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ABSTRACT 

This paper w i l l  focus on conceptual and component develop- 

ments which cou ld  have a major impact on the  performance 

o f  microwave atomic frequency standards. T r a d i t i o n a l  

microwave standards based on rubidium, cesium and hydro- 

gen have been g r e a t l y  r e f i n e d  over the  pas t  decade, such 

t h a t  the  frequency s t a b i l i t y  o f  the  cu r ren t  generat ion 

o f  devices i s  genera l l y  l i m i t e d  by the  bas ic  concepts on 

which they are based, as we l l  as the  performance o f  

var ious key subsystems. Future advances i n  u l t i m a t e  

frequency s t a b i  1 i t y  and environmental performance w i  11 

p r i m a r i l y  come from new conceptual developments, and 

on ly  secondar i l y  from improved ccomponents. These new 

advances w i l l  be explored i n  some d e t a i l  and p r o j e c t i o n s  

f o r  poss ib le  performance improvements made f o r  microwave 

frequency standards based on rubidium, cesium and hydrogen. 

B r i e f  mention o f  a new c lass  o f  standards based on 

s to red  ions  wi 11 be made. 

*Con t r i bu t i on  o f  Nat ional  Bureau o f  Standards, no t  sub jec t  

t o  copy r igh t  i n  t h e  Un i ted  States. 



INTRODUCTION 

The nex t  few years w i l l ,  i n  my opin ion,  b r i n g  s i g n i f i c a n t  changes 

i n  atomic microwave frequency standards. T r a d i t i o n a l  standards 

based on rubidium, cesium and hydrogen have been g r e a t l y  r e f i n e d  

over t h e  pas t  decade, such t h a t  t h a t  the  frequency s t a b i l i t y  o f  

the  c u r r e n t  generat ion o f  devices i s  genera l l y  l i m i t e d  by those 

bas i c  concepts on which they are based. I n  my op in ion ,  f u t u r e  

advances i n  frequency s t a b i  1 i t y  w i l l  p r i n c i p a l l y  come from changes 
b 

i n  the  concepts on which the  standards are  based, and on l y  second- 

a r i l y  from more c a r e f u l  engineer ing o f  t h e  o l d  concepts. 

I n  t h e  fo l l ow ing ,  I w i l l  p o i n t  ou t  what I consider  the  fundamental 

l i m i t a t i o n s  i n  these standards and i n d i c a t e  t h e  important  concept- 

ua l  and component advances which cou ld  have a major impact on 

f u t u r e  performance o f  these standards. I n  a d d i t i o n ,  b r i e f  mention 

i s  made o f  a very promis ing new c lass  o f  microwave standards based 

on i o n  storage techniques. 

RUBIDIUM FREQUENCY STANDARDS 

F ig .  1 shows a general ized b lock  diagram o f  a rubid ium gas c e l l  

frequency standard. Because o f  the  smal l  s ize ,  weight and cos t ,  

these standards are  t h e  most abundant o f  a l l  atomic frequency 

standards. The s h o r t  term s t a b i l i t y  i s  o f  order  5 x 10-12r-1/2 

l i m i t e d  by shot noise i n  t h e  background o p t i c a l  s i gna l  w i t h  t h e  

rubid ium hyper f ine  s igna l  be ing  about 0.5% o f  t h e  t o t a l  detected 

s igna l .  Long-term frequency s t a b i l i t y  i s  a f f e c t e d  by many 

th ings ;  such as temperature o f  the  b u f f e r  gas, dens i t y  o f  the  Rb, 

magnetic f i e l d  gradients,  microwave power v a r i a t i o n s ,  l i g h t  spec- 

trum changes, e tc .  The common c o n t r i b u t o r  t o  most o f  these e f f e c t s  

i s  the  h i g h l y  asymmetric hyper f ine  resonance caused by t h e  presence 



o f  t h e  b u f f e r  gas, which e s s e n t i a l l y  causes each i n t e r a c t i n g  atom 

t o  sample a  very small p o r t i o n  o f  the  t o t a l  c e l l  volume. The 

b u f f e r  gas i s  p r i m a r i l y  used t o  i s o l a t e  the  rubid ium from the  

w a l l s  o f  the  c e l l  where i t would normal ly  r e l a x ,  t y p i c a l l y  causing 
A v  - a  frequency s h i f t  o f  o rder  - 5 x  10- . [21 Typ ica l  1 inewidths 

are o f  order  300 Hz (6.8 x  l o 9 ) ,  y i e l d i n g  a  hyper f ine  l i n e  Q o f  

