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ABSTRACT 

Th i s  paper d e s c r i b e s  the experimental  r e s u l t s  
and t h e o r e t i c a l  a n a l y s i s  of a newly devised 
compact l i g h t  source f o r  t h e  Rubidium Frequency 
Standard (RFS). The light source  i s  composed of 
a c y l i n d r i c a l  Rb-87 lamp 10 mm diameter  and a 
Rb-85 filter c e l l  3-7 mm long a t t ached  t o  t h e  
f r o n t  flat face of t h e  lamp. This  composite- 
t ype  device i s  o p e r a t e d  i n  an oven a t  about 
100QC, Thus a l i g h t  source  f o r  Rb-87 hype r f ine  
o p t i c a l  pumping less than  4 c m  l o n g  by 3 cm 
diameter  has been cons t ruc t ed .  

I INTRODUCTION 

Among t h e  va r ious  types  of atomic f requency s t anda rds ,  the passive 
rubidium-gas-cell  type  frequency s tandard  ( s o  ca l l ed  " ~ b  Frequency 
Standard (RFS)") i s  t h e  smallest, s i m p l e s t ,  and l e a s t  expensive one(1). 

1 Improvement of t h i s  type  of s t anda rds  i s  now making progreas  f o r  
satisfying var ious  requirements(2-4) .  

One of t h e  requirements  i s  the m i n i a t u r i z a t i o n  of t he  srandard.  The use 
of t h e  optical-microwave u n i t  wi thout  a f i l t e r  c e l l  may be an approach 
t o  meet t h i s  requi rement (5) .  A min ia tur ized  WS without  a f i l t e r  c e l l  
has been on the market f o r  seven t o  eight yea r s ,  bu t  i t s  o p e r a t i n g  
mechanism i s  n o t  c l e a r l y  understood(6). I n  a d d i t i o n ,  t h e  lamp i n s t a l l e d  
i n  the  f i l t e r l e s s  optical-microwave u n i t  i s  a p p l i c a b l e  t o  t h e  pas s ive  
RFS only.  

In  a prev ious  paper ,  we proposed a new composite-type Rb-87 o p t i c a l -  
pumping l i g h t  source  i nco rpo ra t i ng  t h e  lamp with t he  Rb-85 f i l t e r  
cell(7). From t h i s  l i g h t  source, light s u i t a b l e  f o r  t h e  Rb-87 hype r f ine  



o p t i c a l  pumping (5Sle2, F-1 -> 5P and 5P ) i s  d i r e c t l y  obta ined .  
This  dev ice  can b e  u ed f o r  t h e  mi?d~tur ized3#l .  The i d e a  of t h i s  
device can be also app l i ed  t o  t h e  Rb maser ( ~ b - 8 7  and Rb-85 maser) and 
o the r  o p t i c a l  pumping experiments.  

I n  t h i s  paper ,  we c l a r i f y  the ope ra t ing  mechanism of t h e  composite-type 
device  from t h e  viewpoint of t h e  s p e c t r a l  p r o f i l e  of t h e  pumping l i g h t .  
This  l i g h t  source  was app l i ed  t o  the RFS, and t h e  resonant  s i g n a l  of the 
Rb-87 hype r f ine  frequency (f=6834 MHz) was de tec t ed  as a d i sc r imina to r  
p a t t e r n .  An a t tempt  t o  make the  composite-type device uaing n a t u r a l  Rb  
i s  a l s o  d iscussed .  

SPECTRAL PROFILE OF THE PUMPING LIGHT 

The composite-type Rb-87 pumping l i g h t  source  c o n s i s t s  of the 
c y l i n d r i c a l  Rb-87 lamp and t h e  sha r t - l eng th  Rb-85 f i l t e r  c e l l  as shown 
i n  Fig.1.  The lamp i s  e x c i t e d  by an r f  magnetic f i e l d  of about 100 MHz 
i n  t h e  c o i l .  A s imple e e l f  o s c i l l a t o r  ( t r a n s i s t o r  2SC549) i s  used as  t h e  
lamp e x c i t e r .  

