i s t i c s  of t h i s  type  of mechanism, we c o n s i d e r  t h e  l i g h t  s h i f t  
c o e f f i c i e n t  a s s o c i a t e d  w i t h  t h e  S e p a r a t e d  F i l t e r  (SF)  d e s i g n  of t h e  Rb 
f r e q u e n c y  s t a n d a r d  [321. T h i s  i s  r e a s o n a b l e  i n  l i g h t  of our  h y p o t h e s i s  t h a t  
d r i f t  is due t o  a u n i v e r s a l  mechanism r e g a r d l e s s  of t h e  c l o c k ' s  d e s i g n .  

According t o  Vanier  e t  a l .  C321 i n  t h e  SF d e s i g n  t h e  l i g h t  s h i f t  of t h e  
c l o c k  h a s  t h e  f orm: 

where eF is a c o n s t a n t  g i v i n g  t h e  change in t h e  l i g h t  s h i f t  c o e f f i c i e n t  w i t h  

f i l t e r  c e l l  t e m p e r a t u r e ,  Io(To) is the l i g h t  i n t e n s i t y  e n t e r i n g  the resonance  

c e l l  a t  a f i l t e r  c e l l  t e m p e r a t u r e  To (where t h e  l i g h t  s h i f t  is independent  of  

l i g h t  i n t e n s i t y ) ,  TF is t h e  o p e r a t i n g  t e m p e r a t u r e  of t h e  f i l t e r  c e l l  and KF is 

a c o n s t a n t  g i v i n g  t h e  r e l a t i v e  change i n  l i g h t  i n t e n s i t y  w i t h  f i l t e r  c e l l  
t e m p e r a t u r e .  Since we a r e  o n l y  i n t e r e s t e d  i n  s p e c t r a l  changes we c o n s i d e r  t h e  
c a s e  where KF=O : 



Expanding Eq. (27) i n  a Tay lo r  series about  t h e  f i l t e r  c e l l  t e m p e r a t u r e  TF 
y i e l d s  

From Vanier  e t  a l .  C321 we have t h a t  BFIo(T0)/vo is a n  t h e  order of 1.8 x 

I O - ' ~ / ~ C .  Thus,  i n  o r d e r  t o  accoun t  f o r  d r i f t  t h i s  mechanism would r e q u i r e  
t h a t  t e m p e r a t u r e s  i n  t h e  c l o c k  change on t h e  o r d e r  of 25 m i l l i d e g r e e s  p e r  
month. S i n c e  t h i s  is v e r y  c l o s e  t o  t h e  a g i n g  r a t e  obse rved  f o r  c e r t a i n  t y p e s  
of t h e r m i s t o r s  ( -  26 m i l l i d e g r e e s  p e r  month) [21 I ,  we conc lude  t h a t  t h e  
spect rum dependent l i g h t  s h i f t  is a r e a s o n a b l e  d r i f t  mechanism d e s e r v i n g  of 
f u r t h e r  i n v e s t i g a t i o n .  

C .  Misce l l aneous  S h i f t s  

8) The Second Order Doppler S h i f t  - I n  t h e  cesium beam f r e q u e n c y  s t a n d a r d  
a n  i m p o r t a n t  s h i f t  t h a t  must be accoun ted  f o r  i n  o r d e r  t o  o b t a i n  h i g h  p r e c i -  
s i o n  is t h e  second o r d e r  Doppler s h i f t  [ I 1  I .  T h i s  s h i f t  is j u s t  t h e  r e l a -  
t i v i s i t i c  time d i l a t i o n  t h a t  o c c u r s  f o r  atoms moving r e l a t i v e  t o  t h e  
l a b o r a t o r y  rest f rame.  For atoms i n  a vapor t h e  v a l u e  of t h e  f r a c t i o n a l  
f r e q u e n c y  s h i f t  a s s o c i a t e d  w i t h  t h i s  p r o c e s s  is 

