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ABSTRACT 

Recent work wi th  l a s e r  diodes has  i nd ica t ed  t h e i r  p o t e n t i a l  
u se fu lnes s  i n  o p t i c a l l y  pumping atomic f r e q u e n c ~ ~ q t a n d a r d s .  
We cons ider  var ious  o p t i c a l  pumping schemes f o r  Rb inco rpora t ing  
such l i g h t  sources a t  two D l  f requencies  f o r  experimental  
s i t u a t i o n s  of  e i t h e r  evacuated wall-coated c e l l s  o r  atomic 
beams. Numerical i n t e g r a t i o n  o f  r a t e  equat ions governing 
t h e  l e v e l  populati.ons with a r b i t r a r y  pumping l i g h t  choices  
of i n t e n s i t y ,  D l  hyper f ine  t r a n s i t i o n ( s )  , and p o l a r i z a t i o n  and 
subsequent c a l c u l a t i o n  of s c a t t e r e d  l i g h t  provide a  s i m p l i f i e d  
0-0 hyper f ine  s i g n a l  a n a l y s i s .  By frequency modulating one 
l a s e r  diode,  we have exc i t ed  two o p t i c a l  t r a n s i t i o n s  i n  an 
evacuated wall-coated c e l l  and observed a  l a r g e  A m F = l  h f  s i g n a l .  

INTRODUCTION 

The demonstration of  8 7 ~ b  hyperf ine t r a n s i t i o n s  as narrow as 10 Hz (FWHM) 

Rate equat ions a r e  w r i t t e n  f o r  the  po u l a t i o n s  of t h e  e i g h t  m sub leve l s  of 
t h e  2~ e l e c t r o n i c  ground s t a t e  of  g7Rb us ing  e l e c t r i c  dipoPe t r a n s i t i o n  

1 / 2  
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i n  an evacuated wall-coated c e l l 1  l e d  t o  our  i n t e r e s t  i n  va r ious  schemes 
f o r  o p t i c a l l y  pumping and d e t e c t i n g  t h e  (F  ,mF) = (2,0)++(l ,O) hyperf ine  
"clockM t r a n s i t i o n .  Recent work with l a s e r  diodes has i nd ica t ed  t h e i r  

' p o t e n t i a l  usefu lness  i n  o p t i c a l l y  pumping frequency s tandards .  y 3  The 
s p e c t r a l  width obta inable  from such diodes can be considerably l e s s  than 
t h e  Doppler width of t h e  D l  t r a n s i t i o n  f o r  room temperature 8 7 ~ b ,  and 
i n i t i a l l y  we model t h i s  l i g h t  source a s  a  d e l t a  func t ion  i n  frequency which 
can be tuned t o  any of t h e s e  o p t i c a l  t r a n s i t i o n s .  I n  t h e  case of an 
evacuated c e l l ,  t h e  primary l ight-atom i n t e r a c t i o n  i s  i n  t h e  c e l l  volume. 
This  i s  a  f ree-space  i n t e r a c t i o n  s o  t h a t  no mixing i n  t h e  e x c i t e d  2~ 
s t a t e  occurs .  I n  t h i s  sense ,  t h e  atomic beam and evacuated wal l -  112 

I 

coated c e l l  a r e  q u i t e  s i m i l a r .  This  i s  i n  c o n t r a s t  t o  t h e  case  of t h e  
b u f f e r  gas f i l l e d  c e l l  where mixing does occur i n  t h e  exc i t ed  s t a t e .  The 
wal l -coa t ing  reduces r e l a x a t i o n  a t  t h e  wal l  s o  t h a t  an atom may s u f f e r  
many wa l l  c o l l i s i o n s  before  having i t s  quantum s t a t e  s eve re ly  per turbed .  

