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OPTICAL PUMPING BY LASERS I N  ATOMIC FREQUENCY STANDARDS* 

L. L. Lewis and M. Feldman 

Summary 
Single-mode, near-infrared  diode  lasers may 

improve the  performance o f  atomic  frequency  stan- 
dards. I n  the case of  rubidium  standards,  the 
s h o r t - t e r m   s t a b i l i t y  may be improved  by using 
laser   d iodes   fo r   op t ica l  pumping i n  p lace   o f  
convent ional   r f -exci ted lamps. I n  cesium beam 
standards,  the  lasers may replace  both  sets  of  
s ta te   se lec t ion  magnets, r e s u l t i n g   i n   g r e a t e r  
signal-to-noise, more r e l i a b l e  beam detection, 
easi ly  reversed beam d i r e c t i o n   f o r   c a v i t y  phase 
s h i f t  measurement, reduced  Majorana t rans i t i ons ,  
and a  smaller, more eas i ly   regulated  C- f ie ld .  The 
degree t o  which  these improvements are  real ized 
depends upon the   charac ter is t i cs  o f  ava i lab le  
lasers. I n   t h i s  paper, we repor t  measurements o f  
l a s e r   i n t e n s i t y  and frequency  noise and t h e i r  
e f fec ts  on clock performance. The l i g h t   s h i f t   i n  
a laser-pumped Rb clock i s  given, as we l l  as the 
s t a b i l i t y  curve  for   that   c lock.   Prel iminary work 
on op t i ca l  pumping i n  a  cesium beam i s   a l s o  
reported. 

Key Words. Laser  Diode,  Atomic Frequency Standard, 
Opt ica l  Pumping, L i g h t   S h i f t ,  Laser S tab i l i za t i on .  

In t roduc t ion  

The development o f  inexpensive,  rel iable, 

single-mode laser  diodes w i th in   the  communications 

indus t ry  has made the use o f   l ase rs   i n   a tom ic  

frequency  standards much more a t t r a c t i v e .   I n  

pa r t i cu la r ,   t he  use o f  these  devices i n  vapor 

c e l l s ,  atomic beams, and laboratory  pr imary  f re-  

quency standards i s  possible. The use o f   o p t i c a l  

pumping by lamps and lasers i n  other  types  of 

standards, such as ion  storage  t rapsID2 will not  

be discussed i n   t h i s   a r t i c l e .  

Table 1 g i v e s   t y p i c a l   s t a b i l i t y  and accuracy 

performance o f  e x i s t i n g  commercial and laboratory 

atomic  frequency  standards.  There  are  a number o f  
ways i n  which laser  diodes may help improve  these 

s p e c i f i c a t i o n s .   I n   t h e  case of Rb standards,  the 

g r e a t e r   e f f i c i e n c y   i n   o p t i c a l  pumping af forded by 
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laser  diodes  over  conventional lamps should  improve 

signal- to-noise,   resul t ing i n   be t te r   sho r t - t e rm 

s tab i l i t y .   Whi le   long- te rm  s tab i l i t y  would s t i l l  

be l i m i t e d  by bu f fe r  gas o r   w a l l   s h i f t s ,   l i g h t  

sh i f t s   m igh t  be reduced  by switching  the  laser 

diode and in ter rogat ing  the microwave resonance 

w h i l e   t h e   l i g h t  source i s  o f f . ’   I n   add i t i on ,  

since pumping by laser  diodes i s  no t  dependent 

upon coincidence o f  h y p e r f i n e   l i n e s   i n   d i f f e r e n t  

isotopes as conventional  rubidium lamps are, 

cesium may be used i n  the vapor ce l l   ins tead o f  

rubidium. Cesium o f fe rs  advantages o f  greater 

microwave  resonance frequency,  slower atoms 

(because of  greater  atomic mass) and natural  

i so top i c   pu r i t y .  

An t i c ipa ted   bene f i t s   t o  commercial cesium 

standards  also  include  increased  stabi l i ty.  Since 

atoms are  converted t o  the  desired  hyperf ine  state 

ins tead  o f   re jec ted  by a  state-selection magnet, 

more atoms cont r ibu te  t o  the   s igna l   fo r  a  given 

beam in tens i t y .  Laser  diodes  can  also be used f o r  

f luorescence  detection  of atoms, e l iminat ing  the 

second state-select ion magnet, and re lax ing  re-  
quirements on alignment. Such a  detection method 

should have good long-term  stabi l i ty ,   sensing 

near ly a1 1 atoms i n  the beam regardless o f  ve loc i t y  

and pos i t ion .  Using laser  diodes fo r   bo th   s ta te  

preparat ion and s t a t e   d e t e c t i o n   r e s u l t s   i n  a 

h igh ly  symmetric  device i n  which  the  atomic beam 

d i rec t i on  can be rap id ly   reversed,   or  even main- 
ta ined  cont inuously i n  both  d i rect ions.*   Th is  

would  permi t   correct ion  for   cav i ty  phase s h i f t s ,  
which may limit long- te rm  s tab i l i t y  o f  commercial 

standards. S imp l i f i ca t i on   o f  beam tube  design 

c o u l d   r e s u l t   i n  some weight  savings as we l l .  

The accuracy of  laboratory  primary  frequency 

standards may be increased  through  the use o f  
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l a s e r   d i o d e s . "   E l i m i n a t i o n   o f   s t a t e - s e l e c t i o n  

magnets p e r m i t s   t h e   e x t e n s i o n   o f   t h e   C - f i e l d  

r e g i o n   t o   i n c l u d e   b o t h   t h e   o p t i c a l  pumping  and  the 

o p t i c a l   d e t e c t i o n   r e g i o n s  of a standard,  which 

shou ld   p revent   Ma jorana  t rans i t ions  among magnetic 

sublevels .  These t r a n s i t i o n s  may produce  frequency 

o f f s e t s   o f  unknown magnitude i n   p r e s e n t  cesium 

pr imary  standard  designs. '  A more symmetric beam 

r e v e r s a l   i s   p o s s i b l e  with o p t i c a l  pumping  methods, 

s i n c e   a l l  atoms may be   i nc luded   rega rd less   o f  

v e l o c i t y  and p o s i t i o n   w i t h i n   t h e  beam. Th is  

shou ld   pe rm i t  a b e t t e r   c a n c e l l a t i o n   o f   c a v i t y  

phase s h i f t s .   A n g l e   t u n i n g   o f   t h e   l a s e r  may 

r e s u l t  i n  v e l o c i t y   s e l e c t i o n   o f  atoms i n   t h e  

cesium beam, f a v o r i n g   s l o w e r   v e l o c i t y  atoms, which 

wou ld   g ive  a narrower  microwave  resonance. F i -  
n a l  l y ,  two  lasers  can  be  used t o  pump a1 1 o f   t h e  

cesium  atoms i n t o  a s ing le   magnet ic   sub leve l ,  11 

g i v i n g   b e t t e r   c o n t r o l   o f   M a j o r a n a   t r a n s i t i o n s ,  

f reedom  f rom  f requency  pul l ing by adjacent  Zeeman 

l e v e l s ,   s t i l l   g r e a t e r  numbers o f   u s a b l e  atoms f o r  

a g i ven  beam i n t e n s i t y ,  and p e r m i t t i n g   o p e r a t i o n  

a t  a lower   C- f ie ld   and a lower   magnet ic   sh ie ld ing  

c o e f f i c i e n t   t h a n   w o u l d   o t h e r w i s e   b e   p o s s i b l e .  

