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SUMMARY 

Microwave  resonance i n   b u f f e r   v a p o r s   o f   r u b i d i u m - 8 7  and cesium-l33 
have  been s t u d i e d  by o p t i c a l   t e c h n i q u e s .  Many o f   t h e   f a c t o r s   w h i c h   a f f e c t  
the   cen ter   f requency  and t h e   w i d t h  o f  the  resonance  have been i n v e s t i g a t e d ,  
p a r t i c u l a r l y   t h e  dependence of   these  parameters  on  thek ind,   densi ty ,  and 
temperature of t h e   b u f f e r   g a s .   I n   a d d i t i o n ,  an   a t tempt   i s   be ing  made t o  de- 
t e r m i n e   t h e   m a g n i t u d e   o f   t i m e - d e p e n d e n t   s h i f t s   r e s u l t i n g   f r o m   e v o l u t i o n   o f  
gas from t h e   g l a s s   w a l l s .  
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E .  C .  Beaty, P .  L.  Bender, Nat iona l  Bureau o f  Standards, 
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A t  t h e   l a s t  Frequency  Control Symposium we descr ibed an o p t i c a l  means 
fo r   observ ing   hyper f ine   resonances   in  cesium, and r e p o r t e d   t h e   r e s u l t s   o f  
exper iments  on  the  sh i f ts   o f   f requency  assoc iated  wi th   var ious  exper imenta l  
parameters.  Since  then,  similar  experiments  have been  done w i th  rubidium-87. 
The method  used  has  been described  elsewhere.’  One o f   t h e   p r i n c i p a l  con- 
c lus ions   f rom  the   f u r the r   exper imen ta t i on   i s   t ha t ,  as p r e d i c t e d   e a r l i e r  
by Dicke and Carver,  rubidium  appears  to be  more s a t i s f a c t o r y   f o r  gas c e l l  
f requency  standards  than  cesium.  Signal- to-noise  rat ios  obtained w i th  
rubidium  are  considerably  h igher  than  have been found  w i th  cesium.  Although 
the  rubidium-87  frequency  is 25 percent  lower,  the minimum l inewidth  found 
i s  about a f a c t o r   o f  2 less ,   g iv ing  a h igher  Q. 

An adequate  physical  understanding  of  the  processes  which  cause  the 
l i new id ths  and observed  f requency  sh i f ts   is   not   yet   ava i lab le.  Such an 
understanding will be necessary t o  make  maximum use o f   t h e  gas c e l l  method; 
nevertheless, some data  are  avai lable  which  can  be  used  to  evaluate  the 
use fu lness   o f   t he  gas c e l l  as a frequency  standard,  even i n  the  absence 
o f  a complete  understanding. F i r s t  cons idera t ion  will be g i v e n   t o   e f f e c t s  
which  affect  the  resonance  frequency. 

I t  has been found  that   the  f requency  o f  a gas c e l l  depends  upon the 
amount and k i n d  o f  b u f f e r  gas. Also, a sea led   ce l l  has i t s  frequency some- 
what  dependent  upon the  temperature. Measurements of   these  e f fects   have 
a l ready been repor ted  for   ces ium.2  Wi th   rub id ium  the  e f fects   are  qual i ta-  
t i v e l y   t h e  same, and a r e   i l l u s t r a t e d  i n  F i g .  1 .  

The fo rmu la   i s   exp ressed   i n   t e rms   o f  measured parameters and would 
look somewhat s impler  i f  one  used  the   fac t   tha t   fo r  a sea led   ce l l   the   p res-  
su re   i s   p ropor t i ona l   t o   t he   t empera tu re .  % i s   t h e   r a t e   o f  change o f  
f requency   w i th   bu f fe r  gas pressure, w i th  the  temperature  he ld  constant   a t  
300°K. aT i s   t h e   r a t e   o f  change o f  f requency   w i th   bu f fe r  gas temperature 
w i th  the  volume and dens i ty   he ld   cons tan t .   There   i s  no reason t o   b e l i e v e  
t h a t   t h i s   f o r m u l a   i s   v a l i d   e x c e p t   n e a r  room temperature.   Actual ly,   the 
d e t e c t i o n   s e n s i t i v i t y  i s  poor   for   large  depar tures  f rom room temperature 
anyway.  The u n i t s   o f   p r e s s u r e   a r e  cm o f  Hg, and the  pressure  range  which 
makes the   de tec t i on  most  convenient is   f rom  about  1 cm t o  10  cm. 