where 3kT/2 is just t h e  a v e r a g e  t h e r m a l  energy  of the  atoms and mc' is t h e i r  
rest mass energy.  S i n c e  t h e  s h i f t  is t e m p e r a t u r e  dependen t ,  one  can account  
f o r  changes  i n  s i g n  of t h e  d r i f t  c o e f f i c i e n t  by p o s t u l a t i n g  both  p o s i t i v e  and 
n e g a t i v e  t e m p e r a t u r e  e x c u r s i o n s  abou t  some nominal t e m p e r a t u r e  To. However, 

t h e  magnitude of t h i s  f r a c t i o n a l  f r equency  s h i f t  i n  a t y p i c a l  Rb f requency  

s t a n d a r d  is o n l y  - 5 x 10"13, which is l e s s  t h a n  t h e  t o t a l  3 month d r i f t  
r e l a t e d  s h i f t .  Thus,  t h i s  s h i f t  must be r e j e c t e d  as a p o s s i b l e  s o u r c e  o f  
d r i f t .  

9)  The P o s i t i o n  S h i f t  - As a consequence of  t h e  work of R i s l e y  and 
Busca [35],  i t  is now known t h a t  v a r i a t i o n s  i n  t h e  microwave power s u p p l i e d  t o  
a Rb c l o c k  c a v i t y  can s h i f t  t h e  c l o c k  f r e q u e n c y ;  t h i s  e f f e c t  does n o t  a r i s e  
because  of t h e  Bloch-S iegar t  s h i f t  t h a t  was d i s c u s s e d  p r e v i o u s l y .  I n  a 
t y p i c a l  gas c e l l  s t a n d a r d  a buffer gas i n  t h e  resonance  c e l l  e f f e c t i v e l y  
f r e e z e s  t h e  atoms i n  p l a c e .  Theref  o r e ,  i n d i v i d u a l  atoms e x p e r i e n c e  d i f f e r e n t  
o p t i c a l  and microwave f i e l d  s t r e n g t h s ,  and hence c o n t r i b u t e  t o  t h e  t o t a l  c l o c k  
s i g n a l  t o  v a r y i n g  d e g r e e s .  One can t h u s  imagine  t h a t  t h e  c l o c k  signal .  is 
dominated by a small s p a t i a l  r e g i o n  i n  t h e  resonance  c e l l ,  and t h a t  t h e  s h i f t  
i n  t h e  c l o c k  signal f r e q u e n c y  w i l l  be dominated by t h e  r e g i o n ' s  l o c a l  v a l u e s  
of  l i g h t  i n t e n s i t y  i e  l i g h t  s h i f t )  and magne t i c  f i e l d  s t r e n g t h  ( i . e .  



q u a d r a t i c  Zeeman s h i f t ) .  If the  microwave power v a r i e s ,  t h e  dominant s p a t i a l  
r e g i o n  w i l l  a l s o  change,  and hence t h e r e  w i l l  be a v a r i a t i o n  i n  t h e  c l o c k  
s ignal .  f r equency  due t o  t h e  f a c t  t h a t  atoms i n  t h e  new s p a t i a l  r e g i o n  w i l l  
t y p i c a l l y  e x p e r i e n c e  a d i f f e r e n t  l i g h t  i n t e n s i t y  and /o r  a  d i f f e r e n t  magne t i c  
f i e l d  s t r e n g t h .  I t  is t h i s  s h i f t i n g  o f  dominant s p a t i a l  r e g i o n s  t h a t  is 
d e f i n e d  as t h e  p o s i t i o n  s h i f t  e f f e c t .  Thus ,  though microwave power is o n e  
parameter  t h a t  de te rmines  t h e  p o s i t i o n  s h i f t ,  any o t h e r  parameter  l i k e  c e l l  
t e m p e r a t u r e  t h a t  can c a u s e  a change i n  t h i s  dominant s p a t i a l  r e g i o n  a l so  
de te rmines  t h e  p o s i t i o n  s h i f t .  Though p r e s e n t  a t t e n t i o n  w i l l  f o c u s  on t h e  
microwave power 's  i n f l u e n c e ,  i t  shou ld  be no ted  t h a t  o t h e r  pa ramete r s  may be 
j u s t  a s  i m p o r t a n t .  