Laser   d iodes   a lso   in t roduce new d i f f i c u l t i e s  

i n t o  any  atomic  standard.  They  must  be  cooled t o  

a h igh ly   regu la ted   tempera ture ,   and  the   e lec t ron ics  

r e q u i r e d   t o   p e r f o r m   t h i s   f u n c t i o n ,  as w e l l  as 

p r o v i d e  a r e g u l a t e d   i n j e c t i o n   c u r r e n t   t o   t h e  

l a s e r ,   i s   a p p r e c i a b l e .  The l o n g - t e r m   r e l i a b i l i t y  

a n d   u s e f u l   l i f e t i m e   o f   l a s e r   d i o d e s   i s  unknown. 

W h i l e   m a n u f a c t u r e r s '   p r o j e c t i o n s   o f   l i f e   r a n g e  as 

g r e a t  as  100  years, t h i s  does no t   i nc lude   an  

es t imate   o f   wave length   s tab i l i t y .   S ing le -mode,  cw 

l a s e r s   a r e   a v a i l a b l e   t o d a y   f o r   a s   l i t t l e  as $100 

each, b u t   t h i s   p r i c e  does not   guarantee  the  exact  

wave leng th   requ i red   f o r   op t i ca l   pump ing   o f  a g i ven  

atom. F i n a l l y ,  use o f  such a narrow  spectrum 

s o u r c e   c o m p l i c a t e s   t h e   p r o b l e m   o f   l i g h t   s h i f t s  i n  

b o t h   v a p o r   c e l l s  and atomic beams, and may i n t r o -  

duce  short- term  noise  through  f requency  and  ampl i -  

t u d e   n o i s e   o f   t h e   l a s e r .  

Genera l   Character is t ics   o f   Laser   Diodes 

A recent   rev iew  of   s ing le-mode GaAlAs l a s e r  

diodes i s   g i v e n  by Botez." A more ex tens i ve  

t reatment  i s  found i n   t h e  books  by  Kressel  and 

But ler13  and by Thompson. l4 We have made measure- 

ments w i t h   t r a n s v e r s e   j u n c t i o n   s t r i p e  (TJS) 

1 asers , l5 channeled-substrate-planar (CSP) 
lasers,16  and  other  str ipe  geometry,   double- 

h e t e r o s t r u c t u r e   l a s e r s .  The most   promis ing  resul ts  

have  been  obta ined  wi th   the  f i rs t   two  types  and 

consequent ly   the  d iscuss ion  here will concentrate 

on them. 

The ve ry   sma l l   ac t i ve   reg ion   i n   t hese   dev i ces  

(0.4pm x 2pm f o r   t h e  TJS laser ,   and 2pm x lOpm f o r  

t h e  CSP l a s e r )   r e s u l t s   i n  a d i f f r a c t i o n - l i m i t e d  

beam which  must   be  co l l imated  for   most   appl ica-  

t i o n s .  We found  tha t   la rge   numer ica l   aper tu re  

microscope  ob ject ives gave t h e   b e s t   c o l l i m a t i o n ,  

a l though a number o f  measurements  were made us ing  

s i n g l e   a s p h e r i c   l e n s e s .   I n   e i t h e r   c a s e ,   r e f l e c t e d  

l i g h t   i s  a problem,  as it c a n   s e r i o u s l y   a f f e c t   t h e  

mode s t r u c t u r e   o f   t h e   l a s e r .  

Both  types  operate i n   n e a r l y   s i n g l e   t r a n s -  

verse and 1 ong i   t ud i   na l  modes, a l though  the  CSP 

t y p e   t e n d s   t o   s t a y   l o n g e r   i n  a g i v e n   l o n g i t u d i n a l  

mode as t h e   i n j e c t i o n   c u r r e n t  and  temperature o f  

t he   d iode   a re  changed. Long i tud ina l  mode spacing 

i s  about 0.35 nm i n   b o t h   d e v i c e s .   L a s e r   l i n e w i d t h  

i s  about  150 MHz f o r   t h e  TJS laser   (about  3 mW 
t yp i ca l   ou tpu t ) ,  and less   t han  30 MHz f o r   t h e  CSP 

l ase r   (abou t  10 mW t y p i c a l   o u t p u t )  as measured 

b o t h  with the  Fabry-Perot  spectrum  analyzer,  and 

with  atomic  resonance  f luorescence  curves. A 
d e t a i l e d   s t u d y   o f   l i n e   b r o a d e n i n g   i n  CSP l ase rs  

has  been made by  F1 eming, l7 who conc luded  tha t   the  

s p e c t r a l   w i d t h  was n o t   i n  agreement w i t h   t h e  

Schawlow-Townes expression18  based  on  quantum 

phase f l u c t u a t i o n s .  

Va ry ing   t he  amount o f  aluminum  and  dopants i n  

the   semiconductor   a l loy   p roduces   laser   d iodes   o f  

d i f f e r e n t  wavelengths,  ranging  from  about 780 nm 

t o  905 nm i n  commercial ly  avai lable  devices.  

Coarse   t un ing   o f   t he   wave leng th   i s   ach ieved   by  

changing  the  temperature  (about  0.2 nm/"C) and 

f i n e   t u n i n g  i s  accomplished  through  adjustment o f  

t h e   i n j e c t i o n   c u r r e n t   ( a b o u t  0.02 nm/mA). 

C i r c u i t s  have  been  designed  and  constructed 

a t  NBS t o   c o n t r o l   t h e   l a s e r   i n j e c t i o n   c u r r e n t   t o  

one p a r t   i n  lo6, and  the   laser   tempera ture   to  

613 



about 1 m i l l i d e g r e e   c e n t i g r a d e   f o r   t i m e s   i n   e x c e s s  

o f  one  day. F u r t h e r   l a s e r   f r e q u e n c y   s t a b i l i t y  has 

been  obtained by l o c k i n g   t h e   l a s e r   t o  an  atomic 

a b s o r p t i o n   l i n e   f o r   p e r i o d s   o f  days.  This  method 

has g i v e n   l o n g - t e r m   f r e q u e n c y   s t a b i l i t y   o f   b e t t e r  

than 100 kHz. 

Although a g iven  laser   d iode may operate  near.  

a des i red   wave length   a t  a reasonable  va lue  o f  

c u r r e n t  and  temperature, it may n o t  b e   p o s s i b l e   t o  

tune  to  an  exact  wavelength.  As current   and 

temperature  are changed, t h e   l a s e r  may hop t o  an 

a d j a c e n t   c a v i t y  mode, l e a v i n g   s i z a b l e  gaps i n   t h e  

tunable  spect rum.  About   ha l f   o f   the  ten TJS 

diodes  wi thout  package windows  which we t e s t e d  

cou ld   be   t uned   to   t he  Rb D, resonance a t  780 nm. 