E2 x  l o 7 .  The very nature o f  the  way the  b u f f e r  gas ac ts  causes a 

fundamental problem so t h a t  even exce l l en t  engineering i s  hard 

pressed t o  achieve frequency s t a b i l i t i e s  o f  b e t t e r  than ~ 1 0 - l 3  a t  

several hours and prov ide  a  frequency r e p r o d u c i b i l i t y  o r  r e t r a c e  

f o l l o w i n g  several t u r n  o f f / t u r n  on cyc les o f  l o - " .  For example, 

0.4dB change i n  microwave power caused a  frequency change o f  o rder  

lo - ' '  f o r  one Rb u n i t  t es ted  a t  NBS. [31 

t 

Recent work i n i t i a t e d  by A1 R is ley  and Helmut He l lw ig  a t  NBS and 

c a r r i e d  ou t  i n  c o l l a b o r a t i o n  w i t h  Jacques Vanier ( U n i v e r s i t y  o f  

Laval) and Hugh Robinson (Duke ~ n i v e r s i t y ) , ~ ~ '  demonstrates t h a t  

p a r a f i n  coated c e l l s  may prov ide  a  new way t o  make a  rubidium gas 

c e l l  standard w i t h  g r e a t l y  improved c h a r a c t e r i s t i c s .  The p a r a f i n  

w a l l  coa t i ng  prov ides a  means t o  conta in  the  atoms w i t h  very small 

hyper f ine  r e l a x a t i o n  - and, very impor tan t l y ,  prov ides a  means f o r  

the  atoms t o  average a l l  parameters over t h e  e n t i r e  bulb.  I n i t i a l  

experiments y i e l d  a  frequency s h i f t  o f  ~ 1 0 - ~  f o r  t h e  wa l l  coated 

c e l l  and l i n e w i d t h  o f  l ess  than 250 Hz. Linewidths o f  approximate- 

l y  70 Hz are u l t i m a t e l y  expected. Signal - to-noise i s  comparable 

t o  t h a t  o f  t h e  b u f f e r  gas c e l l .  Tests show, f o r  example, t h a t  the  

coated c e l l  has a  f a c t o r  o f  100 s e n s i t i v i t y  t o  changes i n  

microwave power than t h e  b u f f e r  gas c e l l .  Reductions i n  t h e  sensi-  

t i v i t y  t o  magnetic f i e l d  g rad ien ts  and l i g h t  i n t e n s i t y  a re  a l s o  

expected. As f o r  c e l l  l i f e t i m e s ,  Hugh Robinson has used one 



The temperature c o e f f i c i e n t  o f  t h e  w a l l  s h i f t  i s  o f  o rder  

1 - 2 HZ/K,[~' so t h a t  f r a c t i o n a l  i n s t a b i l i t i e s  due t o  t h i s  e f f e c t  

cou ld  be as low as 1 0 - l 4  a t  a few hours and l ess  than 1 0 - l 3  pe r  

day. Aging o f  t h e  w a l l  s h i f t  has no t  y e t  been measured. I would 

a l s o  expect t h a t  t h e  r e t r a c e  o f  t h e  coated c e l l  cou ld  be made 

b e t t e r  than  a b u f f e r  gas c e l l  due t o  t he  f a c t o r  o f  10 smal le r  

confinement frequency s h i f t  and s p a t i a l  averaging. I n  t he  case o f  

t h e  b u f f e r  gas c e l l ,  many hours are requ i red  t o  r e e s t a b l i s h  t h e  

e q u i l i b r i u m  between t h e  gas phase and the  absorbed gas on the  

sur face o f  t he  c e l l  a f t e r  a change i n  temperature. 

There i s  y e t  another l a r g e  b i a s  i n  rubid ium gas c e l l  standards due 

t o  t he  presence o f  pumping l i g h t  i n t e r a c t i n g  w i t h  t he  same energy 

l e v e l  be ing  probed by the  microwave r a d i a t i o n .  Absolute l i g h t  

s h i f t s  a re  o f  o rder  10- . [21 The i d e a l i z e d  pumping lamp p r o f i l e  

o f  RbS7, shown i n  F ig.  2, has a component which tends t o  depopu- 

l a t e  t h e  des i red  F2 l e v e l .  Th is  unwanted l i g h t  i s  f i l t e r e d  ou t  by 

us ing  RbS5 as an absorber, b u t  t h e  f i l t e r i n g  i s  no t  t o t a l l y  success- 

f u l  and i t  s h i f t s  t h e  cen te r  o f  t h e  o p t i c a l  spectrum, causing an 

ou tpu t  frequency s h i f t  o f  o rder  Also, t h e  hype r f i ne  s igna l  

i s  t y p i c a l l y  0.5% o f  t h e  t o t a l  s i gna l ,  i n s t e a d  o f  E10% as would be 

e x ~ e c t e d  from an i d e a l  source. 

