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Abs t r ac t  

We h a v e   c a l c u l a t e d   t h e   l i g h t   s h i f t   i n   a n  
o p t i c a l l y  pumped cesium beam f requency   s t anda rd  
caused by f luo rescence   co -p ropaga t ing   w i th   t he  
a tomic  beam. Bo th   s ca l a r  and t e n s o r   c o n t r i b u t i o n s  
a r e   i n c l u d e d   t o   g i v e   t h e   d e p e n d e n c e   o n   l i g h t  
p o l a r i z a t i o n .  The r e s u l t s   p r o v i d e   d e s i g n   c r i t e r i a  
fo r   p roposed  new s t a n d a r d s .  

The l i g h t   s h i f t ,  or l i gh t - induced  AC S t a r k  
s h i f t ,  is a p o t e n t i a l   s o u r c e   o f   e r r o r   i n   p r o p o s e d  
o p t i c a l l y  pumped atomic beam f requency   s t anda rds  
t h a t  is n o t   p r e s e n t   i n   e x i s t i n g   c e s i u m   s t a   d a r d s .  
T h i s  s h i f t   c a n   b e   q u i t e   l a r g e  (par t s  i n  10' whl le  
t h e   a t o m s   a r e   d i r e c t l y   e x p o s e d   t o  a l i g h t  beam 
i n t e n s e  enough to   p roduce   op t i ca l   pumping  [ l ] .  But 
in   an   a tomic  beam t h e   o p t i c a l  pumping  and  resonance 
o b s e r v a t i o n   r e g i o n s   a r e   s p a t i a l l y   s e p a r a t e d .  
Ca re fu l   des ign   can   min imize   s ca t t e r ing  of pumping 
l i g h t   i n t o  the obse rva t ion   r eg ion .  However, 
f l u o r e s c e n c e  by t h e  pumped atoms  can still  
p ropaga te   a long   t he   d i r ec t ion   o f   t he   a tomic  beam 
i n t o   t h e   o b s e r v a t i o n   r e g i o n   t o   p r o d u c e  a l i g h t  
s h i f t .  The p r e s e n t   i n v e s t i g a t i o n  was made to 
e s t a b l i s h  a q u a n t i t a t i v e   e s t i m a t e   f o r   t h i s   f l u o r e s -  
c e n c e - i n d u c e d   l i g h t   s h i f t   a n d  i ts  dependence on 
des ign   parameters .  

g .  

We f i r s t   f i n d   t h e   l i g h t   s h i f t  as a f u n c t i o n   o f  
t h e   l i g h t   i n t e n s i t y   b a t h i n g   t h e   a t o m s .   L a t e r  we 
will r e l a t e  t h e  i n t e n s i t y   t o   t h e   a t o m i c  beam f l u x  
and p r o p a g a t i o n   d i s t a n c e s .  

B r i l l e t   1 2 1   h a s   a l r e a d y  made a c a l c u l a t i o n   o f  
t h e   s c a l a r   [ 3 1   p a r t   o f   t h e   l i g h t   s h i f t .  We wish t o  
a l s o   i n c l u d e   t h e   t e n s o r   1 3 1   p a r t   t o   d e t e r m i n e   t h e  
dependence  of t h e  s h i f t  o n   p o l a r i z a t i o n  of t h e  
l igh t .   Ra ther   than   us ing   the   formal i sm  of   Mathur  
e t   a l .  C41 we have   chosen   to   begin   wi th  a b a s i c  
fo rmula   fo r  t h e  e n e r g y   s h i f t   o f  a s t a t e  g c51: 

Here W a n d  i; a re   t he   f r equency   and  wave v e c t o r   o f  
monochromat i c   exc i t i ng   l i gh t ,  c is t h e   v e l o c i t y   o f  
t h e  atomic absorber ,   ung is t h e  t r a n s i t i o n  
frequency  between g and  an e x c i t e d   s t a t e   n ,  
t he   spon taneous   emis s ion   r a t e   f rom n t o   g ,  and V 

rng is 

ung,  W ,  and rng are a l l   i n   a n g u l a r   f r e q u e n c y   u n i t s .  W '  

The s t a t e  g i s  e l t h e r   t h e  F-3 or F-4, m -0 ground 
e l e c t r o n i c   s t a t e   o f   c e s i u m ,  the l e v e l s   l n v o l v e d   i n  
t h e   c l o c k   t r a n s i t i o n .   E q u a t i o n  ( 1 )  can  be  der ived 
by second   o rde r   pe r tu rba t ion   t heo ry   w i th   (1 /2 )  r 
b r o u g h t   i n   a s   a n   i m a g i n a r y   p a r t   o f   t h e   e x c i t e d  
s t a t e   e n e r g y  C63. 
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Con t r ibu t ion  of  the   Nat iona l   Bureau  of S t anda rds ,  
n o t   s u b j e c t  t o  copyr igh t .  