Only one o f   t h e   t e n  TJS l a s e r s   w i t h  windows, which 

we s tud ied ,   cou ld  be t u n e d   e x a c t l y   t o   t h a t  wave- 

length.  It may b e   t h a t   t h e  windows r e f l e c t e d  

enough l i g h t  back t o   t h e   l a s e r   t o   i n t e r f e r e   w i t h  

tun ing .  When a p a r t i c u l a r   l a s e r   i s   t u n e d   t o   t h e  

Rb resonance,  the  laser may change t o  a new c a v i t y  

mode l a t e r   f o r  reasons  which  are  not w e l l  under- 

stood. Even though   manu fac tu re rs   p ro jec t   l i f e -  

t i m e s   f o r   l a s e r   d i o d e s   i n   e x c e s s   o f  100 years, 

t h i s  mode-hopping  problem may limit t h e i r   u s e f u l -  

ness i n  atomic  frequency  standards.  Measurements 

a re   i n   p rog ress   a t   t he   Na t iona l   Bu reau   o f   S tandards  

(NBS) to   determine how long  these  lasers  can  be 

l o c k e d   t o  an  a tomic  absorpt ion  l ine.  

With t y p i c a l   o p e r a t i n g   c u r r e n t s   o f   a b o u t  

40 mA and 100 mA r e p e c t i v e l y ,   t h e  TJS and CSP 

lasers  themselves consume about 80 mW and 200 mW 

each.  However, a system  which  includes  temperature 

r e g u l a t i o n ,  as w e l l  as c u r r e n t   c o n t r o l ,   c o u l d  

r e q u i r e  as much as 5 wat ts .  

S t a b i l i t y   o f  a Laser Pumped Rb Clock 

The s h o r t - t e r m   s t a b i l i t y   o f  a convent ional  Rb 

c l o c k   i s   u s u a l l y   l i m i t e d  by  the  shot   no ise asso- 

c i a t e d   w i t h   t h e   l i g h t   d e t e c t e d   b y   t h e   p h o t o c e l l  

a f t e r   t h e  Rb vapor c e l l .  A t y p i c a l   v a l u e   o f  

s i g n a l   t o  background o f  as l i t t l e  as 0.1% means 

t h a t   l a r g e  improvements i n  s h o r t - t e r m   s t a b i l i t y  

m igh t   be   ob ta ined   by   i nc reas ing   t he   f rac t i on   o f  

d e t e c t e d   l i g h t   w h i c h   c o n t r i b u t e s   t o   u s e f u l   s i g n a l .  

As long  as  o ther   no ise  sources do n o t  become 

r e l a t i v e l y   l a r g e ,   t h e   s t a b i l i t y   o f   t h e   c l o c k  

should  improve as the   square   roo t   o f   s i gna l /  

background. 

We have taken a commercial Rb c l o c k  and 

rep laced   t he   r f -exc i ted   rub id ium lamp w i t h  a l a s e r  

d iode.   Var ious  sources  o f   no ise have  been exam- 

ined, and t h e   s h o r t - t e r m   s t a b i l i t y  measured.  Our 

most i n t e r e s t i n g   r e s u l t s  were  obta ined  wi th  a 

CSP-type l a s e r   o p e r a t i n g   a t   t h e  0, t r a n s i t i o n  

(780 nm). Since  the  commercial Rb vapor c e l l  

con ta ins   bo th  s5Rb  and  87Rb, the   bes t  measurements 

w e r e   o b t a i n e d   f o r   t h e   F = l   t r a n s i t i o n   i n  87Rb, 

which i s   w e l l   i s o l a t e d   f r o m   t h e  85Rb l i n e s .  The 

output   f rom  the  laser   d iode was r o u g h l y   c o l l i m a t e d  

t o  a 1 cm diameter beam, where the  power  densi ty  

increased  by  about a fac to r   o f   two  f rom  the   per im-  

e t e r   t o   t h e   c e n t e r   o f   t h e  beam. The average  laser 

power was var ied  f rom  about  0 .1 mW/cmz t o  

1 .0  mW/cm2 b y   i n s e r t i n g   n e u t r a l   d e n s i t y   f i l t e r s .  

The f requency   o f   t he   l ase r  was c o n t r o l   l e d   b o t h   b y  

temperature and i n j e c t i o n   c u r r e n t   r e g u l a t i o n ,  and 

b y   l o c k i n g   t h e   l a s e r   t o   t h e   c e n t e r   o f   t h e  Rb ab- 

s o r p t i o n   l i n e .  

F igu re  1 shows the  microwave  resonance ob- 

ta ined  by  sweeping  the  commcerc ia l   c lock 's   crysta l  

osc i  1 l a t o r   o v e r  a smal 1 range,  whi le  pumping  the 

c e l l   w i t h   a b o u t  0.23 mW/cm2 o f  D, l i g h t .   W h i l e  

t h e  sweep i s  somewhat non l i nea r ,  it i s   c l e a r   t h a t  

t he   l i new id th   o f   t he   resonance   i s   app rox ima te l y  

1300 Hz, which  g ives a Q o f   o n l y  5 x lo6. It i s  

b e l i e v e d   t h a t   t h i s   l a r g e   l i n e w i d t h   i s  due t o  

b roaden ing   assoc ia ted   w i th   the   ra ther   h igh   laser  

power  densi ty.   Figure 2 shows the  dependence o f  

microwave  resonance  l inewidth on l a s e r  power 

dens i t y .  The i n c r e a s e   i n   l i n e w i d t h  due t o  an 

i n p u t   l a s e r   l i g h t   o f  1 mW/cmz i s  about 1400 Hz. A 

rough   es t ima te   o f   t he   e f fec t i ve   l ase r  power i n   t h e  

Rb c e l l  may be made f rom  tha t   l i new id th .  The 

change i n  m ic rowave   l i new id th   i s   g i ven  by 

where yQ i s  t h e   l a s e r  pumping r a t e  on  resonance, 

and AvQ/AvRb i s   t h e   r a t i o   o f   t h e   l a s e r   l i n e w i d t h  

t o   t h e   r u b i d i u m   o p t i c a l   r e s o n a n c e   l i n e w i d t h   i n   t h e  
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c e l l .  The r a t i o   o f  

spontaneous  emission 

t h e   l a s e r  pumping r a t e   t o   t h e  

r a t e  yn i s   j u s t  

u(E) = 2.9 x 10 u(E) (2) 
19 

where B21 i s   t h e   E i n s t e i n  B c o e f f i c i e n t ,  T,, i s   t h e  

n a t u r a l  decay   t ime   o f   t he   exc i ted   s ta te  (- 30 
ns), u(E) i s   t h e   l a s e r   e n e r g y   d e n s i t y   p e r   u n i t  