Recent work by Tom Engl ish,  e t  a l .  (Efratom, Inc. ) ,  has shown t h a t  

t h e  frequency s h i f t  f rom v a r y i n g  t h e  l i g h t  i n t e n s i t y  by 30% can be 

reduced from t o  - < 1 x 10 - l 1  by a l t e r n a t e l y  app ly ing  pumping 

l i g h t  and microwave r a d i a t i o n .  C71 Th is  technique was f i r s t  sug- 

gested by  M. A r d i t i .  Eng l i sh ,  e t  a l . ,  achieved a shor t - term 

s t a b i l i t y  o f  g2 x 10 - l 1  us ing  a b u f f e r  gas c e l l .  [71 

Many problems c o u l d  w e l l  be solved by us ing  a diode l a s e r  f o r  

pumping t h e  Rb gas c e l l .  The diode l a s e r  can be s t a b i l i z e d  by 



standard modulat ion techniques and can be tuned t o  pump o n l y  t h e  

F, l e v e l s ,  thereby i nc reas ing  the  hyper f ine  s igna l  t o  ~16% o f  t he  

t o t a l  s i gna l  as compared t o  0.5% i n  t he  standard design. Th i s  

would: 

1) improve S/N by ~5 

2) reduce 1 i g h t  s h i f t  t o  (10-l2 

3) increase 1 i ne Q by %2 

4) improve shor t - te rm s t a b i l i t y  t o  - 10-12~-1/2. 
Summary o f  p r o j e c t e d  performance f o r  severa l  v a r i a t i o n s  o f  smal l  

rub id ium standards i s  shown i n  F ig.  3. Performance cou ld  be 

improved considerably  by i nc reas ing  volume. 

CESIUM FREQUENCY STANDARDS 

F ig .  4 shows a schematic o f  a cesium atomic resonator .  [I1 It has 

become inc reas ing l y  apparent t h a t  present  day cesium standards a re  

fundamental ly l i m i t e d  beyond E 1 day by the  combinat ion o f  phase 

v a r i a t i o n s  o f  t h e  microwave s igna l  across the  c a v i t y  end, t h e  

f i n i t e  v e l o c i t y  o f  t h e  atoms, and the  s p a t i a l  v a r i a t i o n  o f  v e l o c i t y  

across the  beam p r o f i l e  due t o  t he  d i spe rs i ve  na ture  o f  t h e  A and 

B magnet s t a t e  se lec to rs .  

The frequency o f f s e t  due t o  t he  average phase s h i f t  i s :  

I n  my op in ion ,  t he  major u n c e r t a i n t y  and i n s t a b i l i t y  i n  t h e  f r e -  

quency i s  due t o  t he  f a c t  t h a t  <@2>1/2 may be 100 <@>. 

The present  s t a t e  s e l e c t i o n  technique u t i l i z i n g  inhomogenic mag- 

n e t i c  f i e l d s  t o  s p a t i a l l y  separate se lec ted  hyper f ine  s ta tes  



causes a c o r r e l a t i o n  between 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  

microwave c a v i t y  window. This app l ies  t o  d i p o l e  and quadruple- 

hexapole systems. As a consequence o f  t h i s  coup l ing  between 

s p a t i a l  p o s i t i o n  and v e l o c i t y ,  any e f f e c t  which can cause a va r ia -  

t i o n  i n  average v e l o c i t y ,  s t a t e  composit ion o r  s p a t i a l  d i s t r i b u t i o n  

w i l l  cause a frequency s h i f t  even i f  <$> = 0. E f f e c t s  which 

can cause frequency s h i f t s  i n i t i a l l y  a re  v a r i a t i o n s  i n  microwave 

power, C f i e l d ,  Majorana t r a n s i t i o n s  occur ing  i n  t h e  beam between 

t h e  s t a t e  s e l e c t o r  and the  microwave c a v i t y ,  and even v a r i a t i o n s  

i n  t h e  vo l tage on t h e  mass analyzer  be fore  t h e  i o n  c o l l e c t o r .  

A l l  o f  t h e  above change the  d i s t r i b u t i o n  o f  v e l o c i t i e s  c o n t r i b u t -  

i n g  t o  the  detected s igna l  and s h i f t  the  average frequency v i a  t h e  

d i s t r i b u t e d  c a v i t y  phase. 