Using  the  Wigner-Eckart   theorem  and  angular  
momentum a l g e b r a  V c a n   b e   w r i t t e n   a s  a c o n s t a n t  
times t h e   l i g h t   i n t e n s i t y   t i m e s  a f a c t o r  which 
depends  only on t h e   l i g h t   p o l a r i z a t i o n  and t h e  
angu la r  momentum quantum  numbers   of   the   s ta tes  n 
and  g.  The  detuning  dependence,  averaged  over  the 
v e l o c i t i e s   i n   t h e   a t o m i c  beam,  can be expres sed   i n  
terms of  a d i m e n s i o n l e s s   i n t e g r a l   f u n c t i o n  

ng 

which we have   eva lua ted   numer ica l ly .  The r e l a t i v e  
l i g h t   s h i f t   o f  t h e  c l o c k   t r a n s i t i o n   ( f r e q u e n c y  wo) 
can  then be  w r i t t e n  

where C = ~ 2 / ( 2 ~ 0 e 0 b 2 c k a )  = 1.33 x l 0-7 m 2 / W ,  

is t h e   l i g h t   i n t e n s i t y   h a v i n g   p o l a r i z a t i o n   q ,  azgis 

t h e   a n g u l a r  momentum f a c t o r ,  6 = ( W - W  ) / k a  is 

t h e  de tun ing   va r i ab le   and  E = i:/ka = 0.01. The 

Doppler  width  in a gas   wi th   mos t   p robable   ve loc i ty  
a C71 is 0.03  ka.  The r e d u c e d   e l e c t r i c   d i p o l e  
matr ix   e lement  u is r e l a t e d   t o   t h e   e x c i t e d   s t a t e  
lifetimp by 1 / ~  = r = p2k3/3n~,!q. For pumping o f  
t h e  D2 t r a n s i t i o n   t o  t h e  2 P 3 / 2  e l e c t r o n i c   s t a t e   t h e  
sum over  n inc ludes   t hose  mF values   a l lowed by t h e  
l i g h t   p o l a r i z a t i o n  and a l l  th ree   a l lowed  F v a l u e s ,  
s ince   the   Doppler   wid th  is comparab le   t o   t he  
h y p e r f i n e   s t r u c t u r e   s e p a r a t i o n .  For unpo la r i zed  
l i g h t  a summation  must a l s o   b e  made over q.  
Equat ion  (2) holds   for   monochromat ic   l igh t  
co-propagat ing   wi th   the   a tomic  beam, a s  f o r  
example,  pumping l i g h t   s c a t t e r e d   a l o n g   t h e  beam. 

Iq 

ng 

For   f l uo rescence  emitted by beam a toms  the  
f requency  W a l s o  h a s  a D o p p l e r   s h i f t   a n d   h y p e r f i n e  
components t o  be  averaged  over .  When t h i s  is done 
we o b t a i n  a r e s u l t   s i m i l a r   t o  Eq. (2) e x c e p t   t h a t  
the  summation  includes t h e  d i f f e r e n t   f r e q u e n c i e s  
a n d   p o l a r i z a t i o n   o f   t h e   f l u o r e s c e n c e  and t h e  
i n t e g r a l  D is r ep laced  by t h e  d u a l   v e l o c i t y  
i n t e g r a l   f u n c t i o n  

m 

D ( ~ , E )  = i D(6+U, E )  2U3ebU d u  
2 

0 

J t s   a r g u m e n t s   a r e  6 
r / k a  = 0.02 where n and g' :%'&he i n l t i a l  and 

p 'g ' ng  - ,-wng!/ka  and 2c = 

f i n a l   s t a t e s   o f   t h e   f l u o r e s c i n g   a t o m .   E v a l u a t i o n   o f  
t h e  summation  and d u a l   v e l o c i t y   i n t e g r a l   l e a d s   t o  
t h e  c o e f f i c i e n t s   i n  the t ab le   be low:  
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L i g h t   S h i f t   C o e f f i c i e n t s  
F l u o r e s c i n g   P o l a r i z a t i o n  
S t a t e  F '  TI U 

2 3.1 6.9 

3 -2.5 -1 .3  

4 -5.6 -5.1 

5 1 . 3  4.8 

Each c o e f f i c i e n t   i s  t o  b e   m u l t i   l i e d  by 10-81  where 
t h e   l i g h t   i n t e n s i t y  I is i n  W/m . For unpo la r i zed  
l i g h t  ( 7 / 3  U p o l a r i z a t i o n   a n d  l / 3  TI p o l a r i z a t i o n )  
o u r  result  for F '  = 4 is abou t  114 the   co r re spond-  
ing result  of Bri l le t  [2 ] .  

9 

We now e s t i m a t e   t h e   f l u o r e s c e n t   l i g h t  
i n t e n s i t y   a r i s i n g   f r o m   o p t i c a l   p u x p i n g .  The 
i n t e n s i t y   r e a c h i n g  beam atoms  from  atoms  excited a 
d i s t a n c e  d away i s  

Iq = I a t  N P + lw/4nd7  9 q- 

where  Iat i s  the   a tomic  beam i n t e n s i t y   i n   a t o m s   p e r  
s e c o n d   a t   t h e   p o i n t   o f   e x c i t a t i o n ,  Nq 1s t h e  mean 
number o f   p h o t o n s   o f   p o l a r i z a t i o n  q e m l t t e d  by each 
a t o r ,  and Pq d e s c r i b e s   t h e   a n g u l a r   d e p e n d e n c e   f o r  
p o l a r i z a t i o n  q. N may b e   g r e a t e r   t h . 1   o n e ,  
e s p c l c i a l l y   f o r   z y c l i n g   t r a n s i t h n .   I f   t h e  
m a g n e t i c   f l e l d  is p a r a l l e l   t o   t h e  beam, t h ?  
p o l a r i z a t i o n  is a l l  U. I f   t h e   f i e l d  is perpendicu-  
l a r   t o   t h e  beam, t h e   p o l a r i z a t i o n  is h a l f  U and 
h a l f  n .  