C l e a r l y ,  a proper a n a l y s i s  of t h i s  mechanism requires a f a i r l y  
s o p h i s t i c a t e d  model of t h e  Rb g a s  c e l l  f r equency  s t a n d a r d .  However, i t  is 
p o s s i b l e  t o  o b t a i n  a  ve ry  rough e s t i m a t e  of t h i s  s h i f t f s  p l a u s i b i l i t y  as a  
d r i f t  mechanism by employing t h e  e x p e r i m e n t a l l y  determined c o e f f i c i e n t  of 
R i s l e y  and Buaca [351. T h i s  c o e f f i c i e n t  was no t  measured i n  a commercial 
s t a n d a r d ,  bu t  f o r  t h e i r  p a r t i c u l a r  e x p e r i m e n t a l  ar rangement ;  t h e r e f o r e  t h e  
foll .owing a n a l y s i s  can o n l y  be r e g a r d e d  a s  o r d e r  of magnitude.  I n  any e v e n t  
we have: 

where the  change i n  microwave power e n t e r i n g  t h e  c a v i t y  AP i s  e x p r e s s e d  i n  
dbs .  Again, employing o u r  c h a r a c t e r i s t i c  of d r i f t  t h i s  c o e f f i c i e n t  i m p l i e s  
t h a t  t h e  microwave power e n t e r i n g  t h e  c a v i t y  would have t o  change by r o u g h l y  
0.2 d b  p e r  month (4%/month) ,  and would have t o  be c a p a b l e  of  rough ly  a  0.6 d b  
( 1  2 % )  t o t a l  change. These v a l u e s  appear  t o  be r e a s o n a b l e ,  e s p e c i a l l y  given 
t h e  c rude  n a t u r e  of  our  e s t i m a t e .  Thus,  we c o n s i d e r  t h e  p o s i t i o n  s h i f t  a s  a 
v i a b l e  d r i f t  mechanism. 

I t  s h o u l d  be n o t e d  t h a t  what is r e a l l y  impor tan t  i n  t h e  p o s i t i o n  s h i f t  
e f f e c t  a s  o r i g i n a l l y  c o n s i d e r e d  by RisLey and Busca is n o t  t h e  power e n t e r i n g  
t h e  c a v i t y ,  b u t  t h e  energy  s t o r e d  i n  t h e  c a v i t y .  Thus, t h i s  v c l a s s i c a l v  ( i . e .  
microwave power dependen t )  p o s i t i o n  s h i f t  e f f e c t  arises because  of a v a r i a t i o n  
i n  t h e  product  Q P ,  where Q is the  microwave c a v i t y  q u a l i t y  f a c t o r  and P is t h e  
average  power e n t e r i n g  t h e  c a v i t y .  We c o u l d ,  t h e r e f o r e ,  a c c o u n t  for d r i f t  
w i t h  t h e  c l a s s i c a l  p o s i t i o n  s h i f t  by p o s t u l a t i n g  a 4% p e r  month v a r i a t i o n  i n  
t h e  microwave c a v i t y  Q ;  t h i s  might a r i s e  because of rubidium m i g r a t i o n  on t h e  
i n n e r  s u r f a c e  of t h e  resonance  c e l l .  Thus,  t h e  f a c t  that t h e  c l a s s i c a l  
p o s i t i o n  s h i f t  can be e f f e c t e d  by e i t h e r  power v a r i a t i o n s  or c a v i t y  Q v a r i a -  
t i o n s  s h o u l d  n o t  be ignored .  

