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Abstract 

In o u r  p r e s e n t l y  known l a b o r a t o r y  and commercial cesium 
s t a n d a r d s ,  t h e  so -ca l l ed  Ramsey c a v i t y  i s  employed, The 
envelope of t h e  a s s o c i a t e d  Ramsey p a t t e r n  is determined by t h e  
d i s t r i b u t i o n  of atomic v e l o c i t i e s  i n  t h e  atomic beam- The wider  
t h e  v e l o c i t y  d i s t r i b u t i o n ,  t h e  narrower will be t h e  h a l f  -width 
of t h e  envelope of t h e  Ramsey p a t t e r n .  The envelope o f  t h i s  
Ramsey p a t t e r n  is i n v a r i a n t  a g a i n s t  c a v i t y  phase s h i f t .  I n  
o t h e r  words, t h e  center of t h e  envelope - i n  c o n t r a s t  t o  the  
c e n t e r  of t h e  nain peak of t h e  resonance - does not  s h i f t  f rom 
cesium atomic resonance frequency when t h e  c a v i t y  p h a s e  s h i f t  i s  
v a r i e d .  

The re fo re ,  i t  is  suggested t h a t  t h e  s y s t e m a t i c  f r e q u e n c y  
s h i f t  due t o  a n  r f  phase diEfzrence between t h e  two inter-  
a c t i o n  r e g i o n s  of 2 normal Ransey c a v i t y  can bi e l i m i n a t e d  by 
us ing  s imul t aneous ly  two d i f f e r m t  f r e q u e n c i e s  around t h e  
c e s i u n  resonance a p p l i e d  t o  two sepa ra t ed  i n t e r a c t i o n  r e g i o n s  
which are n o t  p a r t  of t h e  same c a v i t y .  To t h e  atom t h i s  i s  
e q u i v a l e n t  t o  a time-varying c a v i t y  phase s h i f t  between 
t h e  two i n t e r a c t i o n  r eg ions .  A modulation of t h e  f r e q u e n c i e s  
v1 and v2 a p p l i e d  t o  cav i t ies  1 and 2 w i l l  produce signals 
s y x n e t r i c a l l y  spaced around t r u e  l i n e  c e n t e r  of t h e  c e s i u m  
resonance. Th i s  technique is  b r i e f l y  desc r ibed  and the advan- 
t a g e s  are no ted .  

,- . _. --- 

An improvement i n  t h e  ach ievab le  accuracy wi th  l a b o r a -  
t o r y  type primary frequency s t a n d a r d s  a p p e a r s  p o s s i b l e .  Com- 
m e r c i a l l y  produced small  beam tubes  may r e a l i z e  a c c u r a c i e s  
p r e s e n t l y  achieved only w t t h  the much l a r g e r  and  more expen- 
s i v e  l a b o r a t o r y  u n i t s ,  I n  a d d i t i o n ,  l o q - t e r n  stability and 
c l o c k  p r r fo rnance  s!iould b e  enhanced s i g a i f i c a a t l y  Tn t m L h  
l z b o r n t o r y  a n d  coninerc i n 1  ve r s ions  o f  t h i s  n2t.i t-cchaiq[:c. 
A!> e:.:pt.rimc,ntal prol;rnn ainied 2 t  r e a l  iz ing thc.;ci x!v:trit::gc:; 
is ? r c : s t ! n t l ; r  C I R C : ~ ~  1;ay. 
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Atonic c l o c k s  of many c o n f i g u r a t i o n s  have been s t u d i e d ,  used,  and 
commercially produced. The n o s t  used and important  esmple is  the cesium 
beam atomic f requency  s t a n d a r d  or  clock.  Devices of t h i s  t y p e  form the 
b a s i s  f o r  t o d a y ' s  t i m e  services as well as f o r  p r e c i s i o n  n a v i g a t i o n  and 
communication systems. They are a l s o  used as  t h e  pr imary s t a n d a r d  f o r  
t h e  u n i t  of t i m e .  In a d d i t i o n  to a number oE l a b o r a t o r y  b u i l t  cesium - 
beam clocks, a l a r g e  number of commercial cesium atomic clocks is i n  
e x i s t e n c e  in the world. 
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The b a s i c  c o n f i g u r a t i o n  of a cesium s t anda rd  is  shown i n  Fig. 1. 
An o s c i l l a t o r  ( u s u a l l y  a c r y s t a l  o s c i l l a t o r )  is  c o n t r o l l e d  v i a  a s e r v o  
l o o p  by t h e  cesium atomic r e s o n a t o r  o r  beam tube. 
o s c i l l a t o r  to the atomic resonance, t h e  resonance h a s  t o  be i n t e r r o g a t e d  
i n  o r d e r  t o . p r o d u c e  a n  e l e c t r o n i c  signal a t  t h e  d e t e c t o r  which i n d i c a t e s  
how l a r g e  t h e  f requency  o f f s e t  from t h e  atomic l i n e  c e n t e r  i s  and o n  
which s i d e  of l i n e  c e n t e r  t h e  frequency o f f s e t  is l o c a t e d  [l]. 