A t  present ,  t h e r e  are  no a t t r a c t i v e  ways t o  s i g n i f i c a n t l y  lower 

beam v e l o c i t y .  Bru te  fo rce  attempts s u f f e r  from the  low number o f  

slow atoms due t h e  Boltzmann D i s t r i b u t i o n ,  and s i g n i f i c a n t  l a s e r  

c o o l i n g  o f  neu t ra l  beams as proposed by Askin and a l s o  Hansch and 

Schawlow [101111 have y e t  t o  be demonstrated. 

Reduction o f  t h e  d i s t r i b u t e d  c a v i t y  phase s h i f t  by reducing t h e  

diameter o f  t h e  c a v i t y  window can be bought on l y  a t  the  p r i c e  o f  

lower beam i n t e n s i t y .  Cool ing the  c a v i t i e s  t o  cryogenic tempera- 

t u res  cou ld  reduce t h i s  e f f e c t  t o  near zero; however, the  beam 

would have t o  be c a r e f u l l y  masked i n  order  t o  prevent  Cs bu i ldup 

w i t h i n  the  c a v i t y  s t ruc tu re .  

Recent work by Wineland, J a r v i s ,  He l lw ig  and Garvey a t  NBS i n d i -  

cates t h a t  the  e f f e c t  o f  the  average phase s h i f t  <@> can be reduced 

t o  zero by implementing a 2-frequency and 2-cav i ty  system El21 as 

i l l u s t r a t e d  i n  Fig. 5. I n  such a system, t h e  envelope o f  t h e  

Ramsey Resonance i s  detected so t h a t  t h e  average <$> between two 



ends i s  averaged t o  zero (see F i g  6). Since the frequency switch- 

i n g  from v, t o  v 2 ' i s  f a s t  compared t o  changes i n  <@>, any p e r t u r -  

b a t i o n  which would change <@> i s  g r e a t l y  reduced. As a consequence, 

such a  standard should be s i g n i f i c a n t l y  more immune t o  frequency 

changes due t o  microwave power changes, f l u c t u a t i o n s  i n  oven 

temperature, p o s i t i o n  o f  oven/dectector, shock, v i b r a t i o n ,  e tc .  

I n  o rder  t o  r e a l i z e  t h e  f u l l  advantage o f t h i s  technique, i t  i s  i m -  

p o r t a n t  t h a t  shor t - term s t a b i l i t y  be maintained o f  order  10-l lr- l / ,  

o r  b e t t e r .  To do t h i s ,  i t  i s  necessary t o  open up the c a v i t y  

window i n  o rder  t o  have a  wide v e l o c i t y  d i s t r i b u t i o n  so t h a t  t h e  

Ramsey envelope i s  narrow and t o  increase beam cur ren t .  Under - 
optimum cond i t ions ,  i t  i s  est imated t h a t  o (1) o f  10- l l r - ' /~ can 

Y 
be achieved. The cu r ren t  NBS t e s t  bed demonstrates 

f o r  4pA beam c u r r e n t  <v> E 130 m/s, a  30% v e l o c i t y  w id th  and a  

c a v i t y  length  o f  17 cm. Opening t h e  c a v i t y  windows should sub- 

s t a n t i a l  l y  improve the  performance. 

Reduction o f  the  v e l o c i t y  d ispers ion  across the  beam p r o f i l e  cou ld  

a l s o  be accomplished w i t h  o p t i c a l  s t a t e  se lec t ion .  The l a s e r  

diodes f o r  pumping Cs a t  the  proper  wavelength e x i s t  and s t a t e  

s e l e c t i o n  has been demonstated. Fig. 5 i l l u s t r a t e s  one possi -  

b l e  con f i gu ra t i on .  The source i s  a  s i n g l e  aperature t o  avo id  

br igh tness  v a r i a t i o n s  over t h e  oven opening, such as can occur 

w i t h  m u l t i h o l e  co l l ima to rs .  The s t r a i g h t  through o p t i c s  should 

he lp  u t i l i z e  t h e  maximum number o f  slow atoms. By us ing  an o p t i -  

ca l  pumping scheme completely analogous t o  t h a t  used w i t h  Rb, the  

Cs beam can be predominately pumped i n t o  the  2S,/2 F  = 3  mani fo ld.  