V. Summary ----- 

Drif t  i n  the rubidium gas cell atomic Frequency s t a n d a r d  r e p r e s e n t s  a 
serious impediment t o  this s t a n d a r d ' s  more widespread use. As a  f irst  s t e p  i n  
a l t e r i n g  t h i s  s i t u a t i o n  we have c a t a l o g e d  t h e  a v a i l a b l e  d a t a  on d r i f t ,  used 
t h i s  d a t a  t o  o b t a i n  a  c o n s i s t e n t  c h a r a c t e r i z a t i o n  of Rb c l o c k  f r e q u e n c y  d r i f t  
i n  g e n e r a l ,  and have t h e n  used t h i s  c h a r a c t e r i z a t i o n  t o  a n a l y z e  p o t e n t i a l  
d r i f t  i n d u c i n g  a tomic  f r e q u e n c y  s h i f t s .  The c o n c l u s i o n s  of t h i s  a n a l y s i s  a r e  
summarized i n  T a b l e  11, where a s e t  of f o u r  p l a u s i b l e  d r i f t  mechanisms are 
i d e n t i r i e d :  1 ) a temperature- induced p r e s s u r e  s h i f t  mechanism, 2 )  a q u a d r a t i c  



Zeeman s h i f t  mechanism, 3) a spect rum dependent l i g h t  s h i f t  mechanism, and 4 )  
a p o s i t i o n  s h i f t  mechanism. Though t h e s e  f o u r  mechanisms. ... were deemed 
p l a u s i b l e  on t h e  b a s i s  t h a t  p o s t u l a t e  1  i s  c o r r e c t  ( i , e .  t h a t  d r i f t  is due t o  
a s i n g l e  u n i v e r s a l  mechanism) t h e  v a l i d i t y  of t h e  above a n a l y s i s  is not  unduly 
c o n s t r a i n e d  by t h e  c h o i c e  of t h e  working p o s t u l a t e .  If p o s t u l a t e  3 s h o u l d  i n  
r e a l i t y  be t r u e ,  t h e  above a n a l y s i s  and c o n c l u s i o n s  would st i l l  be v a l i d ,  w i t h  
t h e  e x c e p t i o n  t h a t  one would want t o  t e n t a t i v e l y  add helium permea t ion  t o  t h i s  
l i s t .  

Before  t h e  problem of d r i f t  i n  t h e  Rb gas c e l l  a tomic  f r e q u e n c y  s t a n d a r d  
is s o l v e d ,  much more work needs  t o  be done. I n  p a r t i c u l a r ,  e a c h  of t h e  f o u r  
mechanisms c i t e d  above s h o u l d  be ana lyzed  bo th  e x p e r i m e n t a l l y  and t h e o r e t i -  
c a l l y  i n  more d e t a i l .  Fur the rmore ,  i t  is n e c e s s a r y  t o  d e t e r m i n e  i f  any o n e  - 
mechanism can accoun t  f o r  a l l  t h e  v a g a r i e s  of d r i f t ,  o r  i f  our  working d r i f t  
p o s t u l a t e  ( p o s t u l a t e  1 )  must be abandoned i n  f a v o r  of p o s t u l a t e  3. F i n a l l y ,  
though an a t t e m p t  was made t o  i d e n t i f y  a l l  p o s s i b l e  mechanisms of  d r i f t ,  t h e r e  
is no g u a r a n t e e  t h a t  t h e  list assembled f o r  t h e  p r e s e n t  s t u d y  is complete .  
For example,  Vanier C361 h a s  no ted  that  when t h e  o p t i c a l  package of  a c l o c k  is 
unmounted and t h e n  remounted,  t h e  c l o c k  f requency  changes .  Consequen t ly ,  i t  
canno t  be s a i d  w i t h  a b s o l u t e  c e r t a i n t y  t h a t  t h e  t r u e  mechanism of d r i f t  is 
c o n t a i n e d  w i t h i n  t h e  list of p l a u s i b l e  mechanisms c i t e d  above.  T h i s  l i s t ,  
however,  r e p r e s e n t s  a s t a r t i n g  p l a c e ,  and i t  is hoped t h a t  t h e  p r e s e n t  s t u d y  
w i l l  i n i t i a t e  and f a c i l i t a t e  f u r t h e r  r e s e a r c h  i n t o  t h i s  p o o r l y  unders tood 
phenomenon. 
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Table: I, Summary of Rb Gas Cell Clock D r i f t  Data. 