1 As a r e s u l t ,  t h e  atom can undergo an o p t i c a l  pumping process  ( i . e . ,  a  r e -  

I 
d i s t r i b u t i o n  of ground s t a t e  l e v e l  popula t ions  by s c a t t e r i n g  l i g h t  of 
s p e c i f i c  p o l a r i z a t i o n s  and f requencies )  extending over many wa l l  c o l l i s i o n s .  
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matrix elements t o  descr ibe  t h e  various leaving and enter ing  r a t e s .  Such 
equations a r e  well-known from e a r l y  o p t i c a l  pumping experiments4 and have 
recen t ly  been used i n  the  analys is  of  0-0 hyperfine t r a n s i t i o n s  i n  atomic 
beams of Cs and ~ b . ~ * 6  Our s p e c i f i c  i n t e r e s t  a t  present  deals  with S 7 ~ b  D l  
o p t i c a l  t r a n s i t i o n s .  The r a t e  equations axe put  i n  a general  matr ix formal- 
i s m  which allows use of any combination of i n t e n s i t i e s  and po la r i za t ions  of  
the  four hyperfine components of t h e  D l  t r a n s i t i o n s .  (These t r a n s i t i o n s  a r e  
labeled as (F -F1)=( l -11) ,  (1-2 ' ) ,  (2-l') , and ( 2 -2 ' )  where t h e  primed number 
ind ica tes  the  2 ~ ~ / ~  s t a t e  F-value and t h e  unprimed number, the  corresponding 
value f o r  the  s t a t e .  Thus pumping using various frequencies and Am F s e l e c t i o n  r u l e s  can be inves t iga ted .  The l imi t ing  case of  no T1 re laxa t ion  
is  t r e a t e d .  I t  i s  a reasonable approximation i n  view of the  long re laxat ion  
time a t t a i n e d  i n  t h e  wall-coated c e l l  and the  r e l a t i v e l y  high i n t e n s i t y  
ava i l ab le  from t h e  laser diode. Numerical i n t eg ra t ion  by computer gives t h e  
time evolut ion of t h e  l eve l  populat ions.  The s t a r t i n g  d i s t r i b u t i o n  assumes 
equal populations i n  each of t h e  e igh t  mp-sublevels. 

When a microwave-induced hf  t r a n s i t i o n  i s  p resen t ,  t he  r a t e  equations a r e  
modified by adding a term t o  t h e  a f fec ted  l eve l s  equal t o  a f ixed f r a c t i o n  
of  t h e  0-0 l eve l  population d i f ference .  The t t resonant  s igna l t t  is taken as 
t h e  d i f ference  between the  t o t a l  s c a t t e r e d  photon f lux  under condit ions of  
l eve l  population equil ibrium when t h e  mw power i s  on and the  f l u x  when the  
mw power i s  o f f .  Other de tec t ion  schemes a r e  poss ib le ;  we have chosen t h i s  
method mainly fox i t s  s impl ic i ty  and ease i n  making a r e l a t i v e  comparison 
between severa l  pumping cases.  No attempt i s  made t o  consider optimal ad- 
justment of mw power, A weak mw per turbat ion  i s  used t o  avoid sa tu ra t ion  
e f f e c t s .  The choice of i n t e n s i t i e s  of the  various pumping components a f f e c B  
the  sca t t e red  l i g h t  a t  population equil ibrium and hence, a f f e c t s  the  0-0 
s igna l  s i z e .  Thus intercomparison of  pumping/detection schemes i s  dependent 
on the  r e l a t i v e  i n t e n s i t i e s  used. In t h i s  paper, we choose equal r e l a t i v e  
i n t e n s i t i e s  f o r  each applied primary pumping component, o f ,  0- o r  T .  In an 
experimental s i t u a t i o n ,  d i f f e r e n t  e f f e c t i v e  i n t e n s i t i e s  of the  components 
could be produced. 

The simple procedure out l ined above permits a comparison of pumping schemes 
with regards t o  l e v e l  populations and s c a t t e r e d  l i g h t  i n t e n s i t y  changes as 
the  "signal." However it does not  address the  i s sue  of  the  0-0 resonance 
reso lu t ion  obtained f o r  various pumping schemes. For t h i s  we would need 
a resonance lineshape ca lcu la t ion  including linewidths and sa tu ra t ion  e f fec t s  
as well  as  s igna l  amplitude and background f lux .  

Large population d i f ferences  a r e  a t t a i n a b l e  using two appropriate o p t i c a l  
frequencies f o r  pumping. For example, with c i r c u l a r l y  polar ized  l i g h t  d i -  
rec ted  along the  magnetic f i e l d  axis  (Am = + I ) ,  a t  frequencies (2-2 ')  and F 

(1-2 ' ) ,  a l l  population i s  pumped i n t o  the  (F,mF)=(2,2) ground s t a t e  l eve l .  
By frequency modulating one l a s e r  diode with a square-wave cur ren t ,  we were 
able  t o  exc i t e  these  two t r a n s i t i o n s  and t o  demonstrate a la rge  hf  s igna l  
f o r  the  (2,2)++(l,l)  t r a n s i t i o n  i n  a 1.5G magnetic f i e l d .  7 



Three of  t h e  b e s t  pumping schemes i n v e s t i g a t e d  f o r  observing t h e  0-0 h f  
t r a n s i t i o n  a r e  now presented .  Figure l a  shows t h e  time development of l e v e l  
popula t ions  f o r  t h e  case  of  two reso lved  o p t i c a l  frequency t r a n s i t i o n s  
dr iven  s imultaneously by 1) l i n e a r l y  po la r i zed  cr-light a t  t h e  (2-2 ' )  f r e -  
quency and 2) l i n e a r l y  po la r i zed  T - l i g h t  a t  t h e  (1-1 ' )  frequency. 'I'he 
f i r s t  causes am =*1 t r a n s i t i o n s ,  whi le  t h e  second, Am =O t r a n s i t i o n s  with F F 
0+0' excluded. In equi l ibr ium,  a l l  popula t ion  has been dr iven  i n t o  t h e  
(1,O) l e v e l .  This  achieves one of t h e  d e s i r a b l e  condi t ions  f o r  e f f i c i e n t  
pumping/detection: namely, l a r g e  d i f f e r e n c e  of popula t ion  between t h c  l e v e l s  
s p e c i f i e d  by t h e  mw t r a n s i t i o n .  