bandwidth, i n  joule-s/cm3,  and A i s   t h e  wave- 

l e n g t h   o f   t h e   o p t i c a l   t r a n s i t i o n .  Combining t h i s  

express ion   w i th   the   p rev ious   equat ion  , and  as- 

suming a l a s e r  1 i newid th   o f  - 30 MHz and a Rb 

o p t i c a l   l i n e w i d t h   o f  1 GHz, g i ves  a l a s e r  power 

d e n s i t y   o f  

N o t e   t h a t   t h e   f i n a l   e x p r e s s i o n   i s   i n d e p e n d e n t   o f  

t h e   a c t u a l   l a s e r   l i n e w i d t h ,  as l o n g  as  yn/2n 

Auk AV Rb' 
It i s  r e a s o n a b l e   t h a t   t h e   e f f e c t i v e   l a s e r  

power i n  pumping  the Rb should  be  less  than  the 

i n p u t   l a s e r  power  because o f   a b s o r p t i o n  and  var ia-  

t i o n   i n  microwave  power  through  the  cavity. The 

above r e s u l t   i s   t h e r e f o r e   t a k e n   a s   s u p p o r t   o f   t h i s  

mechanism o f  l ine   b roaden ing .  

The peak  change i n  detected  current   across 

t h e  microwave  resonance was about A. The 

average  detected  current  was A. Th is   g i ves  a 

maximum s i g n a l - t o - n o i s e   i n  a one hertz  bandwidth 

o f  

S 
-,., Isig = 5 . 6  x lo5 = 115 dB . (5) 

Tak ing   in to   account   the   re la t i ve ly   smal l   m ic rowave 

modulat ion amp1 i t u d e ,   t h e   e x p e c t e d   s i g n a l   t o   s h o t  

no ise was g r e a t e r   t h a n  100 dB i n  a one h e r t z  

bandw id th .   Th i s   shou ld   resu l t   i n   an   A l l an   va r i -  

ance s t a b i l i t y  of  

F igu re  3 g ives   the   ac tua l   per fo rmance  o f   the  

c lock   f rom lo-* t o  10 seconds,  using a l ase r   d iode  

l o c k e d   t o   t h e   c e n t e r   o f   t h e  87Rb, F = l  t r a n s i t i o n ,  

as  seen i n  t h e   m i x e d   i s o t o p e   c e l l   o f   t h e   c l o c k .  

A t  t imes much grea ter   than 10 seconds, t h e   c l o c k  

f r e q u e n c y   s t a b i l i t y   l e v e l e d   o u t   a t   t h e  10-l2 
l e v e l .  The s t a b i l i t y   a t  one second i s  about 

1 . 5  x 1O-l1- comparable to   t he   c lock   pe r fo rmance  

w i t h   t h e   o r i g i n a l  Rb lamp i n s t a l l e d ,   b u t   c o n s i d e r -  

a b l y  worse  than  the  per formance  l imi ted by shot  

noise  should be. 

The probab le   cause  o f   the  limit i n   s h o r t - t e r m  

s t a b i l i t y ,  and t h e  10-l2 f l o o r  on s t a b i l i t y   a t  

longer   t imes,  i s  f requency  no ise  on  the  laser ,  

med ia ted   t h rough   the   l i gh t   sh i f t . 20  The l i g h t  

s h i f t   i n   t h i s   p a r t i c u l a r   d e v i c e  was measured by 

t u n i n g   t h e   l a s e r   d i o d e   i n   s t e p s   o f  100 MHz across 

t h e  F = l  resonance,   wh i le   record ing   the   c lock 's  

output  f requency. The l i g h t   s h i f t   f o r  an i n p u t  

l a s e r  power o f  0.23 mW/cm2 i s   g i v e n   i n   f i g u r e  4. 
Th is   curve  g ives a peak - to -peak   sh i f t  on t h e  

d ispers ion   curve   o f   about  550 Hz, i n  rough  agree- 

ment w i t h   t h e   p r e d i c t i o n s   o f  Mathur," i f  one  uses 

t h e   r e d u c t i o n   f a c t o r   f o r   l i g h t   i n t e n s i t y   o b t a i n e d  

from  the  microwave  resonance  broadening  calcula- 

t i o n s  above. An accurate measurement o f   t h e   l i g h t  

s h i f t   i n   r u b i d i u m  would  require  thorough  knowledge 

o f   t h e   l a s e r  beam p r o f i l e   w i t h i n   t h e   v a p o r   c e l l  as 

w e l l  as informat ion  about  the  microwave modes i n  

t h e   c a v i t y ,   n e i t h e r   o f   w h i c h  was a v a i l a b l e .  It i s  

probably  more accurate t o  u s e   t h e   l i g h t   s h i f t  

measurements  as  an i n d i c a t i o n   o f   t h e   e f f e c t i v e  

l a s e r  power t h a n   t o   e s t i m a t e   t h e   l i g h t   s h i f t   f r o m  

measured l a s e r  power. 

Bear ing   the  above cavea ts ,   f i gu re  5 g ives   the  

l i g h t   s h i f t  dependence  upon i n p u t   l i g h t   i n t e n s i t y  

i n   t h i s   p a r t i c u l a r   c l o c k  measured a t   t h e   l a s e r  

f requency   o f  maximum l i g h t   s h i f t .  The curve i s  

l i n e a r ,   w i t h   s l o p e  - 1.2 kHz/mW/cm2. A s i m i l a r  

curve was o b t a i n e d   f o r   t h e  F=2 t r a n s i t i o n ,   b u t  

w i t h  a s lope  minus   one-ha l f   tha t   o f   the  F = l  curve. 

The magnitudes o f   t h e  two 

b u t   d i f f e r  because o f   t h e  

r e d u c e s   t h e   l a s e r   l i g h t  

t r a n s i t i o n .  

S i m i l a r   l i g h t   s h i f t  

slopes  should be equal, 

presence  o f  85Rb, which 

i n t e n s i t y   a t   t h e  F=2 

measurements  have  been 
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performed i n  cesium  by A r d i t i  and  Picqu4,22 also 

using  a  laser  d iode,  wi th  resul ts  of   the same 

magni tyde. 

The c l o c k   s t a b i l i t y   i n   f i g u r e  3 was obtained 

w i t h  a laser   inpu t  power o f  0.23 mW/cm2. A t  t h i s  

l i g h t   l e v e l ,   t h e  change i n  microwave frequency 

w i th   laser  frequency a t   t h e   o p t i c a l  resonance  peak 

i s  about  -0.67 Hz/MHz, o r  a f rac t i ona l  frequency 

change o f  10-lO/HHz. The long - te rm  s tab i l i t y  o f  

the  clock  could  thus be accounted f o r  by  a  10 kHz 

f l o o r  on the  lock o f  the  laser  f requency  to  l ine 
center. (Which means the  laser  frequency i s  
locked t o  a p a r t   i n  l o 5  o f  the resonance l inewidtb.  