An elementary exp lana t ion  of the Rb-85 f i l t e r i n g  a c t i o n  i s  shown i n  
Fig.2 i n  t h e  case of t h e  Rb D-1 l i n e .  I f  t h e  s p e c t r a l  p r o f i l e s  of t h e  
Rb-87 and Rb-85 D-1 l i n e  are s h i f t e d  and broadened by t h e  fo re ign  gas as 
shown i n  the f i g u r e ,  the combined cd component is g r e a t l y  absorbed by 
t h e  Rb-85 s p e c t r a l  p r o f i l e ,  On t h e  o t h e r  hand, t h e  combined e f  
component i s  l e s s  abaorbed and almost unweakened, E f f i c i e n t  pumping 
l i g h t  i s  thus  obta ined .  The problems are i n  t h e  des igning  of t h e  
f i l t e r - c e l l  l e n g t h  R ,  the foreign-gas p re s su re  P, t h e  ope ra t ing  
temperature T ,  e tc .  

The composite-type device  was f i r s t  eva lua ted  from t h e  s p e c t r a l  p r o f i l e s  
of t h e  D-1 l ine  by us ing  a Fabry-Perot i n t e r f e rome te r  scanned piezo- 
e l e c t r i c a l l y ( 8 ) .  The photodetec tor  i s  a n  R374 pho tomul t ip l i e r  t ube ,  

F igure  3 shows t h e  temperature dependence of t h e  Rb-87 D-1 l i n e  s p e c t r a l  
p r o f i l e s  emi t ted  from t h e  composite-type device  having a f i l t e r  c e l l  of 
3 mm long(A) and 7 mm long(B).  A s  t h e  temperature r i e e s  t o  100 - 110 
'C, t h e  e f  component which is  necessary  for pumping i n c r e a s e s ,  wh i l e  t h e  
cd component which i s  unnecessary i s  much absorbed by t h e  f i l t e r  c e l l ,  

To d i s c u s s  t h e  q u a l i t y  of the pumping l i g h t  source ,  t h e  eva lua t ion  
va lues  r and d which expres s  t h e  r a t i o  of t h e  i n t e n e i t y  of cd '  t o  e f t  
and the d i f f e r e n c e  of the  i n t e n s i t y ,  eft minus c d ' ,  are introduced:  

r = I  cdl / Iefl = 8' / b' (1) 

d = Ief1 - Icd, = b' - a '  (2) 



These v a l u e s  i n d i c a t e  t h e  c r i t e r i a  f o r  showing t h e  f i l t e r i n g  a c t i o n  of 
the Rb-85 cel l ,  The smaller v a l u e  of r and the g r e a t e r  v a l u e  of d are 
d e s i r a b l e  f o r  pumping. 

F i g u r e s  4 and 5 show t h e  v a r i a t i o n s  i n  t h e  v a l u e s  of r and d a g a i n s t  
t e m p e r a t u r e s ,  which are c a l c u l a t e d  from t h e  p r o f i l e  measurement of t h e  
composite-type l i g h t  s o u r c e s .  The paramete r  i s  t h e  l e n g t h  of t h e  f i l t e r  
c e l l ,  A curve  f o r  R = 0 shows t h e  v a l u e  o b t a i n e d  by t h e  ~ b - 8 7  lamp o n l y  
( w i t h o u t  a f i l t e r  c e l l ) .  

From F i g . 4 ,  we f i n d  t h a t  t h e  d e v i c e  w i t h  t h e  l o n g e r  f i l t e r - c e l l  
( R  = 6 - 7 mm) e m i t s  e x c e l l e n t  pumping l i g h t  around 100°C. F i g u r e  5 
prepares a d i f f e r e n t  e v a l u a t i o n .  A s  i s  mentioned i n  t h e  former paper  
( l o ) ,  t h e  v a l u e  of d cor responds  t o  t h e  i n t e n s i t y  of t h e  microwave 
resonance  s i g n a l .  From such  a s t a n d  p o i n t ,  t h e  composite-type s o u r c e  
hav ing  3-mm-lsng f i l t e r  c e l l  h a s  e x c e l l e n t  pumping power a t  abou t  llO0c, 
a l t h o u g h  t h e  v a l u e  of r i s  n o t  small compared t o  o t h e r s .  