t h e  performance of t h i s  dev ice  as  a f requency s t anda rd  or c l o c k  i n  terms 
of accuracy  and long-term frequency s t a b i l i t y .  During the approximately 
twenty-five y e a r s  of development of cesium bean dev ices ,  d i f f e r e n t  c a v i t y  
c o n f i g u r a t i o n s  and d i f f e r e n t  modulation schemes have  been t r i e d .  Nost 
n o t a b l y ,  c a v i t i e s  oE t he  Rnmsey type a r c  being employed,  i. e . ,  two 
r e g i o n s  O F  i n t e r a c t i o n ,  s p a t i a l l y  s e p a r a t e d  but  p a r t  of the same micro- 
r:avc_ c a v i t y  as sho.t.:o in Fig.  1 [ 2 ] .  The modulation schemes fo r  l i n e -  
c e n t e r  l o c k  xhic!i have been employed a re  : ;mera l ly  of the f r e q u e n c y  a n d  
p h a s &  n o d u l a t i o n  t y p e ,  a n d  sinewave o r  s q u a r e w a v e  n o d u l a t i o x  Iias been 
u s c d .  

In  o r d e r  t o  lock t h e  

The p r o p e r t i e s  of t h e  microwave c a v i t y  t o  a high d e g r e e  de te rmine  
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CAVITY PHASE SHIFT 

The p r o p e r t i e s  of t h e  c a v i t y  aEEect t h e  apparent  f requency  of t h e  
c e s i u x  resonance,  i -e . ,  t h e  i n t e r a c t i o n  of t h e  c a v i t y  wi th  th2 r e s o n a t i n g  
cesium atoms may c a u s e  a n  apparent  s h i f t  of t h e  resonance f requency  from 
t h e  t r u e  r e sonan t  f requency of t h e  atom. Cavi ty  phase s h i f t  i s  caused 
by a non-uniform phase i n  t h e  microwave c a v i t y ,  e i t h e r  a n  end-to-end 
phase d i f f e r e n c e  o r  a d i s t r i b u t i o n  of p h a s e s  a long and across t h e  a tomic  
bean t r a j e c t o r i e s  i n  t h e  c a v i t y  [ 3 ] .  
l i m i t s  t h e  a b s o l u t e  accuracy  of t h e  primary cesium s t a n d a r d s  t o  abou t  

1 x and t h e  accuracy  of commercial u n i t s  to about  7 x 10 . There 
i s  a l s o  ev idence  t h a t  a t ime-varying c a v i t y  phase s h i f t  causes long-term 
f requency  changes and i n s t a b i l i t i e s  (over  t h e  pe r iod  of months t o  y e a r s )  
i n  such d e v i c e s ,  

t ine  d i s p e r s i o n  between t h e  t w o  p u l s e s  (e.g., a tomic beam w i t h  v e l o c i t y  
spread  which u s e s  t h e  sepa ra t ed  o s c i l l a t o r y  f i e l d  technique)  and one can 
observe  t h e  envelope of t h e  resonance spectrum g(w-w 

as  shown i n  Fig.  2. Th i s  envelope (dashed cu rve  i n  Fig.  2) i s  symmetric 