A bet ter   lock  might  be obtained  by  using  either 

saturated  absorption o r  atomic beam techniques). 

Figure 6 gives  the  frequency  noise  spectrum 

o f   t h e  CSP laser  diode. The TJS lasers  tested 

gave a fac to r   o f   th ree   la rger  frequency  noise, 

w i t h  a s imi lar   spect ra l  dependence. These f igures  

should be t rea ted  as  an upper limit to  the  no ise 

i n  these  lasers.  Since  the  cavity modes o f   t he  

dev ices  are  very   sens i t ive  to   re f lected  l ight ,  it 

i s  poss ib le   tha t  a d i f f e r e n t   t e s t i n g  procedure may 

g i ve   be t te r   resu l t s .  However, Dandridge,23 has 

obta ined  resul ts   wi th  an i n te r fe romet r i c   t es t i ng  

method which  agree w i t h i n  a f a c t o r   o f  t w o  w i t h  

these measurements. * 

Our frequency  noise  curves were obtained  by 

tuning  the  laser  d iode t o  the   s ide   o f  a Rb absorp- 

t i o n   l i n e ,  and in te rpre t ing   the   in tens i ty   no ise  on 

t h e   t r a n s m i t t e d   l i g h t   i n  terms o f  frequency  noise. 

The in tens i ty   no ise  observed, both away from  the 

absorp t ion   l ine  and on the peak o f   t he  resonance, 

was  much smaller  than  that seen on the   s ide   o f   the  

l i n e .  The frequency  noise a t  127 Hz o f  - 100 kHz/ 

m would limit the  c lock 's  frequency s t a b i l i t y   a t  

one second t o  about 2 x 10-l1, i n  agreement w i t h  

f i g u r e  3.  The at tack  t ime on the  servo  loop  which 

locked  the   laser   d iode  to   l ine   cen ter  was no t   f as t  

enough t o  s i g n i f i c a n t l y  improve t h e   s t a b i l i t y   o f  

t h e   l a s e r   a t  one second. I n  order t o  remove 

frequency  noise as a l i m i t i n g   f a c t o r   i n   s h o r t - t e r m  

s t a b i l i t y ,  a t i gh te r   l ase r   l ock   i s   requ i red .  
Also, i f  a  lower  temperature  vapor c e l l   i s  used, 

t he   l ase r   i n tens i t y  can be reduced w i th  a  propor- 

t i o n a l   r e d u c t i o n   i n   s e n s i t i v i t y   t o   l i g h t   s h i f t s ,  

wi thout  loss o f  s ignal .  

No attempt i s  planned a t   t h i s   t i m e  t o  reduce 

t h e   e f f e c t   o f   l a s e r  frequency  noise i n   t h i s   p e r t i c -  

u l a r  system because t h e   c r y s t a l   o s c i l l a t o r   i t s e l f  

reaches  a minimum s t a b i l i t y   o f  .., 10-l1 a t  0.3 
second. Consequently,  very little improvement 

could be expected  over  the  resul ts  of   f igure 3 

wi thout  other  modif icat ions  of   the  c lock.  

Another  source o f   n o i s e   i n   t h e  laser-pumped 

Rb c l o c k   i s   i n t e n s i t y   n o i s e   i n   t h e   l a s e r   l i g h t .  

Figure  7  gives  the CSP laser   d iode  in tens i ty   no ise 

spectrum; t h i s  spectrum was l imited by the  noise 

i n  the  detect ion  e lect ron ics and must be considered 

an upper limit only.  Other measurements i n  CSP 
lasers have been made by  DandridgeZ4 who obtained 

f rac t i ona l   i n tens i t y   no i se  as small as -145 dB/Kz 

a t  100 Hz. 

Using  our  1 imit o f  -120 d B / m   a t  127 Hz, and 
a  signal-to-background r a t i o  o f  2%, the limit t o  
s t a b i l i t y  due t o  l a s e r   i n t e n s i t y   n o i s e   i n   t h i s  

system would be about u(t) - 2  x  10-'2/fi.  Using 

Dandridge's  results,  with  a  signal-to-background 

o f  lo%, and a microwave Q o f  l o 7  gives u(r> - 
1 x lO-l*/fi. I n   t h i s  case, other sources o f  
noise will limit the   c lock   s tab i l i t y .  

These resu l t s  suggest that   us ing  a   laser  

diode pump source with  proper  adjustment o f  Rb 

clock  parameters, it may be poss ib le   to   ob ta in  

s t a b i l i t i e s   o f  a f e w  p a r t s   i n  1013 a t  one second. 

A c lock   w i th  such excel lent   shor t - term  s tab i l i ty  

migh t   f ind   app l i ca t ion  as a l o c a l   o s c i l l a t o r  f o r  a 

s to red   ion  standard.' The clock's  long-term 

s t a b i l i t y  would s t i l l  be l imited by  the  problems 

which  plague  conventional Rb c locks   - l i gh t   sh i f t  

changes due t o  l i g h t  source i n t e n s i t y  changes 

(which  could be minimized  either by adequate laser  

lock ing   o r   by  chopping  the l i g h t  ), bu f fe r  gas or  

w a l l   s h i f t s ,  and changes i n   t h e  microwave  spectrum. 

However, s ince  laser pumping can be used i n  a 

system wi th   h igher  Q than  that  of conventional 

standards, some r e l i e f  from even these  problems i s  
expected. 

7 

7 

Laser Pumped Atomic Beam Frequency Standards 

Laser  diodes may be useful as both  a pumping 

source and a state  detector i n  atomic beam f r e -  
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quency standards.   Ardi t i  and Picqu6 have demon- 

s t ra ted   the  use o f  a laser  d iode  for   these two 

purposes i n  a Ramsey-structure  cesium beam clock. 

The work a t  NBS has proceeded  along somewhat 

d i  f fe ren t  1 i nes , 1 eadi ng toward  implementation o f  

two o r  more l a s e r s   i n  a s ingle  c lock,  as i s  de- 

scribed below.  While the  pre l iminary CS work a t  

NBS has been done w i t h  dye lasers,   the above 

resu l t s  f o r  laser  diodes may be used i n  o rde r   t o  

estimate  noise i n  planned  atomic beam devices. 

Figure 8 i s  a sketch  of  a beam apparatus 

which has been used t o  measure op t i ca l  pumping, 

detection, and microwave t r a n s i t i o n s   i n  cesium. 