Frequency Standard Number Avg. D r i f t  S i g n o f  Approx. Minimum 
TY pe S tud ied  Magnitude no* D r i f t  D r i f t  Magnitude nc* Date Reference  

Var lan  R-20 3 1 .3  x 10-ll/mo. 2 t & - 1.1 x 1 0 - ~ ~ / m .  2 1966 Ref. 3 

Genera l  Technology 1 4.6 x 1 0 - ~ ~ / r n o .  3 + & -  5.4 x 1 0 - ~ ~ / r n o .  3 1966 Ref. 3 
304-B 

? 2 2.6 x 10-ll/mo. 2 + & -  6 . 0 ~ 1 0 - ~ ~ / m o .  4 1966 R e f .  4 

Modified Varfan 3 1 .9  x 1 0 - ~ ~ / r n o .  2 + & - 1 . 4  x 1 0 - ~ ~ / m o .  2 1968  Ref. 5 

Hewlet t-Packard 2 3.0 x 1 0 - ~ ~ / m o .  4 + & - 1.0 1: 1 0 - ~ ~ / m o .  5 1969 Ref. 6 
- t,p 5065 h 

Efra tom FRK-L 2 6.6 x 1 0 - ~ ~ / 1 u o .  1 ? 2 .1  x 1 0 - ~ ~ / m o .  1 1978 Ref. 7 

Efratom FRK-H 4 6.7 x 1 0 - ~ ~ / m o .  3 + & - 2 .1  x 1 0 - ~ ~ / r n o .  1 1978  Ref. 7 

Hewlet t-Packard 3 3 . 4  x 10-12/mo. 2 ? 2.1 x 10-12/mo. 2 1978  Ref. 7 
hp 5065 A 

Rohde and Schuarz 1 5 . 1  x 10-12/mo. 1 1 1978 R e f .  7 

hockwell-Ef ratorn 1 6.9 x 1 0 - ~ ~ / m o .  7 + 1 9  84 Ref. 8 
GPS 

E G G  Prototype  2 6.0 x 1 0 - ~ ~ / m o .  4 7 4 .  8 x 1 0 - ~ ~ / m o .  1 19% Ref.  I 

E G G  Prototype  1 1.3 x 1 0 - ~ ~ / m o .  4 7 4 .2 x 1 o - ~ ~ / ~ o .  1 1985 Ref.  9 

* no is the  average  number of montha f o r  observing a p a r t i c u l a r  v a l u e  of d r i f t .  

** n, i s  t h e  number of montha f o r  which t h e  minimum magnitude of d r i f t  was observed. 

t: unknown 



Table I1 Table I11 

Possible mechanisms of drift and their The degree of surface coverage for 
plausibility based on a comparison of a nitrogen on pyrex as a function of 
mechanism's prediction and the drift's temperature T ( O C )  and pressure P(torr). 
characterization. 

P 40 60 80 

Mechanism P laus ib le  
1 OU 

Zmplausi ble 

9.5 1 .18x10 -~  8.36x10-~ 6.20x10-~ 4 . 7 8 ~ 1 0 ~ ~  

The Wall Shi f t  * 

The Permeation Pressure Shift 

The Adsorption Pressure S h i f t  

The Temperature-Induced 

Pressure Sh i f t  

The Spin-Exchange Sh i f t  

The Bloch-Siegart S h i f t  

The Quadratic Zeeman Sh i f t  

The Intensity  Dependent Light 

Sh i f t  

The Spectrum Dependent Light * 
Shi f t  

The Second Order Doppler Shift  

The Posi t ion S h i f t  * 
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gure 1. 