Len C u t l e r  [I4' has suggested a  dual frequency o p t i c a l  pumping 

scheme by  which a l l  o f  the  atoms cou ld  be pumped i n t o  the  F = 3, 

M = 0  sublevel ;  thus p r o v i d i n g  approximately a  f a c t o r  o f  4 in -  F 
crease i n  s igna l - to -no ise  over standard design. Wi th the  absence 



o f  t h e  A Magnet, magnetic s h i e l d i n g  o f  the  resonance area i s  

eas ie r  and Majorana t r a n s i t i o n s  between the  var ious sublevels  

cou ld  be completely e l im ina ted.  Beam de tec t i on  could be obta ined 

by convent ional magnetic s t a t e  se lec tor /ho t  w i re  i o n i z e r  o r  by 2 

s tep o p t i c a l  i o n i z a t i o n .  Both would o f f e r  near 100% e f f i c i e n c y  

and t h e  a b i l i t y  t o  v e l o c i t y  se lec t .  

The n e t  e f f e c t  o f  the  o p t i c a l  pumping scheme f o r  s t a t e  s e l e c t i o n  

i s  t o  t o t a l l y  e l im ina te  any c o r r e l a t i o n  between s p a t i a l  p o s i t i o n  

w i t h i n  the  beam and thereby w i t h i n  the  c a v i t y  opening and v e l o c i t y .  

Va r ia t i ons  i n  microwave power, f o r  example, w i l l  now cause a 

change i n  average v e l o c i t y ,  b u t  - not  average phase s h i f t .  

So the  v a r i a t i o n  o f  frequency w i t h  average v e l o c i t y ,  such as by 

changes i n  microwave power, should be reduced by a f a c t o r  o f  10 t o  

100 over present  designs. I n  add i t i on ,  the  s t r a i g h t  through 

geometry - and t h e  e f f i c i e n t  s t a t e  s e l e c t i o n  should pe rm i t  a f a c t o r  

o f  2 reduc t i on  i n  average v e l o c i t y  r e s u l t i n g  i n :  

1) A fac to r  o f  4 reduc t i on  of second-order Doppler s h i f t s  
v2 

E 112 4 . 5  x lo -14 .  

2) ov(r) improved by f a c t o r  o f  4 t o  8 1s  <x<104s. 

3) <i> reduced by a f a c t o r  o f  (2). 

4) A<@> vs microwave power reduced by E 20 t o  200. 
< ><v> 

5) A" = reduced a f a c t o r  o f  approximately 2"over a L 
magnetic s t a t e  s e l e c t i o n  and should be extremely s tab le  

and measureable. The o f f s e t  i s  n o t  measurable w i t h  h igh  

accuracy w i t h  present  magnetic s t a t e  se lec t i on .  

I f  t h e  o p t i c a l  pumping scheme were coupled w i t h  t h e  2 frequency, 2 

c a v i t y  technique, then the  o f f s e t  would a l s o  be made zero a t  the  

expense o f  decreased shor t - term frequency s t a b i l i t y .  



Fig.  7 shows a summary o f  p r o j e c t i o n s  f o r  var ious  con f i gu ra t i ons  

o f  commercial s i zed  cesium frequency standards. Addi tonal  improve- 

ments are poss ib le  w i t h  l abo ra to ry  type cesium standards. 

HYDROGEN FREQUENCY STANDARDS 

A b lock  design o f  a standard hydrogen maser o s c i l l a t o r  o r  a c t i v e  

hydrogen maser i s  shown i n  Fig. 8. [I1 This  device i s  unique among 

the  atomic standards be ing  discussed now because i t i s  an o s c i l l a t o r .  

By b u i l d i n g  up enough popu la t i on  i n  the  e x c i t e d  hyper f ine  s ta te ,  

it can be made t o  o s c i l l a t e .  Frequency s t a b i l i t y  a t  a few hours 

i s  unexcel led and the re fo re  such devices are  used f o r  the  most 

exac t ing  h igh  frequency phase s e n s i t i v i t y  rece ivers ,  such as V L B I  

and the  JPL deep space t r a c k i n g  network (See f o r  example references 

15, 16 and F ig .  12). However, f o r  long-term timekeeping app l ica-  

t i o n ,  a c t i v e  hydrogen devices are  seldom used because the  frequency 

d r i f t s  away due p r i m a r i l y  t o  c a v i t y  p u l l i n g  which causes a f r a c t i o n a l  

s h i f t  o f :  

Assuming a hydrogen l i n e  QH o f  5 x lo8 and a c a v i t y  Qc o f  3 x lo4 

r e s u l t s  i n  

I n  o rder  t o  achieve a s t a b i l i t y  o f  10-l5 i n  the  ou tput  frequency 

the  c a v i t y  frequency must be s t a b l e  t o  1.5 x 10-ll. Free runn ing  

c a v i t y  s t a b i l i t y  of t h i s  order  has never been demonstrated f o r  



per iods beyond a  few hours. Long-term s t a b i l i t y  o f  a c t i v e  masers 

can be improved us ing  automatic c a v i t y  tuning.  One synchronously 

detects changes i n  ou tpu t  frequency w i t h  changes i n  beam f l u x  and 

servos the  c a v i t y  t un ing  t o  minimize ou tput  frequency changes. 