I n  the  early  experiments, one krypton  ion  laser  

pumped dye laser  (HITC dye @ 852 nm)  was used t o  

pump the 0, t r ans i t i on   o f   a tom ic  cesium. A second 

laser ,  pumped by the same krypton  ion  laser, was 

used t o  monitor  the  state  of  atoms which  passed t o  

the  second region  of   the beam tube. The f luores- 

cence s igna l   i n   t h i ' s   reg ion   i s  an i nd i ca t i on  o f  

the  number o f  cesium atoms i n  a p a r t i c u l a r  ground- 
h ta te   hyper f ine   leve l   ( f igure  9). F o r  example, 

f i gu re  10 i s  a dispersion  curve o f  the downstream 

cesium beam fluorescence  detected  by a frequency 

modulated laser  swept across  the F=4 + F'=5,4,3 

l ines .   To ta l   da ta   acqu is i t ion   fo r   th is   curve  was 

one minute. The fac t   t ha t   t he  F=4 + F'=5  t ransi-  

t i o n   i s  much larger  than  the  other two l i n e s   i s  

due t o   o p t i c a l  pumping on the two lesser   t rans i -  

t ions.  The se lec t i on   ru le  AF=kl,O prevents atoms 

from  entering  the F=3 ground state,  which  results 

i n  fluorescence  of many photon  per atoms. The 

F=4 + F'=4,3 t rans i t i ons  move atoms t o   t h e  F=3 

state,  where they no longer   cont r ibute  to   the 

fluorescence  signal. 

Th is   detect ion  laser  can be l e f t  on the peak 

o f   t h e  F=4 + F'=5  dispersion  curve,  while a second 
laser  i s  tuned t o  a pumping t rans i t i on ,   t he   f l uo r -  

escence signal  downstream decreases. This i s  

demonstrated i n   f i g u r e  11, where the F=4 + F'=4 

t r a n s i t i o n   i s  pumped.  Use o f  a c y c l i n g   t r a n s i t i o n ,  

such as F=4 + F'=5, for   f luorescence  detect ion can 

r e s u l t   i n  100% quantum e f f i c i ency ,  even when the 

l i g h t   c o l l e c t i o n   e f f i c i e n c y   i s   s m a l l .  The disad- 

vantage o f   t h i s  method i s  t h a t   i n t e n s i t y   n o i s e   i n  

the  laser  appears i n  the  detected  signal. I f  the 

d e t e c t i o n   l a s e r   i s  tuned t o  a pumping t rans i t i on ,  

such as F 4  + F'=4, the quantum e f f i c i ency  may 

decrease, but  every atom contr ibutes an equal 

number o f  photons t o  the  f luorescence  ?ignal, 

regardless o f  the  atom's  velocity, o r  o f   t he  

l a s e r ' s   i n t e n s i t y  (above a minimum value  required 

f o r  complete pumping). 
I f  a microwave  resonance between F=4 and F=3 

o f   t he  ground s t a t e   i s  now induced between the two 

laser  regions,  the  f luorescence  signal i n  the 

second region will be par t ia l l y   res to red .   Th is  

s ignal  as a f u n c t i o n   o f  microwave frequency i s  
shown f o r  a Rabi-type resonance s t r u c t u r e   i n  

f i g u r e  12 f o r  two values o f  C-f ie ld.  The peak 

which d id   no t  change frequency w i t h  change i n  

C - f i e l d   i s   t h e  mF=O + mF=O c lock   t rans i t ion .  The 

adjacent  l ines  are x t rans i t ions  present  because 

t h e   C - f i e l d   i s   n o t   p r e c i s e l y   p a r a l l e l   t o   t h e  

magnetic f i e l d   v e c t o r ,  d,  o f  the microwaves. As 

t he   C - f i e ld   i s   i nc reased ,   i t s   d i rec t i on  becomes 

more n e a r l y   p a r a l l e l   t o  d ,  enforc ing  the  se lect ion 

r u l e  AmF=O. The outmost microwave  resonances are 

the mF=fl -+ mF=k l t rans i t ions .  

I n  a cesium  standard  with a microwave Q o f  

l o 7  and an e f f e c t i v e  beam cur ren t   o f  10 PA, the 

expected s t a b i l i t y  would be about 4 x 10- l2  T-', 

i f  the   l im i t ing   no ise   i s   sho t   no ise   assoc ia ted  

w i th   the  atomic beam. I f  a c y c l i n g   t r a n s i t i o n   i s  

used for   f luorescence  detect ion,   the  in tens i ty  

noise i n  t h e   l a s e r   l i g h t  must be less  than  about 

i n  order  that   shot  noise dominate. As 

seen above, th is   condi t ion  ho lds  wi th   the CSP-type 

laser  diodes. 

A more d i f f i c u l t  problem  arises  with  detector 

noise.  Typical  best  performance a t  room tempera- 

t u r e   f o r  a s i l i c o n  P I N  diode i s  a NEP - 10-14 

watt/-. A t  one photon/atom, the 10 pA  beam 

cur ren t  used above would emit  shot  noise  of  about 

2 x w a t t   i n t o  4n steradians. The use o f  a 

c y c l i n g   t r a n s i t i o n   w i t h  perhaps l o 3  photons/atom 

would b r ing   t h i s   no i se   l eve l  above the  detector 

no ise   leve l   w i thout   requ i r ing   g rea t   co l lec t ion  

e f f i c iency   o r   the  use o f   pho tomu l t i p l i e r  tubes. 

A sa tu ra t i ng   l ase r   i n tens i t y  (- 10 mW/cm2) 

over a 1 cm length  of  the  atomic beam should 

produce such a large number o f  photons. I f  the 
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c o l l e c t i o n   e f f i c i e n c y   i s   i n c r e a s e d ,   t h e   i n t e r a c -  

t i o n   r e g i o n  may be  correspondingly  reduced i n  

l eng th .  

An a d d i t i o n a l   f e a t u r e   o f   t h e   c y c l i n g   f l u o r e s -  

cence i s   t h a t   i s  tends to   we igh t   s lower  atoms  more 

heav i l y ,   s i nce   t hey   rema in   w i th in   t he   l ase r  beam 

l o n g e r .   T h i s   s h o u l d   r e s u l t   i n  a somewhat h ighe r  

microwave Q f o r   t h e  system. 

It i s  a n t i c i p a t e d   t h a t   f r e q u e n c y   n o i s e   i n   t h e  

l a s e r   d i o d e   l i g h t  will n o t   i n t r o d u c e   a d d i t i o n a l  

n o i s e   i n t o  an  atomic beam standard,   s ince  the 

microwave  region i s  separate  from  the  pumping  and 

de tec t i on   reg ions .  However, a s y s t e m a t i c   o f f s e t  

will be produced due t o   t h e   l i g h t   s h i f t   i n d u c e d   b y  

f l uo rescen t   rad ia t i on   en te r ing   t he   m ic rowave  

region.26  Using a v a l u e   o f  20 Hz  cmZ/pW f o r   t h e  

l i g h t   s h i f t   i n  CS as an  upper limit," and 2 x 

wa t t /4n   s te rad ian  as the  f luorescence  emi t ted  f rom 

a c y c l i n g   d e t e c t i o n   r e g i o n  1 cm from  the  microwave 

r e g i o n ,   t h e   r e s u l t a n t   l i g h t   s h i f t  would  be  about 

3 x 10-2 Hz, o r  a f r a c t i o n a l   s h i f t   o f  3 x 10 - l2 .  