On t h e  o t h e r  hand, t h e  v a l u e  of d  f o r  t h e  composite-type l i g h t  s o u r c e  
with 7-m-long f i l t e r  c e l l  i s  a lmos t  c o n s t a n t  i n  t h e  t empera tu re  range 
of 95 - 110 "C. That  i s ,  t h e  pumping l i g h t  i n t e n s i t y  of t h e  p r e s e n t  
l i g h t  s o u r c e  i s  s t a b l e  a g a i n s t  t he  env i ronmenta l  t empera tu re  v a r i a t i o n .  
Because a n  i n c r e a s e  of t h e  l i g h t  i n t e n s i t y  of t h e  lamp as a r e s u l t  of a  
t e m p e r a t u r e  increase i s  k i l l e d  by the increase of t h e  absorption i n  t h e  
f i l t e r  c e l l .  Thus, we can g e t  a l i g h t  s o u r c e  w i t h  a lmos t  c o n s t a n t  
pumping power. T h i s  i s  a merit of t h e  s o u r c e  u s i n g  s i n g l e  oven. 

The p rocedure  f o r  the a n a l y s i s  i s  shown i n  F ig .6 .  We a p p l i e d  t h e  s e l f -  
a b s o r p t i o n  model t o  t h e  f o r m u l a t i o n  of t h e  t empera tu re  dependence of 
Rb-87 lamp p r o f i l e s .  T t  i s  assumed t h a t  t h e  t empera tu res  of t h e  lamp 
and f i l t e r  c e l l  are e q u a l  and v a r y  a t  t h e  same t i m e ,  In t h i s  c a l c u -  
l a t i o n ,  v a l u e s  of t h e  pa ramete rs  such  as t h e  s p e c t r a l  l i n e  w i d t h  of t h e  
component l i n e s ,  p r e s s u r e  s h i f t ,  and e q u i v a l e n t  absorpt ion-atom-layer  
t h i c k n e s s  i n  the lamp, are assumed t o  be  t h e  same a s  i n  t h e  r e f e r -  
e n c e s ( l 0 , l l )  , which analyzed Kb-85 f i l t e r i n g  a c t i o n  and Rb-87 lamp 
p r o f i l e s .  

C a l c u l a t e d  r e s u l t s  f o r  t h e  composite-type l i g h t  s o u r c e  w i t h  t h e  f-mm- 
l o n g  f i l t e r  c e l l  are shown i n  F i g . 7 .  These r e s u l t s  a g r e e  w e l l  w i t h  t h e  
observed o n e s . ( F i g . 3 ( b ) )  From the c a l c u l a t e d  p r o f i l e s ,  t h e  t empera tu re  
dependence of t h e  v a l u e s  of r and d are o b t a i n e d  as shown i n  F i g s . 8  and 
9 .  

THE DISCRIMINATOR PATTERN OF THE Rb-87 DOUBLE RESONANCE 

Using t h e  Rb-87 r e s o n a n t  c e l l  c o n t a i n i n g  2 1  Torr  of mixed g a s e s  ( N  : K r  
2 = 55 : 4 5 ) ,  the d i s c r i m i n a t o r  p a t t e r n s  were observed ,  Measurement was 

performed w i t h  t h e  e x p e r i m e n t a l  s e t u p  f o r  t h e  RFS(9) .  The r e s o n a n t  c e l l  



temperature was kept  a t  50°C and t h e  composite-type l i g h t  source  was 
opera ted  a t  temperatures  between 80 and 110°C. 