Th i s  c a v i t y  phase s h i f t  c u r r e n t l y  

-12 

l i m i t i n g  t h e i r  u se fu lness  as c locks  in t i m e  gene ra t ion .  
In a n  a tomic  cesium s t anda rd  us ing  a Ramsey c a v i t y  t h e r e  e x i s t s  

6) (Ramsey p a t t e r n )  
0’ 

F i g u r e  2 .  Microwave spectrum (Kaasey p a t t e r n )  of a 
ces iuni  tube  u s i n g  a R m s e y  cavity. 
L) = atoxic ( a n g u l a r )  resonance f r e q x e n c y ,  

3 = c a v i t y  phise d i E f t r t x n c e ,  

<T> ave~-,?;,e t irnc of f 1 i!;h t bt. tr;ei.n tile 
two c n v i  t y  re,: ions.  

0 
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w i t h  r e s p e c t  t o  r f  phase s h i f t s  between t h e  two i n t e r a c t i o n  r e g i o n s ,  
wh i l e  t h e  Ramsey p a t t e r n  i t s e l f ,  i n  gene ra l ,  is  n o t ,  d u e  t o  t h 2  c a v i t y  
phase  s h i f t  6 [ 4 ] .  The c e n t r a l  peak of t h e  Ramsey p a t t e r n  o c c u r s  
approximate ly  when u - w 
between i n t e r a c t i o n  r e g i o n s  and where w 
resonance  frequency.  

6/<T> where <T> is  t h e  ave rage  t r a n s i t  t i m e  
0 is  t h e  t r u e  atomic ( a n g u l a r )  

0 

ELIMIXATIOX OF THE CAVITV PWSE .SHIFT 

The purpose  of t h i s  paper  is t o  d e s c r i b e  b r i e f l y  a v a r i a t i o n  of 
Ramsey's s e p a r a t e d  o s c i l l a t o r y  f i e l d  technique.  I n  t h e  s i m p l e s t  form 
of t h i s  new technique ,  t h e  resonance s a m p l e  is i n t e r r o g a t e d  by two 
time-delayed p u l s e s  of r a d i a t i o n  as  i n  t h e  o r i g i n a l  t echn ique  [2 ] .  It 
d i f f e r s  i n  t h a t  t h e  r f  phase of t h e  second p u l s e  i s  a l lowed t o  advance 
(or  r ecede )  a t  a c o n s t a n t  rate; t h a t  is, t h e  microwave f requency  of t h e  
second p u l s e  i s  o f f s e t  from t h a t  of t h e  f i r s t .  I n  its p r a c t i c a l  real- 
i z a t i o n ,  t h e  two i n t e r r o g a t i o n  r eg ions  are not p a r t  of a s i n g l e  c a v i t y  
(as i n  t h e  t r a d i t i o n a l  Ramsey c a v i t y )  bu t  r a t h e r  independent  c a v i t i e s  
d r i v e n  by t h e  f r e q u e n c i e s  u1 and u2 as shown in Fig. 3.  

C E S I u n  STATE STATE 
CAVITY 2 SELECTOR OVEN SELECTOR CAVITY 1 

DETECTOP 

v = UR - 2 5  2 

2 R  
sIwsorOaL 
S I G f { A l  s ( b J )  

V *  = V  + r v  v " V  - 1 1 - " R  

AT FREQUErJCY 
Av 

FPEQJifiCY 
CO'iVERTER 

OUTPUT 

SYbThiSiZER 

v2  AiiD 
SU!TGIX wxu OSCILLA10Q 

A T  vR 

OUTPUF P2O~c'!lTIO'I?L 
TO S(bu) - S'(C.2) 
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These two f r e q u e n c i e s  have a f i x e d  frequency r e l a t i o n s h i p  to  each 
other. The a t o m s  are s u b j e c t e d  t o  first t h e  frequency v1 i n  t h e  i n t e r -  
a c t i o n  r e g i o n  1, then  t o  t h e  frequency u2 i n  t h e  i n t e r a c t i o n  r e g i o n  2.  
To t h e  atom, t h i s  i s  e q u i v a l e n t  t o  a time-varying c a v i t y  phase  s h i f t  
between t h e  two i n t e r a c t i o n  r eg ions ;  t h i s  c a v i t y  phase s h i f t  depends on 
t h e  t ime-of-f l ight  of t h e  atoms between the  two i n t e r a c t i o n  r e g i o n s  and 
on t h e  frequency d i f f e r e n c e  v1 - v2. 