Schematic diagram of a passive 
rubidium gas cell frequency 
standard, where the ground state 
hyperfine splitting of ~b~~ is 
used as a reference to stabilize 
the frequency of a quartz-crystal 
oscillator. In combination the 
lamp and filter cell produce a 
spectral emission that preferen- 
tially excites atoms in the 
resonance cell out of one of the 
5 2 / ~ 1 1 2  ground state hyperfine 
multiplets. 

1 1 1  I b) Energy level diagram of ~ b ~ 7  <w. - 2 
showing the radiative transitions 
of interest. If as an example it 

5 2 s ~  ,? is assumed that the lamp and filter 
F - 1  cell only excite transitions 1 and 

2, then as a result of the optical 
pumping process, the atomic popula- 

- - 
tion in the F=l hyperfine level 

MICROWAVES OFF will decrease. 
E 
W + . . 

Figure 2. 

Diagram of the atomic resonance signal used to stabilize the quartz- 
crystal oscillator. In the absence of microwaves with a frequency 
corresponding to the 5 2 ~ 1 / 2 ( ~ = 2 )  - 52~112(~=1) atomic transition, the 
lamp's transmitted intensity is maximized due to the optical pumping 
process. However, when microwaves of the appropriate frequency, atomic, 
are applied to the microwave cavity, atomic population is returned to the 
optically absorbing ground state hyperfine multiplet. Thus, the lamp's 
transmitted intensity decreases. Since the Q associated with this atomic 
resonance is on the order of l o 7  - lo8, the resonant decrease in 
transmitted intensity can be used to discriminate against very small 
changes in the microwave frequency applied to the cavity. Note, that as a 
result of various atomic perturbations the resonance frequency of atoms in 
the clock, Vatomic, is shifted slightly with respect to the resonant 
frequency these atoms would have in empty space, v,. The magnitude of 
this offset is denoted by dv. 



WESTIONS AND ANSWERS 

MR. ROBINSON: I have a comment t h a t  I wanted t o  make. The s i m p l i f i d  way of 
describing these gas c e l l  standards versus the  vacuum c e l l  standards is t h a t  
i n  the  gas cell standard you have an inhon~ogeneous l i n e  width. Thc  l i n e  shape 
is dependent on every un i t  absorber i n  t h a t  cell. In the  vacuum c e l l  wc: hop. 
that we have a homogeeous l i n e  s h a p  because a given atom averages a l l  ovey 
t h a t  cell i n  making a t rans i t ion .  T h e  importance of these two things is that 
t he  systematic e f f e c t s  t h a t  you so nicely  delineated here for  the gas c e l l  a i d  
the  systematic e f f e c t s  t h a t  appear i n  the  vacuum c e l l  a r e  alrtmst e n t i r e l y  
orthogonal. They are completely d i f fe ren t .  The physics t h a t  you call t a lk  about 
on the  same basis, but these two devices a r e  suspiciously c losely  loolring 
a l i k e  but systematically are very d i f f e r en t .  That is one of the  reasons that  
w e  have na t  been able  t o  "wring out" t h i s  vacuum cell. Some of the  samc ef- 
f e c t s  are goirg t o  l i m i t  both of them. In  a l o t  of the  cases, howc~\lc:r, t h e  ef-  
f e c t s  t h a t  are r e a l l y  important i n  one device do not e f f e c t  the other.  

I MR. CAMPARO: I think t h a t  t h a t  is true. One point t h a t  strwck me while you 
were giving your t a lk  was t h a t  the  w a l l  s h i f t  could be a source of dr i f t , .  In  
m y  paper w a l l  s h i f t  i s n ' t  a source of d r i f t ,  I could eliminate i t  imnc,diately. 
Then I real ized t h a t ,  of course, i f  you've got a coated w a l l ,  ;vau have atoms 

I t h a t  h i t  the  w a l l  but  still contribute t o  t h e  s ignal .  In a buffer. gas cloc*lt, 
there  is absolutely no s ignal  coming from the  w a l l .  When an atom h i t s  the  
w a l l ,  it is dead and doesn't contribute t o  the s ignal .  There is nu wall s h i f t  

f i n  the  buffer-gas gas cell frequency standard. IS you have a w a l l  coa t i rg  you 

I 
could have a, large w a l l  s h i f t  e f f ec t .  I want t o  c l a r i f y  one thing.  The gas 
cell frequency standard is not necessar i ly  inhomogeneously broadened. If 
you ' ve got  any degree of m i  erow:~ve power broadcaning Lhen tliat so r t  o l' homogen- 

1 

izes things. Its the  inhomogeneaus character of where the  signal comes from 
t h a t  people usually t a l k  a b u t  a s  being an inhomoger~eity i n  the typical  gas 
cell frequency standard. 