With R?ms?y e x c i t a t i o n   o f   t h e   c l o c k   t r a n s i t i o n  
t h e   o b s e r v e d   l i g h t   s h i f t  w i l l  be   prcdomin3nt ly   the 
a v e r a g e   s h i f t   o c c u r r i n g   i n   t h e   d r i f t   r e g i o n   b e t w e e n  
t h e  microwave c a v i t y   e n d s   ( s e e   F i g .  1 ) .  The 
r e q u i r e d   a v e r a g e   o f   1 / d 2   i s  l/L,[L,+Z$  where 9.; is 
t h e   d i s t n n c e  from t h e   p o i n t   o f   F x c f t e   l o n   t o   t h -  
b-g inning   of   the   d r i f t ,   reg ion   .m3 E 3  i s  t h e   l e n g t h  
o f   t h e   d r i f t   r e g i o n .  The l t omic  beam l n t e n s i t y  is 
p r o p o r t i o n a l   t o  1 / L 1 2  where Z 1  i s   t h e   d i s t a n c e  from 
t h e   b e . m   s o u r c ?   t o   t h e   p o i n t   o f   e x c i t a t i o n .  The 
inverse  depen3Pnce on E l 2  L,(E2+L3) o f   t h e   l i g h t  
s h i f t   p r o v i d e s  a g u i d e   f o r   d e s i g n   o f  new s t a n d a r d s .  
F luo rescence  from t h e   d e t e c t i o n   r e g i o n  1s u s u a l l y  
neg l ig ib l e   because   t he   a tomic  beam f l u x  is so auch 
s l ? n l l e r   t h e r e .  
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F i g .  1 .  Scher r , i t i c   o f   an   op t ica l ly  pumped C e S i U T  

besm s t a n d a r d .  

For 3 t y p i c a l   c o m e r c i a ?   c e s l u m   b e a a   t u b e  We 
may h a v e   b e m   i n t e n s i t i e s   a t   t h e   c p t i c a l  puroping 
p o s i t i o n  of abou t  3 x ato!ns/sQc. USiRg E ?  = 5 

cm, L 3  = 10 cm and N = 314  photons  per   a tom  for  
pumping on  t h e  F = 3 t o  F '  = 4 t r a n s i t i o n  we o b t a i n  
a n   a v e r a g e   d r i f t   r e g i o n   i n t e n s i t y  of 6 x W / m 2 .  
With t h e   m a g n e t i c   f i e l d   p e r p e n d i c u l a r   t o   h e   a t o m i c  
beam t h e   r e l a t i v e   l i g h t   s h i f t  is 3 x 10-1 . E 

For a proposed   pr imary   s tandard   the   a tomic  
beam i n t e n s i t y  would be   about  8 x lo lo   a tom/sec .  
Using L, = 10 cm, E 3  = 1.4 m and N = 1 /2   pho ton   pe r  
atom f o r  pumping  on t h e  F = 4 t o  F '  = 3 t r a n s i t i o n  
we o b t a i n  an  average f l  o r e s $ e n c e   i n t e n s i t y   i n   t h e  
d r i f t   r e g i o n  of 5 x lo-' W/rn'. U i th   t he   magne t i c  
f i e l d   p a r a l l e l  t o  t h e   a t o m i c  beam t h e   r e l a t i v e  
l i g h t   s h i f t   w i l l   b e   o n l y  h x 

On t h e   b a s i s   o f   t h e s e   e s t i m a t e s  we can 
c o n c l u d e   t h a t   t h e   l i g h t   s h i f t   s h o u l d   b e   i n c l u d e d   i n  
t h e   e r r o r   b u d g e t   o f  a n y  o p t i c a l l y  pumped cesium 
s t a n d a r d .  However. i t  n e e d   n o t   b e   t h e   l i m i t i n g  
f a c t o r  i n  t h e   o v e r a l l   a c c u r a c y   o f  a wel l -designed 
s t a n d a r d .   I n   f a c t ,   t o   e x p e r i m e n t a l l y   o b s e r v e   t h e  
f l u o r e s c e n c e - i n d u c e d   l i g h t   s h i f t  i t  may be  
necessa ry  t o  i n t r o d u c e   a n   e x t r a   l i g h t  beam ve ry  
c l o s e   t o   t h e   c a v i t y   e n t r a n c e   ( s m a l l  L,) which 
d r i v e s  a c y c l i n g   t r a n s i t i o n   ( l a r g e  N), 
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