Some o f   t h e   c o e f f i c i e n t s   a r e   p o s i t i v e  and some are  negat ive.   Also,  
cq i s   n o t   p r o p o r t i o n a l   t o  5 .  I n  the  cases o f  mixtures  that   have been t r i e d ,  
t h e   r e s u l t a n t   c o e f f i c i e n t s   a r e   j u s t   t h e   w e i g h t e d  means o f   t h e   c o e f f i c i e n t s  
o f   t h e   c o n s t i t u e n t s .   C o e f f i c i e n t s   o f  two m i x t u r e s   a r e   i n d i c a t e d   t o  show 
t h a t  i t  i s   poss ib le .   No te   t ha t  i f  one i s   w i l l i n g   t o   r e g u l a t e   t h e   t e m p e r a t u r e  
t o  0.  IoC, i t would be  easy to   use   the  88 percen  argon  mixture and reproduci -  
b l y   c r e a t e   c e l l s   t o  a p r e c i s i o n   o f  1 p a r t  i n  loi0, A l te rna te l y ,  i f  a 
tempera ture   insens i t i ve   mix tu re   i s  used, the  thermal  control   problem i s  
simpler,  but more e f f o r t   i s   r e q u i r e d   t o   p r o d u c e  samples ag ree ing   t o  1 p a r t  
i n  1010. 
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Mixtures can  be made which will make bo th   coe f f i c ien ts   smal l .  For 
instance,  about: 30% K r  o r  35% K r  

40% A 25% A 
30% He 40% NZ. 

However, i t  i s  quest ionable  whether   h igh  s ignal - to-noise  ra t ios can  be 
ob ta ined   w i th  such  mixtures. 

I f  we assume t h a t   t h e   s h i f t   f o r  an average imp r i  t y   i s  1 p a r t   i n  l o 7  
per  mm-Hg, maintenance o f   the   f requency   to  1 i n 10’’ requi  res keep i ng t h e  
impur i ty   pressure down t o  mm of Hg. Th is  i s  approximately  the  re- 
s idua l   p ressu re   i n  vacuum tubes.  Employing modern vacuum technology i t  
should be p o s s i b l e   t o  do be t te r   t han   t h i s   f o r   seve ra l   yea rs   o f   ope ra t i on .  
L i t e r a t u r e  on   u l t ra -h igh  vacuum technology  ind icates  that   for   very   c lean 
systems  the  principal  contaminant i s  hel ium  which  di f fuses  through  the 
g lass   wa l l .   Th is   leak  i s  expected  to cause an aging  ef fect   on  the  f requency 
of   less  than 1 p a r t   i n   1 0 l 1   p e r   y e a r   a t  40OC. For   he l ium  buf fer  gas the  
aging  would  be a ser ious  nu isance,   un less  the  d i f fus ion  through  the  g lass 
were stopped by some means. We have l i t t l e   d a t a  on  the  rates  of   d isappearance 
o f   o t h e r  gases but  they  are  expected  to be much smal le r .  

I n   o r d e r   t o  check  on  aging, th ree  samples  were f i l l e d   i n  September, 
1958, w i t h  a 50 percent A-50 percent Ne m i x t u r e   a t  a p r e s s u r e   o f  1 cm o f  Hg. 
No unusual   precaut ions  were  taken  in   the  f i l l ing  process.  The temperature 
c o e f f i c i e n t  was 3 p a r t s   i n  10”  per  degree C .  The frequencies  obtained 
wi th   these samples  were  checked a number o f  t imes  a t  NRL w i t h i n  two  months 
a f t e r   f i l l i n g  and have been checked  again i n  May, 1959, a t  NBS. One o f  
t he   t h ree  samples was heated  for  extended  periods  between measurements 
a t  NRL. The unheated  samples  have  maintained  the same re la t i ve   f requenc ies  
ove r   t h i s  8-month per iod   to   w i th in   the   measur ina   accuracy   o f  1 o r  2 p a r t s  
i n  1010. The heated  sample  survived  three days a t  100°C, th ree  days a t  
15OoC, and one week a t  2OO0C w i  t hou t   s ign i  f i can t  change. However, an 
a d d i t i o n a l  two weeks a t  2OO0C caused an increase  in  resonance  frequency 
o f  about 4 p a r t s   i n  lolo. Th is  sample then  re ta ined  the new frequency 
r e l a t i v e   t o   t h e   o t h e r  two  samples for the  remaining 6 months o f   t h e  measure- 
ments. The recent measurements a t  NBS gave r e s u l t s ,   i n  terms o f  Atomichron 
No. 110, which  were  apparently 4 p a r t s   i n  IOio h igher   than  the NRL values 
obta ined 6 t o  8 months e a r l i e r   i n  terms o f   t h i s   s t a n d a r d .  The comparison 
was  made v i a  WWV on a s i n g l e  day and t h e   d i f f e r e n c e  i s  p o s s i b l y   n o t   s i g n i -  
f i cant. 