S t a b i l i t i e s  o f  order  a  few t imes 1 0 - l 4  have been reported. C171 

Recent work a t  Nat ional  Bureau o f  Standards has produced a  new 

concept f o r  s t a b i l i z i n g  the  microwave c a v i t y .  [18,19,201 A simpli- 

f i e d  b lock  diagram i s  shown i n  F ig .  9. A l o c a l  probe o s c i l l a t o r  

i s  phase modulated a t  two d i f f e r e n t  low frequencies f, and f2 

where f2 i s  approximately t h e  hal f -bandwidth o f  the  hydrogen 

resonance and f, t h e  hal f -bandwidth o f  t h e  microwave c a v i t y .  The 

t ransmi t ted  microwave s igna l  i s  envelope detected and the  r e s u l t -  

i n g  ampl i tude modulat ion processed i n  two separate synchronous 

dectectors referenced t o  f, and f2 respect ive ly .  The e r r o r  s igna l  

recovered from the  f, synchronous dec tec tor  i s  used t o  e l e c t r o n i c -  

a l l y  tune t h e  c a v i t y  t o  t h e  probe frequency and t h e  e r r o r  s igna l  

recovered from t h e  f2 synchronous detec tor  i s  used t o  tune t h e  

probe frequency t o  the  hydrogen hyper f ine  resonance frequency. 

Th is  a l lows one t o  l o c k  t h e  c a v i t y  frequency t o  t h e  hydrogen 

resonance w i t h  an a t t a c k  t ime o f  a  few seconds, thereby a l l o w i n g  

r a p i d  recovery from any induced c a v i t y  pe r tu rba t i on .  

Fig. 10 shows the  frequency s t a b i l i t y  r e a l i z e d  w i t h  a  convent ional 

f u l l - s i z e d  c a v i t y  as measured aga ins t  NBS-6, one o f  our p r imary  

frequency standards and a l so  the  ensemble o f  9  cesium standards, 

which generate UTC(NBS). The r e a l i z e d  s t a b i l i t y  o f  3 x  10- l5  a t  4 

days conf irms t h a t  t h i s  NBS passive hydrogen maser scheme can be 

e f f e c t i v e l y  used t o  c o n t r o l  c a v i t y  induced frequency per tu rbat ions .  

For a  more thorough d iscuss ion  o f  the  o ther  poss ib le  pe r tu rba t i ons  
see. C18'19,201 The above data was obta ined w i t h  a  hydrogen hyper- 

f i n e  l i n e  Q o f  5 x  l o 8 .  A new bu lb  c o n f i g u r a t i o n  and b e t t e r  t e f l o n  



coa t i ng  now y i e l d s  a l i n e  Q o f  5 x lo9 w i t h  10 t imes the  prev ious 

s ignal - to-noise.  Measured frequency s t a b i l i t y  a t  1 s i s  b e t t e r  

than 1 x 10-13. Based on t h e  above, one would expect a d a i l y  

frequency v a r i a t i o n  o f  less  than 1 x 10-l5 f o r  t h i s  f u l l - s i z e d  

passive hydrogen maser c a v i t y  system. 

This passive system concept a l s o  makes poss ib le  t h e  use of a smal l  

d i e l e c t r i c a l l y  loaded microwave c a v i t y .  The new c a v i t y  system 

described i n  C191 was designed and assembled i n  co labo ra t i on  w i t h  

David Howe and S. J a r v i s ,  J r .  a t  NBS. The hyper f ine  l i n e  Q w i t h  a 

storage volume o f  1.U i s  1.4 x l o 9  a t  low microwave d r i v e  and 

1 x l o 9  a t  opera t ing  cond i t ions .  The observed frequency s t a b i l i t y  

i s  1 x 10-12r-1/2 ou t  t o  approximately 1 day. The small passive 

maser has been compared w i t h  UTC(NBS) f o r  54 days and i t s  frequency 

d r i f t  was 1+1 x 10-15/day. 