The b lock  diagram of t h e  measurement i s  shown i n  Fig.10. When t h e  
frequency-modulated i n t e r r o g a t i n g  s i g n a l  i n  t h e  microwave c a v i t y  i s  
swept around t h e  Rb-87 resonant  frequency (f=6834 MHz) through VCXO, t h e  
d e r i v a t i v e  of t h e  resonance l i n e ,  i , e .  t h e  d i sc r imina to r  p a t t e r n ,  i s  
obta ined  on t h e  phase s e n s i t i v e  d e t e c t o r  ou tput .  

Figure l l ( a )  shows t h e  d i sc r imina to r  p a t t e r n s  of t h e  Rb-87 resonant  c e l l  
pumped by t he  composite-type l i g h t  source w i t h  3-mm-long f i l t e r  c e l l .  
A t  80°C, t h e  peak t o  peak va lue  V i n  t h e  d i sc r imina to r  p a t t e r n  i s  less 
than  0.1V. From 90 t o  llO°C, V "is i n c r e a s i n g  s t e a d i l y ,  A t  llO°C, 
V i s  g r e a t e r  than  8V, Figure ?P(b) shows t h e  d i sc r imina to r  p a t t e r n s  
ug?ng t h e  composite-type device  wi th  7-mm f i l t e r .  The temperature 
v a r i a t i o n  from 95 t o  110°C d id  n o t  remarkably change t h e  d i sc r imina to r  
p a t t e r n s .  These r e s u l t s  a g r e e  w e l l  w i th  t h e  s p e c t r a l  p r o f i l e  
c h a r a c t e r i s t i c s .  

COMPOSITE-TYPE DEVICE U S I N G  NATURAL Rb 

The above d i scuss ion  was concerned w i t h  t h e  composite-type device  us ing  
i s o t o p e  Rb. Next,  t h e  same approach was taken i n t o  t h e  device  us ing  
n a t u r a l  Rb. Figure 12  exp la ins  schemat ica l ly  how t h e  d e s i r a b l e  Rb-87 
pumping l i g h t  i s  obta ined  by t h e  combination of t he  n a t u r a l  Rb lamp and 
t h e  n a t u r a l  Rb f i l t e r  ce11(12,13). Absorption p r o f i l e  of t h e  f i l t e r  
c e l l  i s  s h i f t e d  t o  the longer  wavelength s i d e  and broadened by t h e  
fo re ign  gas such a s  n i t r o g e n .  If we choose t h e  app ropr i a t e  gas 
pres su re ,  temperature,  and l eng th  of t h e  f i l t e r  c e l l ,  unwanted 
components of t h e  n a t u r a l  Rb l i n e  ( EF, CD, cd components i n  t h e  D-1 
line) a r e  much absorbed by t h i s  filter c e l l ,  and e f t  component, which i s  
necessary  f o r  pumping, remains as i t  is .  

Through our experiments ,  t h e  d e s i r e d  p r o f i l e  has  been obta ined  under t h e  
fol lowing condi t ions :  t h e  n a t u r a l  Rb lamp had a  p re s su re  of 1.8-Torr 
krypton,  t h e  n a t u r a l  Rb f i l t e r  c e l l  w a s  5.5 mm long and had a  p re s su re  
of 100-torr n i t rogen .  S p e c t r a l  p r o f i l e s  of t h e  D-1 l i n e  emi t ted  from 
t h i s  device  a r e  shown i n  Fig.13, An optimum p r o f i l e  i s  obta ined  a t  
about llO°C. 

Although the output  l i g h t  intensity w a s  reduced t o  one-third t h a t  of the 
device  us ing  i s o t o p e  Rb, d i sc r imina to r  p a t t e r n s  of t h e  Rb-87 hyper f ine  
frequency were obta ined  wi th  s u f f i c i e n t  i n t e n s i t y  f o r  RFS opera t ion .  