The va lues   fo r  fo, obta ined by e x t r a p o l a t i n g   t o   z e r o   b u f f e r  gas pres- 
sure are,  on the  A . l  t ime  scale:3  Rubidium 6,834,682,608 +7 sec’l 

Cesi um 9,192,631,735 + l 0  sec‘’ 

Changing t h e   l i g h t   i n t e n s i t y  and microwave power  by a f a c t o r   o f  4, 
produced no no t i ceab le  change i n  frequency. The extrapolated  f requency 
obta ined  wi th   the  ces ium gas ce l l s   d isagrees   w i th   tha t   ob ta ined  f rom  the  
Atomichron  by 30 or 40 ~ p s .  We have no explanat ion  o f   the  d iscrepancy 
bu t   ce r ta in l y   ag ree   t ha t   t he  beam r e s u l t  i s  the  one  which i s  c h a r a c t e r i s t i c  
o f  a f r e e  atom. I m p u r i t i e s   i n   t h e   c e l l s   c o u l d  cause t h e   s h i f t ;  however, 
i t  seems u n l i k e l y   t h a t   t h e  amount o f   i m p u r i t y  can be so reproducib le .   Th is  
i s  p a r t i c u l a r l y   t r u e   i n   v i e w   o f   t h e   f a c t   t h a t  some o f   t h e   c e l l s  were  prepared 
on a very  good vacuum system. 
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Although  the amount o f  microwave  power a t   t h e  sample and the   cond i t i ons  
i n   t h e  lamp apparent ly  do not   a f fect   the  f requency,   they do, i n  general, 
a f f e c t   t h e   l i n e w i d t h  and d e t e c t i o n   s e n s i t i v i t y .   A l s o ,   t h e   l i n e w i d t h  and 
s e n s i t i v i t y  can  be  affected  by  the amount and k i n d   o f   b u f f e r  gas. Our 
measurements  have i n d i c a t e d   t h a t  neon and he l i um  bu f fe r  gases permi t   greater  
s e n s i t i v i t y   t h a n   o t h e r  gases, w i th  both  cesium and rubidium.  For  low  f ixed- 
l i g h t   i n t e n s i t y  and microwave power l eve l ,  neon and he l ium  g ive   s t ronger  
s ignals ,   longer   re laxat ion  t imes,  and narrower  resonance  l ines  than  the 
other  gases.  Argon and heavier  gases increase  the  width somewhat i n  
rubidium, and by a f a c t o r   o f  3 o r  more i n  cesium. 

In   rub id ium and  cesium, w i t h  most b u f f e r  gases, t h e   l i n e   w i d t h   i s  
su rp r i s ing l y   i ndependen t   o f   bu f fe r  gas pressure  over a f a i r l y   l a r g e   r a n g e  
o f   p ressu res .  The  minimum l i new id th   ob ta ined  was about  twenty  cycles  per 
second f o r   r u b i d i u m   i n  neon and he l i um  a t   p ressu res   o f  1 t o  10  cm. For 
t h e  Zeeman resonances o f   t h e  same ce l l s ,   i n   t he   ea r th ' s   f i e ld ,   t he   obse rved  
l i new id ths   were   on l y   s l i gh t l y   sma l le r   i n   t h i s   p ressu re   range .  A t  low l i g h t  
and microwave power l eve l s   t he   l i new id ths  do not  depend on  these  parameters. 
No broadening due t o   a l k a l i - a l k a l i   c o l l i s i o n s  was observed up t o  4OoC f o r  
rub id ium and 3OoC f o r  cesium.  Experiments  on  the  recovery of the  sanples 
f rom  sa tura t ion   o f   the   hyper f ine   resonance showed t h a t   t h e   s p i n - l a t t i c e  
re laxa t i on   t ime  T 1  was considerably   longer   than  the  sp in-sp in  re laxat ion 
t ime T 2  i nd i ca ted   by   t he   l i new id th   o f   t he  Zeeman resonance. The source 
o f   t he   p ressu re - independen t   l i ne   w id th   i s   no t  known. However, i t  seems 
l i k e l y   t h a t  an e x p l a n a t i o n   o f  it would  a lso  lead  to  an e x p l a n a t i o n   o f   t h e  
d i f f e r e n c e  between the   ces ium  ce l l   hyper f ine   f requency  and the  cesium beam 
value.  

Most o f   the  data  on  rub id ium  were  taken  a t  NRL us ing  a frequency  source 
supp l ied  by the  Radio  Techniques  Branch. A synthesized 2278 mc frequency 
was t r i p l e d   i n  a crysta l   harmonic   generator  and a p p l i e d   t o   t h e   c e l l  by a 
horn.  The Tgpl ied  f requency was known i n  terms o f  cesium t o  one o r  two 
p a r t s   i n  10 . 