S i n c e   t h e   i n t e n s i t y   o f   t h e   l a s e r   l i g h t   s h o u l d   n o t  

change over  a p e r i o d   o f  a yea r ,   t h i s   p robab ly  does 

n o t   p r e s e n t  a problem  for   commerc ia l   appl icat ions,  

b u t  i t  i s  a se r ious   cons ide ra t i on   f o r   p r imary  

standards,  where  an  accuracy o f  10-14 i s  sought. 

A d e t a i l e d   c a l c u l a t i o n   i s  i n  p rog ress   a t  NBS. 

F u r t h e r   i n c r e a s e   i n   b o t h   s i g n a l - t o - n o i s e  and 

immuni ty   f rom  cer ta in   systemat ics  should  be ob- 

ta ined  by  pumping  the  cesium atoms i n t o  a s i n g l e  

magnet ic  sublevel .  One  way o f   a c c o m p l i s h i n g   t h i s  

rearrangement o f  energy  leve l   populat ions i s  

through  the  use  o f   two  lasers.  One l a s e r   i s  

t u n e d   t o   t h e  F=3 + F'=4 t r a n s i t i o n   ( f i g u r e  g) ,  

pumping  atoms i n t o   t h e  F=4 hyper f i ne   l eve l .  A 
s e c o n d   l a s e r ,   w i t h   e l e c t r i c   f i e l d   p o l a r i z a t i o n  

p a r a l l e l  t o  a weak magnetic f i e l d   i n   t h e  same 

pumping  region, i s   a d j u s t e d   t o   t h e  F=4 + F'=4 

l i n e .   I n   t h i s  case,  the atoms f rom  the F=4 l e v e l  

a r e  pumped i n t o  F=3 l e v e l ,   w i t h   t h e   e x c e p t i o n   o f  

t h e  F=4,  mF=O magnet ic  sublevel ,   which  remains 

u n a f f e c t e d   b y   e i t h e r   l a s e r .   T h i s  may be  seen  by 

consider ing  the  Clebsch-Gordon  coef f ic ient   which 

connects  the F=4, mF=O l e v e l  w i th  t h e   e x c i t e d  

s ta te :  

where t h e   n o t a t i o n  used i s   t h e  same as t h a t   o f  

M e ~ s i a h . ' ~   I n   t h i s  case, jl=F, ml=mF, J=F', and 

k m F I .  The photon 's  quantum  numbers are  g iven  by 

j,=1 and m2=0. U l t i m a t e l y ,   a l l  atoms a re  pumped 

i n t o   t h e  F=4, mF=O s u b l e v e l .   T h i s   r e s u l t s   i n  a 

f a c t o r   o f   s i x t e e n   i n c r e a s e   i n   s i g n a l   o v e r  conven- 

t i o n a l   s t a t e   s e l e c t i o n ,  and  removes adjacent  

t ransi t ions  f rom  the  microwave  spectrum. A s i m i l a r  

arrangement may be  used t o  pump atoms i n t o   t h e  

F=3, m =O sub leve l ,   s ince  Eq. 7 h o l d s   f o r  any  two 

l e v e l s  with jl=J and ml=m2=M=0. 
F 

Experiments  are i n  progress a t  NBS t o  demon- 

s t r a t e   t h i s  new pumping  technique. A t  p resent ,   the  

i n d i v i d u a l   s e l e c t i o n   r u l e s   i n v o l v e d   f o r   t h e  method 

have  been  demonstrated  using  dye  lasers.  Figure 

1 3   i l l u s t r a t e s   t h e  most c r i t i c a l   r u l e .   I n   t h i s  

e x a m p l e ,   t h e   d e t e c t i o n   r e g i o n   l a s e r   i s   t u n e d   t o  

t h e  F=4 + F ' = 5   c y c l i n g   t r a n s i t i o n .  The upstream, 

pumping l a s e r   i s   t u n e d   t o   t h e  F=4 + F ' = 4   l i n e  

(852 nm). A microwave  spectrum i s  d isp layed as i n  

f i g u r e   1 2 .   I n   c u r v e  A, t h e   e l e c t r i c   f i e l d   o f   t h e  

l a s e r   r a d i a t i o n   i s   p a r a l l e l   t o   t h e   s t a t i c   m a g n e t i c  

f i e l d   i n   t h e  pumping  region. Some s m a l l   s i g n a l   i s  

p r e s e n t   a t   t h e  mF=O + mF=O microwave  frequency 

because  the  opt ical   pumping  f rom  the  other  magnet ic 

sub leve ls  changes t h e   p o p u l a t i o n   o f   t h e  F=3, mF=O 

1 eve1 . I n  curve B, however, t h e   p o l a r i z a t i o n   o f  

t h e   l a s e r   i s   r o t a t e d   b y   a b o u t  6O from  the  magnetic 

f i e l d   o r i e n t a t i o n .   T h i s  removes the  mF=O s e l e c t i o n  

r u l e ,  and r e s u l t s   i n  a marked increase i n   t h e  

p o p u l a t i o n   o f   t h e  F=3, mF=O s u b l e v e l   r e l a t i v e   t o  

t h e  F=4, mF=O leve l .   Th is   produces a l a r g e r  

microwave t r a n s i t i o n   s i g n a l   a t  mF=O + mF=O. The 

n e x t   e f f o r t   t o   a c t u a l l y  pump a l l   o f   t h e  cesium 

atoms i n t o  a s ing le  magnet ic   sublevel  will be made 

w i t h   d i o d e   l a s e r s .  

Conclusions 

The p r o p e r t i e s   o f  some commercial   laser 

diodes  have  been  studied. The frequency  and 

i n t e n s i t y   n o i s e   c h a r a c t e r i s t i c s   o f   t h e s e   l a s e r s  

p lace  some r e s t r i c t i o n s  on t h e   s h o r t - t e r m   s t a b i l t y  

o f   b o t h   v a p o r   c e l l   c l o c k s  and  atomic beam stan- 

dards.  These d i f f i cu l t i es   p robab ly   can   be   ove r -  

come and laser   d iodes  may be  used t o  improve  the 

performance o f  atomic  frequency  standards. The 
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frequency s t a b i l i t y  and l i g h t   s h i f t   o f f s e t s   i n  a 

laser-diode-pumped  rubidium  clock have been meas- 

ured, and the   shor t - te rm  s tab i l i t y  compared t o  
t h a t   o f  a conventional Rb clock. A p re l im inary  

inves t iga t ion  has been made o f   o p t i c a l  pumping i n  
a  cesium beam using dye lasers and the  se lect ion 

ru les  necessary t o  pump a l l  o f  the cesium atoms 

i n t o  a s ing le  magnetic  sublevel have been ve r i f i ed .  

Acknowledgments 

The authors acknowledge the  support  of  the 

Frequency and Time Standards Group, Time and 

Frequency D i v i s i o n ,   i n   t h i s  work. Especial ly 

valuable were the  cont r ibut ions  o f  A. Derbyshire 

and H. Hemmati. This  research was funded i n   p a r t  

by  the  Department o f   t he  Air Force. We are  grate- 

f U1 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

t o  A. A i k i   f o r   p r o v i d i n g  CSP laser  diodes. 