F ig .  11 shows a comparison o f  frequency s t a b i l i t y  o f  hydrogen 

atomic standards. A l i n e  labe led  H(Act ive) i s  the  bes t  repor ted  

i n  the  1 i te ra tu re .  ['" The t ime-keeping ab i  1 i t y  o f  var ious atomic 

standards i s  shown i n  Figs. 12 and 13. ['" The data on the  passive 

masers c l e a r l y  shows t h a t  a c t i v e  c a v i t y  con t ro l  can be used t o  

g r e a t l y  improve long-term frequency s t a b i l i t y  o f  hydrogen masers. 

Furthermore, t h i s  technique g r e a t l y  s i m p l i f i e s  the  thermal vacuum 

design, thereby decreasing cos t ,  weight and complexity.  

STORED IONS 

A new c lass  o f  microwave frequency standards based on s to red ions 

i s  p resen t l y  under study. These devices appear t o  ho ld  t h e  possi -  

b i l i t y  o f  achiev ing frequency s t a b i l i t i e s  of o rder  10-l6 and 

absolute accuracy o f  order  10-15. These devices are expla ined by 



0. J. Wineland i n  these proceedings, and are the  on l y  systems 

which fundamental ly reduce both  f i r s t  and second-order Doppler 

e f f e c t s  t o  sub 10-l4 l e v e l s .  For example, t h e  c a v i t y  phase s h i f t s  

encountered w i t h  Cs standards i s  a form o f  res idua l  f i r s t - o r d e r  

Doppler s h i f t .  

The p r i n c i p l e s  o f  i o n  storage based frequency standards are descr ib-  

ed e l  sewhere. [231 B a s i c a l l y ,  the  ions  are contained w i t h i n  an 

e lect romagnet ic  t r a p  w i t h  dimensions o f  a few cm o r  less .  Contain- 

ment t imes are t y p i c a l l y  hours t o  days which, i n  p r i n c i p l e ,  makes 

poss ib le  extremely l a r g e  l i n e  Q ' s  f o r  hyper f ine  t r a n s i t i o n s ,  even 

a t  microwave frequencies. The ions  can be cooled t o  sub-Kelvin 

temperatures us ing  l ase rs  tuned t o  the  lower s ide  o f  an a l lowed 

e l e c t r i c  d i p o l e  t r a n s i t i o n .  Each sca t te red  photon c a r r i e s  o f f  

approximately 20 mk o f  energy i f  t h e  l a s e r  i s  detuned by 500 MHz. 

Recent work C241 c l e a r l y  shows t h a t  sub-Kelvin temperatures are 

e a s i l y  achieveable i n  the  case where appropr ia te  l ase rs  e x i s t  t o  

pump the  ions. 

One proposed scheme f o r  a s to red i o n  standard has t h e  f o l l o w i n g  

ha1 f cyc le:  

1) s t a t e  s e l e c t  ions us ing  o p t i c a l  pumping, 

2) induce hyper f ine  t r a n s i t i o n s  w i t h  probe tuned t o  t h e  

h igh  frequency s ide  o f  t h e  hyper f ine  resonance and the  

l a s e r  o f f ,  

3) o p t i c a l l y  pump ions  t o  determine how many made the  

t r a n s i t i o n  and t o  cool t h e  ions. 

I n  t h e  next  h a l f  c y c l e  t h e  same th ree  steps are  repeated; however, 

t h e  probe frequency app l i ed  i n  step 2 i s  moved from t h e  h igh  

frequency t o  t h e  low frequency s ide  o f  the  hyper f ine  resonance. 



The maximum frequency s t a b i l i t y  t h a t  can be r e a l i z e d  f o r  N  ions  

having a  hyper f ine  resonance frequecy v o  i s  

where zo i s  t h e  t o t a l  c y c l e  t ime o r  2 (ti +r2 +t3) = t Values 
0 ' 

f o r  a (Is) vary from 10-l2 t o  1 0 - l 5  f o r  some o f  t h e  systems under 
Y  

considerat ion.  A t  present ,  t h e  most ser ious impediment t o  t h i s  

e f f o r t  i s  a  l a c k  o f  s u i t a b l e  l ase rs  t o  over lap ions having a t t r a c -  

t i v e  o the r  p rope r t i es  f o r  the  app l i ca t i on .  