DAVID ALLAN, NATIONAL BUREAU OF STANDARDS: I want t o  add ju s t  a couple of da ta  
points.  In the  case of t he  GPS rubidium, as I am sure yau a r e  aware, the  d r i f t  
a c tua l l y  changes s ign with temwrature. As the  rubidiums yo through an eclipse 
you can see the  d r i f t  reverse.  In  the  case of NAVSTAR 8, WE? saw t h i s  nice 
t h i r d  order term where the  d r i f t  very beaut i ful  changed in  magnitude o r  
decreased i n  s i z e  with time, One wonders i f  t h a t  is not the  sane e f f w t ,  but 
with t he  very t i g h t  temperature control ,  one may have a d r i f t  i n  a tlie~.r~listor. 
w h i c h  gradually changes the  temperature over a long term and hence decreases 
t he  d r i f t .  If that w e r e  t he  case, should NAVSTAR 8 rubidium have l i v e d  on, 
which it d idn ' t ,  you could have ac tua l ly  seen the  d r i f t  reverse s ign,  instead 
of asymptoting t o  zero. W e  w i l l  not be privy t o  t h a t  da tu ,  apparently, Wc have 
a la rge  data s e t  a t  NBS of the  e a r l i e r  stages of the  rubidium s tud ies  i n  which 
w e  showed one uE t h e  mechanisms f o r  t h i s  sign reversal .  The physics i n  the 
cell is very coniplex as you know, but the  inner oven heater element is a heat  
d i s sap t i r l g  t r ans i s to r  which is very c lose  t o  the  physics package. If you look 
a t  it care fu l ly ,  there  is ac tua l ly  a magnetic coupling loop due t o  the  heating 
current  of t h a t  heating t r ans i s to r .  It is clave enough t o  e f f ~ w t  the  magrletic 
f i e l d  and cause a Zeeman s h i f t  on t he  rubidium as a function of the  environ- 
mental temperature. W e  have the data set on that i f  it is of use t o  you. 

MR. C A M P m :  One of the  problems associated with the  study of d r i f t  is t h a t  
there  two things that are important. One is the mechanism of d r i f t ,  is it a 



quadratic Zeeman shift, i.e. whet is the mechanism? The other is, what is the 
driver? The driver cauld appear to be a tem~rature effect as in your example, 
but actually the driver is a magnetic field effect. There is another subtlety 
invalved in all of this. You have to separate mechanism from driver. Once you 
understand the mechanism, you can maybe get an idea of what the drivers are. 
Just understanding the mechanism is not the end of the story, either. 

J?RED WALLS, NATIONAL BlJRBAU OF STANDARDS: The transistor heater is more can- 
plex -use the case is Kovar so there are hysteretic effects with the W- 
netic driver, 

MR. CAMFAID: That is why I think that the first step is to try t o  &rst& 
the mechanism of frequency drift. Then you might lead the studies into the na- 
ture of the driver. 

MICHAEL GARVEY, FREWENCY AND TIME SYSTEMS: Did your data set of hardware that 
you looked at include enough variety in design that that is not a factor? 

MEt. CAMPAF#): I don't think that the physics package is that different. It is a 
simple design, lamp, resosnant cell, photodetector. One of the major dif- 
ferences in design is integrated filter cell and separated filter cell. We did 
have those two types in the data. My feeling is that it was the electronics 
and the circuit designs associated with different clocks. 