DISCUSS I O N  



To d i s c u s s  t h e  s p e c t r a l  p r o f i l e s  of t h e  pumping l i g h t  s o u r c e ,  we 
i n t r o d u c e d  t h e  e v a l u a t i o n  v a l u e s  of r and d  i n  ~qs.(l) and ( 2 ) .  I f  we 
compare t h e s e  v a l u e s  w i t h  t h e  e x p e r i m e n t a l  (Figs.4 and 5) and the  
c a l c u l a t e d  r e s u l t s  (Figs.8 and 9 ) ,  respectively, we f i n d  t h a t  t h e r e  are 
some d i f f e r e n c e s  between them i n  t h e  d e t a i l s .  E s p e c i a l l y ,  concern ing  
the value  of d ,  the d i s c r e p a n c y  i s  d i s t i n g u i s h a b l e  f o r  the s h o r t e r  
l e n g t h  f i l t e r  c e l l .  The c a u s e s  f o r  t h i s  d i s c r e p a n c y  a r e  i n f e r r e d  as 
f o l l o w s .  

I n  t h e  a n a l y s i s  of t h e  p r o f i l e  as shown i n  F ig .7 ,  we assume t h a t  t h e  
t e m p e r a t u r e s  of t h e  lamp and f i l t e r  c e l l  are e q u a l  and v a r y  a t  t h e  same 
t i m e  by t h e  h e a t e r .  In r e a l i t y ,  t h e  f i l t e r  c e l l  i s  p o s i t i o n e d  by t h e  
window g l a s s  of t h e  oven, and t h e  lamp r a d i a t e  h e a t  by i t s e l f  due t o  
e x c i t a t i o n .  Then t h e  t empera tu re  of t h e  f i l t e r  c e l l  t e n d s  t o  be lower 
than t h e  l amp ' s .  If t h e  t empera tu re  of t h e  f i l t e r  c e l l  i s  lower ,  t h e  
a b s o r p t i o n  by t h e  f i l t e r  c e l l  i s  l e s s ,  and h i g h e r  o u t p u t  i s  o b t a i n e d .  
T h i s  s u g g e s t s  t h a t  t h e  t empera tu re  d i f f e r e n c e  between t h e  lamp and t h e  
f i l t e r  c e l l  must be  t a k e n  i n t o  account  i n  t h e  a n a l y s i s ,  e s p e c i a l l y ,  a t  
h i g h e r  t empera tu re .  

I n  t h e  analysis we adopted t h e  s e l f - a b s o r p t i o n  model f o r  t h e  
e l e c t r o d e l e s s  s p h e r i c a l  l a r n ~ ( l 1 ) ~  I n  t h i s  composite-type d e v i c e ,  
however, t h e  shape  of the  lamp i s  c y l i n d r i c a l  and t h e  f i l t e r  c e l l  i s  
a t t a c h e d  t o  t h e  f r o n t  f l a t  face of  t h e  lamp. Then t h e  e q u i v a l e n t  
s e l f - a b s o r p i t o n  atom l a y e r  i n  the model of Fig.6 i s  probab ly  d i f f e r e n t  
from t h a t  of the s p h e r i c a l  lamp, Some m o d i f i c a t i o n  must be needed t o  
c l a r i f y  t h e  c h a r a c t e r i s t i c s  comple te ly .  

Next w e  will d i s c u s s  t h e  p r o f i l e s  of t h e  o u t p u t  l i g h t  from t h e  s o u r c e  
w i t h  n a t u r a l  Rb o n l y ,  n o t  i s o t o p e  Rb, b o t h  i n  the lamp and f i l t e r  c e l l .  
The n e c e s s a r y  component e f '  a t  80°C i s  low compared w i t h  t h e  o t h e r  
unwanted components. However, t h e  n e c e s s a r y  component becomes h i g h e r  as 
tempera tu re  i n c r e a s e s ,  whereas  t h e  unwanted components h a r d l y  becomes 
h i g h e r .  A t  10G°C, o n l y  t h e  e f '  component remains ,  w h i l e  t h e  unwanted 
components rather d i m i n i s h .  Although the o u t p u t  l i g h t  i n t e n s i t y  was 
reduced t o  one- th i rd  t h a t  of t h e  d e v i c e  u s i n g  i s o t o p e  Rb, d i s c r i m i n a t o r  
p a t t e r n s  of the Rb-87 h y p e r f i n e  f requency  were  o b t a i n e d  w i t h  sufficient 
i n t e n s i t y  f o r  RFS o p e r a t i o n .  