References 

D. J. Wineland, W. M. I tano, J. C. Bergquist, 
and F. L. Walls,  35th Annual Symp. on Freq. 
Control  (1981). 

M. Jardino, M. Desaintfuscien, R. B a r i l l e t ,  
J. Viennet, P. P e t i t ,  and C. Audoin,  Proc. 
34th Annual Symp. on Freq. Control,  U.S .  
Electronics Command, F t .  Monmouth, NJ (1980). 

Ef ratom  Cal i forn ia ,   Inc. ,   I rv ine,  CA. 

Frequency and Time Systems, Inc. ,  Oanvers, 
MA. 

D. J. Wineland, D. W. Al lan, D. J. Glaze, H. 
W. Hel lwig,  and S .  Jarv is ,   J r . ,  I E E E  Trans. 
I n s t r .  and Measurement=, 453-458  (1976). 

F. L. Walls, measurement o f  cesium primary 
standards  versus  hydrogen masers. 

1. C. English, E. Jechart, and T. M. Kwon, 
Proc. 10 th  Annual Precise Time and Time 
In te rva l  (PTTI) Appl icat ions and Planning 
Meeting, 147-168  (1978). 

M. Feldman, J. C. Bergquist, L. L. Lewis, and 
F. L. Walls,  35th Annual Symp. on Freq. 
Control (1981). 

D. W. Allan, H. Hel lwig, S. Ja rv is ,  Jr., D. 
A. Howe, and R. M. Garvey, Proc.  31st Annual 
Symp. on Freq. Control,  U.S. Army Electronics 
Command, F t .  Monmouth, NJ, 555 (1977); G. 
Becker, IEEE Trans. on Instrumentation and 
Measurement JM-27, 319 (1978). 

L. Lewis, F. L.  Wal I s ,  D. J. Glaze, and D. J. 
Wineland, t o  be published. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

This method was ca l l ed   t o   ou r   a t ten t i on  by L. 
Cut ler .  See also H. J.  Gerri tsen and G. 
Nienhuis,  Appl. Phys. L e t t g ,  347 (1975). 

D. Botez,  J. Opt. Comm. 1, 42 (1980). 

H. Kressel and J. K. But ler ,  Semiconductor 
Lasers and Heterostructure LED's (Academic 
Press, 1977). 

G. H. B. Thompson, Physics o f  Semiconductor 
Laser  Devices (John Wiley and Sons, Somerset, 
NJ, 1980). 

H. Namizaki, IEEE J. Quantum Electron. QE-ll, 
427 (1975); W. Susaki, T. Tanaka, H. Kan, and 
Makoto I s h i i ,  IEEE J. Quantum Electron. 
W, 587 (1977). 

A. A i k i  , M. Nakamura, T. Kuroda, and J. 
Umeda, Appl. Phys. Le t t .  3 0 ,  649 (1977). 

M. W. Fleming and A. Mooradian,  Appl. Phys. 
Le t t .  3, 511 (1981). 

Melvin Lax, i n  Physics o f  Quantum Elec- 
t ron i cs ,   ed i ted  by P. L. Ke l l y ,  B. Lax, P. E. 
Tannenwald (McGraw-Hill, New York, 1966) 
p. 735. 

C. Audoin and J.  Vanier, J. Phys. E: Scient. 
I ns t .  2, 697 (1976). 

J. P. Barrat  and C. Cohen-Tannoudji,  J. Phys. 
(Paris) 2, 329 (1961); J. Phys. (Paris) 1 2 ,  
443 (1961); M. A r d i t i  and T. R. Carver, Phys. 
Rev. 124, 800 (1961). 

B. S. Mathur, H. Tang,  and W. Happer, Phys. 
Rev. 171, 11 (1968). 

M. A r d i t i  and J.-L. PicquB,  J. Phys. B: Atom. 
Molec. Phys. g,  L331-L335 (1975). 

A. Dandridge, A. B. Tveten, R. 0. Miles, D. A.  
Jackson, and 1. G. G ia l lo renz i ,  Appl. Phys. 
Le t t .  38, 77 (1981). 

A. Dandridge, A. B. Tveten, R. 0. Miles, and 
T. G .  Gia l lo renz i ,  Appl. Phys. L e t t .  3 7 ,  
526 (1980). 

M, Ardi ti and J. -L. Picqu6, J. Phys. Le t t .  
(Paris) 41, L379-L381  (1980). 

We a r e   g r a t e f u l   t o  A. B r i l l e t  f o r  emphasiz- 
ing  the  ser iousness  of   th is  problem i n  an 
optically-pumped  cesium  primary  standard. 

A. Messiah, Quantum Mechanics  (John Wiley and 
Sons, Inc., New York,  1958). 

619 



TABLE 1. Performance o f  Atomic  Frequency Standards 

Short-Term Long-Term Accuracy 
Stabi 1 i t y  Stabi  1 i ty  

Commercial 2 x lO-"/Ji  3 x 10-l1/month 
Rb Clock (3)  

--- 

Comnerci a1 lO-ll/fi 
CS Clock (4) 

3 x 10-12 --- 
(2  x @ l day) 

Laboratory 5 x 1 0 - 1 3 / ~  ( 5 )  lo-" @ 1 week (6) 10-13 ( 5 )  

6670 
4070 

4820 3360 0 

o f  input 
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Fig. 3 
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F i g u r e  3.  A l l a n   v a r i a n c e   s t a b i l i t y   c u r v e   f o r  a laser-pumped  rubidium 

c lock.  The l a s e r   i s   l o c k e d   t o   t h e  F = l ,  D, t r a n s i t i o n   i n  87Rb. 
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Fig. 4 . . 
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Laser (GHz) 

F i g u r e  4. L i g h t   s h i f t   i n  87Rb c l o c k .   I n p u t   l a s e r   l i g h t   o f  0.28 mW/cm* i s  
tuned  across  the F = l ,  D, t r a n s i t i o n .  
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Fig. 5 
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F igu re  5. Maximum l i g h t   s h i f t   i n  a 87Rb c l o c k  as a f u n c t i o n   o f   l a s e r  

power dens i t y .  The l a s e r   i s   t u n e d  t o  the  low  f requency  d isper-  

s ion   peak   o f   t he   F= l ,  D, t r a n s i t i o n .  

Fig. 6 
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Spectrum (kHz) 

F igu re  6. Frequency  noise  spectrum o f  a CSP l aser   d iode.  The curve was 

obta ined by t u n i n g   t h e   l a s e r  t o  the   s ide  o f  a Rb absorpt ion 

1 ine .  
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Fig. 7 
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Figure 7. Intensity  noise  spectrum o f  a CSP laser  diode.  The curve i s  

on ly   s l ight ly   g rea ter   than   the   no ise   l eve l  o f  the  measuring 

system  and  must  be  regarded as an upper limit only. 
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Figure 8. Laser  pumped/detected  atomic beam. 
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Figure 9. Term diagram for 133Cs. 
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