A t  t h e  d e t e c t o r  t h e r e  i s  a s i n u s o i d a l l y  va ry ing  "signal" at fre- 

quency A v  = v1 - v2 whose ampli tude depends on v1 - v 

u is  t h e  atomic resonance frequency. 

and v2 - v where 
0 0 

I f  f r e q u e n c i e s  Vi and v$ are now 
0 

a p p l i e d  t o  cavit ies 1 and 2 r e s p e c t i v e l y  where v i  - v i  = - (v2  - VI) 

t hen  t h e  signal a t  t h e  d e t e c t o r  has t h e  same ampli tude on ly  when 

(ul + v i ) / 2  = vo = (vz + v i ) / 2 .  For t h i s  "resonance" c o n d i t i o n ,  any of 

t h e  a p p l i e d  f r e q u e n c i e s  (ul, v i ,  u2, u$) can be  d i r e c t l y  r e l a t e d  t o  v . 
One example i s  g iven  i n  Fig.  3 .  

0 

One s l i g h t  d i sadvan tage  of t h i s  method, as coinpared t o  t r a d i t i o n a l  
cesium s t a n d a r d s ,  i s  t h a t  t h e  Ramsey envelope is  broader  than  t h e  c e n t r a l  
Rarnsey peak ob ta ined  in t h e  u s u a l  errangexent .  However, t h i s  l o s s  of 
r e s o l u t i o n  should n o t  have t o  be Tp.ore thar? s f a c t o r  OE two f o r  a bean 
w i t h  a broad ( e . g . ,  Elaxcell ian) d i s t r i b u t i o n .  

The zdvantages of t h e  above scheme are  s e v e r a l :  

F i r s t - o r d e r  p h a s e - s h i f t  problems such as t h e  c a v i t y  phase  s h i f t  
are e l imina ted  in t h e  tvo  frequency sepa ra t ed  o s c i l l a t o r y  E ie ld  
nie thod . 
Rackground p u l l i n g  e f f e c t s  are  g r e a t l y  minizized i n  c e r t a i n  ex- 
p e r i m n t s .  For example, i n  cesium c lock  o p e r a t i o n  systematic  
frequency pul.ling n o r m a l l y  occurs  due t o  ove r l ap  of t h e  main l i n e  
w i t h  (!generally asyrmetric) field-dependent t r a n s i t i o r i s  151 ("Rabi" 
p a t  t e r n s ) .  KO signal.  con ten t  occurs  a t  frequency hu froin tliesc 
o l J c r l ~ p p i n g  t r a n s i t i o n s ;  t h i s  a l lows  u s e  of s i g n i f i c a n t l y  reduced 
o;)?ra t i.nz r?agr;n?tic f i e l d s  (which w o u l c l  n o r m a l l y  i c c  rease tliis 
i):!c!:,:rou:id pulling) , t h u s  g r e a t l y  reducing n2;neri.c fic-!Id siinsi- . .  
~ L , * - 7  . . . ::: of  ~ i i c  clr)c\r  transition, o r  a l t e r n : t t i v ~ l . y  rri2uci.v.i: n:isnclt i.c. 
, .  . 