I f  t h e  l a s e r  source has a  f i n i t e  frequency width and t h e  c e l l  has  t h e  r e a l  
Doppler width f o r  t h e  D l  t r a n s i t i o n s ,  then  o p t i c a l  t r , m s i t i o n s  t o  t h e  F t = l  
and 2  s t a t e s  of t h e  2~ s t a t e  from a common F-value i n  t h e  ground 2~ 
a r e  not  completely 1'2 reso lved .  For example, t h e  t a i l  of t h e  1 1 2  
(2-1 ' )  t r a n s i t i o n  over laps  t h e  (2-2 ' )  t r a n s i t i o n  c e n t e r .  The u n i n t e n t i o n a l  
e x c i t a t i o n  of (2-1 ' )  when e x c i t i n g  ( 2 - 2 ' )  provides a  depumping mechanism 
which reduces t h e  0-0 l e v e l  popula t ion  d i f f e r e n c e .  An e s t ima te  of o p t i c a l  
resonance over lap  was made f o r  an o p t i c a l l y  t h i n  c e l l  by t ak ing  t h e  absorp- 
t i o n  l ineshape  t o  be Gaussian wi th  Doppler width of 500 MHz and t h c  l a s e r  
l ineshape  t o  be Lorentzian wi th  width 300 MHz. The convolut ion of  t hese  
two func t ions  g ives  an absorp t ion  curve which has  a r a t i o  of t a i l  he igh t  
t o  on-resonance he igh t  of % 5% when t h e  t a i l  frequency corresponds t o  t h c  
h f  s epa ra t ion  i n  t h e  2~1,Z s t a t e  (2818 MHz). Actua l ly  t h e  l a s e r  l inewidth  
i s  expected t o  be 5100 MEJz f o r  which t h e  t a i l - c e n t e r  over lap  i s  < 1 % .  
However, t h e  examples d iscussed  w i l l  u se  a 5% over lap  t o  emphasize the 
e f f e c t .  

In F ig .  l b ,  t h e  primary o p t i c a l  pumping t r a n s i t i o n s  a r e  t h e  same as  i n  F l g .  
l a  bu t  now, i n  a d d i t i o n ,  l i g h t  of 5% r e l a t i v e  i n t e n s i t y  i s  added a t  each o f  
t h e  (1-2 ' )  and (2-1')  t r a n s i t i o n s .  The r e l a t i v e  0+0 hE t r a n s i t i o n  s i g n a l s  
i n  t h e s e  two cases  a r e  i n  t h e  r a t i o  Q 1 . 8 : l .  

A s  shown i n  Fig. 2a, a l l  popula t ion  can be pumped i n t o  t h e  ( 2 , O )  l e v e l  by 
us ing  t r a n s i t i o n s  ( 2 - 2 ' ) ~  and (1-1 ' 3 0 .  The e f f e c t  caused by a d d i t i o n  of 
5% r e l a t i v e  i n t e n s i t i e s  a t  (2-1 ' )  and (1-2 ' )  i s  shown i n  Fig.  2b. Tho 
r a t i o  of 0-0 hf s i g n a l s  f o r  t hese  cases  i s  % 2 . 1 : l .  

A t h i r d  example uses  (2-2 ' )  IT and (1 -2 ' )~ -pumping  r a d i a t i o n .  See Fig.  3a 
and 3b where again an a d d i t i o n a l  5% r e l a t i v e  i n t e n s i t i e s  have been used a t  
t h e  (2-1 ' )  and 1 -1 ' )  t r a n s i t i o n s .  The r a t i o  of 0-0 hf  s i g n a l s  f o r  t hcse  
cases  i s  2 2 . 1 : l .  