These two kinds of t h e  l i g h t  s o u r c e ,  made o f  i s o t o p e  Rb o r  n a t u r a l  Rb, 
a r e  available f o r  n o t  on ly  WS b u t  a l s o  pumping l i g h t  s o u r c e s  i n  o t h e r  
p h y s i c a l  exper iments  and a maser.  A p a r a l l e l  o p e r a t i o n  of t h e  s o u r c e  i s  
p o s s i b l e ,  if t h e  o u t p u t  intensity of a single source i s  i n s u f f i c i e n t  f o r  
maser o s c i l l a t i o n .  The s i z e  of t h e  d e v i c e  i s  s m a l l  a s  shown i n  Fig .1 ,  
and i t  i s  i n s t a l l e d  i n  a s i n g l e  oven,  whereas the c o n v e n t i o n a l  s o u r c e  
r e q u i r e s  two ovens ,  one f o r  t h e  lamp and ano ther  f o r  t h e  f i l t e r  c e l l  
w i t h  independent  c o n t r o l s .  



About t h e  q u a l i t y  of t h e  pumping l i g h t  p r o f i l e ,  i t  is  necessary  t o  
d i s c u s s  t h e  symmetry of t h e  spectral l i n e .  Some of t h e  r e q u i s i t s  t o  
o b t a i n  t h e  s t a b l e  frequency from t h e  RFS are t h a t  t h e  s p e c t r a l  p r o f i l e  
of t h e  pumping l i g h t  does n o t  f l u c t u a t e  i n  i n t e n s i t y  and is  symmetric, 
A s  i s  mentioned i n  Fig.3,  the composite-type device  having 3-m-long 
f i l t e r  c e l l  h a s  an e x c e l l e n t  pumping power a t  about 110°C. However, i f  
we look c a r e f u l l y  a t  t h e  pumping l i g h t  p r o f i l e s ,  w e  f i n d  t h e  small d i p  
near  t h e  peak of t h e  e f '  component l i n e .  Th i s  i s  s o  c a l l e d  
s e l f - r e v e r s a l  r e s u l t i n g  from t h e  se l f - abso rp t ion  i n  t h e  lamp. A s  a 
result, t h e  l i n e  i s  asymmetric. This  i s  a cause of t h e  frequency s h i f t  
i n  t h e  U S  due t o  " l i g h t  s h i f t " ,  On t h e  con t r a ry ,  t h e  e f '  component 
l i n e ' s  p r o f i l e s  from t h e  device  having 7-mm-long f i l t e r  c e l l  show 
symmetry. This  source  h a s  two p r o p e r t i e s  descr ibed  above, t h a t  i s ,  t h e  
symmetry i n  the p r o f i l e  and l e s s  v a r i a t i o n  i n  t h e  i n t e n s i t y  a g a i n s t  t h e  
temperature.  

When Rb-87 i s  enclosed i n  t h e  lamp, and Rb-85 and 100-Torr n i t rogen  are 
i n  t h e  f i l t e r  c e l l ,  t h e  length of t h e  f i l t e r  c e l l  and t h e  ope ra t ing  
temperature of t h e  composite-type device  should be  designed as fo l lows  
according t o  t h e  purposes.  (1) To o b t a i n  t h e  s t r o n g  pumping power, Q 
should be about 3 mm and opera ted  a t  about 110°C. The pumping p r o f i l e  
i s  a l i t t l e  asymmetric, (2) To o b t a i n  t h e  cons tan t  power a g a i n s t  t h e  
environmental temperature v a r i a t i o n  of 95 t o  llO°C, Q should be about 7 
mm. Though t h e  pumping power is less than  that: of 3m, t h e  pumping 
p r o f i l e  i s  symmetric. 