:;;!: c '  ;(! c : i ; v ,  r#:.ri:l irc'nent:;. 
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(3) S e p a r a t e  i n t e r a c t i o n  r eg ions  can be cons tuc ted  w i t h  low Q. 
a n  advantage  because: 
(a) Cavi ty  p u l l i n g  [ 3 ]  can be made n e g l i g i b l e .  For example, i n  a 

Th i s  is 

conven t iona l  a tomic beam resonance a p p a r a t u s  u s i n g  s e p a r a t e d  
o s c i l l a t o r y  f i e l d s  t h e  Q of t h e  resonant  c a v i t y  is  made v e r y  
h i g h  t o  make 161 small .  
arate c a v i t i e s  of l o w  Q can be made by t e r m i n a t i n g  s h o r t e d  
p i e c e s  of waveguide a t  t h e  i n p u t ,  t hus  making c a v i t y  p u l l i n g  
n e g l i g i b l e .  (We n o t e  t h a t  r f  l e v e l s  do n o t  have  t o  be the 
s a m e  i n  the t w o  c a v i t i e s . )  

superconduct ing  c a v i t i e s  could be i n s t a l l e d  i n  l a b o r a t o r y  
s t a n d a r d s  such t h a t  o n l y  t h e  end p i e c e s  w e r e  superconduct ing ,  
t h u s  s i m p l i f y i n g  t h e  r e q u i r e d  coo l ing  and e l i m i n a t i n g  d i s -  
t r i b u t e d  c a v i t y  phase s h i f t s  ( s e e  below). 

l o n g e r  necessa ry ,  a l though i t  would provide  a u s e f u l  check of t h e  
method. E l imina t ion  oE beam r e v e r s a l  would greatly s i m p l i f y  con- 
s t r u c t i o n  of l a b o r a t o r y  s t a n d a r d s  and would g i v e  commercial cesium 
atomic c l o c k s  h i g h e r  accuracy  wi thout  i nc reased  complexi ty .  
Long-term f requency  s t a b i l i t y  of dev ices  us ing  t h e  two-frequency 
method should  be inc reased .  For example, i n  cesium beam frequency  
s t a n d a r d s  g r e a t e r  i n s e n s i t i v i t y  t o  magnetic f i e l d ,  s t a t e  s e l e c t i o n ,  
o r  c a v i t y  parameter changes should be obta ined .  

I n  t h e  two-frequency method, two sep-  

(b) T h i s  may r educe  f a b r i c a t i o n  complexi ty  and cost. Noreover, 

( 4 )  I n  high-accuracy frequency de te rmina t ions ,  beam r e v e r s a l  [ 3 ]  is no 

( 5 )  

The above ne thod  does  n o t  c o n p l e t e l y  e l i m i n a t e  s y s t e m a t i c  f requency  
o E f s e t s  d u e  t o  " d i s t r i b u t e d  c a v i t y  phase s h i f t s "  [ 3 , 6 ]  .I 
a r i s e s  because t h e  phase s h i f t  of t he  r f  f i e l d  may n o t  be c o n s t a n t  
a c r o s s  t h e  c r o s s - s e c t i o n  of t h e  beam due to  l o s s e s  i n  the microwave 
c a v i t y .  However, t h e  " d i s t r i b u t c d  phase s h i f t "  problem may be more 
t r a c t a b l e  w i t h  t h e  two-frequency method. For example, t h e  o f f s e t  due 
t o  d i s t r i b u t e d  c a v i t y  phase van i shes  i f  t h e  shape of t h e  v e l o c i t y  
d i s t r i b u t i o n  i s  t h e  ssine on a l l  t h 2  a tomic t r a j e c t o r i e s  th rough the. 
c a v i t i e s .  Furthermore,  as noted abovz, t h e  d i s t r i b u t e d  phase  s h i f t  
problem is c o n p l e t e l y  e l imina ted  by us ing  superconduct ing  c a v i t i e s .  

We have i n i t i a t e d  an  exper imenta l  prograin aimed at demons t r a t ing  
t h i s  new technique .  We are modifying an  e x i s t i n g  cesium beam t u b e  t o  
o p e r a t e  w i t h  t h i s  new c a v i t y  s t r u c t u r e  and a compatible  e l e c t r o n i c  
system a long  t h e  p r i n c i p l e s  dep ic t ed  i n  F ig .  3 .  

T h i s  problem 
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