SUMMARY 

I n  t h e  above, I have presented what I f e e l  t o  be the  most ser ious 

pe r tu rba t i ons  t o  frequency s t a b i l i t y  of rubidium, cesium and 

hydrogen devices. Most o f  these are  pe r tu rba t i ons  e s s e n t i a l l y  due 

t o  t h e  concepts on which t h e  standards are  based. I f e e l  t h a t  

t he re  i s  g rea t  oppor tun i ty  f o r  subs tan t i a l  improvement i n  frequency 

s t a b i l i t y  i n  bo th  l abo ra to ry  and f i e l d  s e t t i n g s  and I have ind i ca ted  

how I t h i n k  these improvements can be obtained. 
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Figure 1. Simplified Diagram of a Typical Rubidium Atomic Resonator 

Figure 2. Levels of Interest for Optical Pumping of 
Rubidium 
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Figure 3. The Projected Performance of a Small Rubidium 
Standards with Various Features are Shown. The Solid 
Line is the Typically Achieved Performance of Small Rubid- 
ium Devices. Selected Units have Performed Better Es- 
specially Under Environmental control[ l ]  . 
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Figure 4. Simplified Diagram of a Cesium Beam Atomic Resonat01 
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Figure 5. Simplified Diagram of One Possible 2 Cavity-2 Frequency configuration.[ l 1  1 

Figure 6 .  Ramsey Pattern for a Phase Shift Between the 
Two Cavity Ends. Dotted Line Shows the Ramsey Envelope 
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Figure 7. Projected Performance for Several Configurations 
of Commercial Sized Cesium Frequency Standards. The 
Solid Lines are Typically Realized Values for Commercial 
Devices. Selected Units Perform Somewhat Better at 10% 
Especially Under Environmental Control. 

HYDROGEN MASER 

Figure 8. Simplified Diagram of an Active Hydrogen 
Maser Oscillator. 
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Figure 9. Simplified Diagram of One Possible 
Passive Hydrogen Maser Frequency Standard. 
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Figure 10. Joint Fractional Frequency Stability of Large Passive 
Hydrogen Maser vs. Cesium Standards. The Last Point is 3 
Samples at 4 Days. 



Figure 11. Fractional Frequency Stability 
of Hydrogen Masers. Solid Lines are Meas- 
ured While the Dotted Line is Projected 
Performance. 

Figure 12. Minimum Time hediction Error 
for Several Atomic Standards Using "Normal" 
Frequency Stability ~erformance.[21] 
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Figure 13. Minimum Time Prediction Error for Several 
Atomic Standards Under Near Ideal Laboratory Condi- 
t i o n ~ . [ ~ ~ ]  Cs(Lab) Refers to  Large Primary Cesium Stan- 
dards, While H Passive Refers to  the Data from the Original 
Large Passive Performance. [ l 7]  Projected Large Passive 
Performance is 5-10 Times Better. 



QUESTIONS AND ANSWERS 

MR. FISCHER: 

I noticed on the slide of the rubidium stability there. It seemed 
like what I noticed to be a random walk of frequency was indicated 
for all the longer Taus. I wonder if you could comment on that and 
the fact that they all turned over at about the same Tau, close to 
10 to the 5th seconds. 

DR. WALLS: 

Well, lots of systematic effects appear to come in at somewhere 
between 12 and 24 hours. It is an environmental effect. It is 
usually not a true drift. But it is some sensitivity to small 
temperature changes, to gradients that happen because of temper- 
ature changes in the room or whatever. And I think it is quite 
typical for standards, when they start to deteriorate that they 
come out as Tau to the one-half rather than Tau to the one. 

Now if you are effected by something like cavity pulling, 
cavity drift, that too may look linear for a while, but I suspect 
that it slows down to Tau to the plus one-half or even flatter for 
a while. 

MR. PLEASURE: 

Dr. Cutler disclosed how he proposes to pulse a cesium atom in a 
laser, is there another transmission involved? 

DR. WALLS: 

I suggest you talk to him. It is a refinement of some things in 
the literature, namely, by using two optical pumping signals you 
can force them to tumble into the two middle ones where the transi- 
tion probability is smaller for movement from the optical pumping. 
But I suggest you talk to him about the details. 

MR. PLEASURE: 

How does the hydrogen maser have an amplifier that doesn't fluctuate 
in phase? In other words you are Q-multiplying the cavity of the 
hydrogen maser, isn't there a phase fluctuation in the amplifier? 

DR. WALLS: 

In the passive maser there is no 9-multiplication. I will show you 
here. You do phase modulation on this side and on the output trans- 
mitted signal you detect amplitude modulation which tells you the 

1 

1 
64 1 

A 



detuning between, in  one case the probe oscil lator in  the center 
of the hydrogen resonance, and in the other case between the probe 
oscil lator and the center of the cavity resonance. So you do 
phase modulation here. A l l  detection on this side i s  amplitude 
sensitive and not phase sensitive.  