CONCLUSION 

We have e s t a b l i s h e d  des igning  methods f o r  cons t ruc t ing  a  compact Rb-87 
optical-pumping l i g h t  source .  By us ing  i ao tope  Rb ,  w e  can n o t  only 
r e l i a b l y  m i n i a t u r i z e  t h e  s i z e  of RFS bu t  a l s o  o b t a i n  a powerful pumping 
light source f o r  use  i n  a p p l i c a t i o n s  such as a Rb maser. By us ing  
n a t u r a l  Rb, w e  can c o n s t r u c t  a compact RFS a t  low c o s t .  
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Pumping 
Light 

P i g .  1 
Composite-type Rb-87 optical pumping l i g h t  source. 

Pumping k- 
Light Filter Cell '-amp 

Fig.  2 
Schematic diagram of the Rb-85 f i l t e r i n g  action for the Rb-87 
lamp. (A) Spectral profiles of the Rb-87 D-1 line. Hatched 
areas are the pumping l i g h t  profiles f i l t e r e d  by a Rb-85 
f i l t e r  c e l l .  The Rb-85 spectral  prof i l e  includes the s h i f t  
and broadening due to  foreign gas, (B) Arrangement of the 
usual Rb-87 pumping l i g h t  source. 
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F i g  3 .  
Observed p r o f i l e s  of the Rb-87 D-1 l i n e  from t h e  
composi te- type light source. 1.8-Torr k ryp ton  i s  i n  t h e  Rb-87 
lamp as a s t a r t i n g  gas .  Fore ign  gas  i n  t h e  f i l t e r  c e l l  is 
100-Torr n i t r o g e n .  One d i v i s i o n  on t h e  o r d i n a t e  i s  100 LIV. 
(A) F i l t e r - c e l l  l e n g t h  i s  3 m, The lamp i s  e x c i t e d  by an rf 
magnetic f i e l d  from an o s c i l l a t o r  whose d c  i n p u t  i s  1 .1  W. (B) 
F i l t e r - c e l l  l e n g t h  i s  7 mm. d c  input t o  t h e  e x c i t e r  i s  1 . 2  W. 
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Fig. 4 
Values of r vs. temperature of 
the source, which are calcu- -2 
lated from the experimental 
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Fig ,5 
Values of d v s ,  temperature 
of the source, which are 
calculated from the 
experimental results .  

Fig. 6 
A model for analyzing the spectral 
profiles emitted from the 
composite-type light source. Emitting 

atoms 
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Fig. 7 
Calculated p r o f i l e  of t h e  Rb-87 D-1 l i n e  f rom the 
composite-type pumping-light source. 
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F i g .  8 
Values of r obtained from t h e  
ca l cu la t ed  p r o f i l e s .  

Fig. 9 
Values of d obtained from t h e  
calculated profiles. 
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Fig. 11 
Discriminator patterns 
of the Rb-87 resonance 
line pumped by the 
composite-type light 
source. (A) Fil ter-cel l  
length is 3 mm. (B) 
Filter-cell length is 
7 mrn. 
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Fig .  12 
Schematic diagram of t h e  
f i l t e r i n g  action of the natural 
Rb c e l l  f o r  the n a t u r a l  Rb 
lamp. Absorption profile 
of the f i l t e r  c e l l  includes 
the s h i f t  and broadening due 
t o  f o r e i g n  gas.  

. I 1 div. 

"Rb ' (Filter cell ) 

Fig. 13 
Observed prof i l e s  of t h e  Rb-87 D-1 l i n e  from t h e  
composite-type d e v i c e  i n c l u d i n g  natural Rb b o t h  i n  t h e  lamp 
and f i l t e r  ce l l .  Foreign gas i n  t h e  f i l t e r  cell i s  100-Torr 
n i t rogen .  One d i v i s i o n  on the o r d i n a t e  i s  30 P V .  d c  i n p u t  t o  
the e x c i t e r  i s  1 . 4  W. 