Apparatus now s e t  up a t  NBS uses a d i r e c t   m u l t i p l i c a t i o n  system. A 
q u a r t z   c r y s t a l   o s c i l l a t o r   a t  .g99223 mc wi th  a r a t h e r   h i g h   c r y s t a l   d r i v e  
i s   m u l t i p l i e d   t o  360 mc. Crystal   d iodes  are  used  for   harmonic  generat ion 
and tubes  are  used as amp l i f i e rs .  A v a r a c t o r   i s  used to  generate  the  19th 
harmonic  at  6835 mc. The o u t p u t   i s   a p p l i e d   t o   t h e   c e l l  by a horn.  

F igure  2 shows a resonance l i n e   o b t a i n e d   w i t h  one o f  the  50 percent  
A-50 percent  Ne c e l l s   a t  1 cm pressure.   The  t ime  constant  of   the  detector 
was .02 seconds  and the   s igna l - to -no ise   ra t i o   abou t  60. The h o r i z o n t a l  
f requency   sca le   i s  3 p a r t s   i n  lo9 per  cm. The t i m e   o f   t h e  sweep was about 
15 seconds.  The two ends o f   t h e   t r a c e  were  not  the same because o f  a slow 
d r i f t   i n   t h e  background l i g h t   i n t e n s i t y .  On the  s ides  o f   the  resonance 
frequency  noise i n   t h e   o s c i l l a t o r   o r   m u l t i p l i e r s  as b i g  as 1 p a r t  i n  10  10 
would  have  caused a noise  about  equal   to  the  noise  of f   resonance. The 
l i n e  was considerably  broadened by e x c e s s i v e   l i g h t  and microwave power t o  
about 40 cycles  per  second.  Signals  have been obta ined  us ing a Rb85 lamp 
ins tead   o f   t he  Rb85 f i l t e r  which we normal ly  use, bu t   the   s igna l - to -no ise  
r a t i o  was lower. 
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A d i r e c t   f r e q u e n c y   m u l t i p l i c a t i o n  such as we a r e   u s i n g   i s   d e s i r a b l e  
f o r  a s imple and accurate  standard.  When even output  f requencies  such as 
1 o r  5 mc are  needed, a f requency   t rans la to r  must be used. I n   t h i s   r e s p e c t  
the  gas c e l l   f r e q u e n c y   s h i f t s   a r e  a h e l p   i n  that  i t  i s   p o s s i b l e   t o  choose 
the  pressure and temperature so that   the  resul tant   f requency i s  easy t o  
t rans la te .   F igu re  3 shows a block  diagram  of  one  proposed scheme. I t  
conta ins an o s c i l l a t o r   a t  1 mc and a means o f   g e n e r a t i n g  9/386 o f   t h e  
osc i l l a to r   f requency .  A simple  system  can  then be used to  phase- lock  the 
o s c i l l a t o r   t o   t h e   r u b i d i u m   s t a n d a r d .  

The  main  reason f o r   t h e   i n t e r e s t   a t  NBS i n  gas cel l   f requency  standards 
has  been the   des i re   to   use  them i n  an accurate  check o f   t h e   g r a v i t a t i o n a l  
f requency   sh i f t ,   p red ic ted  by the   Genera l   Theory   o f   Re la t i v i t y .  The  use 
o f  an a tomic   c lock   i n  an e a r t h   s a t e l l i t e   f o r   t h i s   e x p e r i m e n t  has a l ready 
been discussed by S. F. Singer and o the rs .   Su i tab le   p ro to type   rub id ium 
va jo r   c locks   fo r   th is   purpose  a re  now being  developed  at NBS w i th  the  
a id   o f   Va r ian   Assoc ia tes .  The  work i s   b e i n g  done under  the  sponsorship 
of   the  Nat ional   Aeronaut ics  and Space admin i s t ra t i on .  The power requ i red  
f o r  a p ro to type  will be about IO wat ts .  The weight o f  the  apparatus  wi th-  
ou t   t he  power supply will be less  than 20 pounds. The s t a b i l i t y   o f  one 
c lock  wi th  respec t   to   another   c lock   o f   the  same t ype   i s   expec ted   t o  be 
1 p a r t   i n  l o 1  over a p e r i o d   o f   a t   l e a s t  one  month. 

We wish  to  acknowledge much ass is tance  on  the work descr ibed above 
from F. Montgomery, R .  0 .  Stone, S. Saito,  G .  Goldenbaum, and J. Ward 
o f  NBS, and from members of  the  Radio  Techniques  Branch o f  NRL. 
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