An r f  plasma e x c i t e d  Rb lamp wi th  " ~ b  f i l t e r i n g  i s  modeled by us ing  un- 
po la r i zed  a l i g h t  with primary pumping t r ans i t i . ons  a t  (1-2 ' )  and (1-1 ' j  
and secondary t r a n s i t i o n s  ( 2 - 2 ' )  and (2-1 ' )  a t  10% r e l a t i v e  i n t e n s i t i e s .  
Figure 4a g ives  t h e  l e v e l  popula t ion  h i s t o r y .  In  F i g .  4b we use  l i n e a r l y  
po la r i zed  T - r a d i a t i o n  f o r  pumping. Thc r a t i o  of t h e  r e spec t ive  0-0 hf 
s i g n a l s  i s  Q 0 . 7 : l .  



An intercomparison of t h e  0-0 s i g n a l s  f o r  F ig s .  l a ,  2a, 3a,  and 4a r e l a t i v e  
t o  Fig. 4a g ives  t h e  r a t i o s  20:22:30:1. Di f fe rences  i n  t h e  ra te  of  approach 
t o  equi l ibr ium a r e  ev ident  from t h e  f i g u r e s .  The case presented  i n  Fig.  3 
i s  t h e  s imples t  from an experimental viewpoint s i n c e  only one p o l a r i z a t i o n  
and d i r e c t i o n  of propagat ion of l i g h t  i s  requi red .  

Severa l  pumping schemes have been considered which show t h e  p o s s i b i l i t y  of  
ob ta in ing  a l a r g e  0-0 popula t ion  d i f f e r ence  wi th  r e l a t i v e l y  l a r g e  h f  t r a n s i -  
t i o n  s i g n a l s .  Doppler l inewidth  and l a s e r  l inewidth  were t r e a t e d  t o  show 
e f f e c t i v e  depumping r e s u l t i n g  i n  a reduced popula t ion  d i f f e r e n c e  and a  
l a r g e r  background of s c a t t e r e d  l i g h t  i n t e n s i t y .  The atomic beam method 
can t ake  advantage of t h e  much reduced e f f e c t i v e  Doppler width t o  avoid 
depumping. For e i t h e r  beam o r  evacuated c e l l ,  s u b s t a n t i a l  improvement over 
convent ional  Rb lamp pumping i s  expected f o r  t h e  parameters d i scussed .  We 
a r e  a c t i v e l y  pursuing an experimental comparison with t h e s e  c a l c u l a t i o n s .  
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Figure 1. Level populations as a function of ( a r b i t r a r y )  time when 
pumping with (2 -2 ' )  o - l i g h t  and (1-1') n - l igh t .  Completely reso lved  
o p t i c a l  t r a n s i t i o n s  a r e  t r e a t e d  i n  a "at1 while i n  Itblt, an addi t ional  
5% e x c i t a t i o n  i s  assumed f o r  each of the  (2-1 ' )  and (1-2')  t r a n s i t i o n s .  

TIME 
2 a) 

TIME 
2b) 

Figure 2. Time h i s t o r y  of l eve l  populations when pumping with 
(2-2 ' )  T-light and (1-1') 0 - l i g h t .  In "btt an addi t ional  5% exci-  
t a t i o n  i s  assumed for  each of the (2-1 ') and (1-2 ') t r a n s i t i o n s .  
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Figure 3. Time history of level populations when pumping with 
(2-2')~ light and (1-2') T-light. In "btt an additional 5% excitation 
is assumed for each of the (2-1 ') and (1-1') transitions. 

TIME 
4b) 

Figure 4. Time history of level populations when pumping with modeled 
Rb plasma lamp. Primary pumping is at (1-2') and (1-1') transitions 
with an additional 10% excitation at each of the (2-1) and (2-2') 
transitions. In I7a" o-light is used while in "b" r-light is used. 



QUESTIONS AND ANSWERS 

PROFESSOR ALLEY: 

Could you t e l l  us the  s t a t e  o f  the  experiments please, Hugh? 

MR. ROBINSON: 

Yeah, C a r r o l l .  The experiments are  i n  a s t a t e  where we need some research 
fundjng. We have a l a s e r  which has been loaned t o  us by Lyndon Lewis 
and we a re  now i n  the  a c t  o f  t r y i n g  t o  ge t  a l i g h t  system so we can p u t  
t he  l i g h t  i n  a t  r i g h t  angles t o  the  f i e l d .  The apparatus t h a t  we have, 
i s  b u i l t  s p e c i f i c a l l y  f o r  the  De l ta  M p lus  one t r a n s i t i o n  o r  minus one 
c i r c u l a r  o f  po la r i zed  1 i g h t .  

And we a re  accustomed t o  l ook ing  a t  Zeeman t r a n s i t i o n s  and g e t t i n g  
the  l i g h t  i n  perpendicular  t o  t h e  access j u s t  requ i res  a l i t t l e  b i t  o f  
e f f o r t  and we ' re  now undertak ing t h a t .  So we hope t o  go ahead and do 
these experiments t h a t  we would l i k e  t o  see i s  some comparison w i t h  t h i s  
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