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ABSTRACT 

Ton t r a p s  a r e  e x c i t i n g  ~ a n d i d a t e s  as f t l t u r e  p r e c i s i o n  
f r e q u e n c y  s o u r c e s .  Kecent  deve lopmen t s  have  demon- 
s t r a t e d  t h a t  tnerctlry i o n  f r e q u e n c y  s t a n d a r d s  a r e  
c a p a b l e  of a s t a b i l i t y  pe r fo rmance  comparable  t o  
c o m n e r c i a l  ces ium s t a n d a r d s .  Novel  schemes p roposed  
r e c e n t l y  may p r o v e  p r o m i s i n g  f o r  t h e  improvement of  
t h e  f r e q u e n c y  s t a b i l i t y  of  i o n  t r a p s .  I n  t h i s  p a p e r  
w e  w i l l  d i s c u s s  new deve lopmen t s  and p r o s p e c t s  of  
proposed schemes c u r r e n t l y  u n d e r  i n v e s t i g a t i o n  f o r  
the  ach ievemen t  of  t h i s  g o a l .  P o s s i b l e  d i f f i c u l t i e s  
t h a t  new schemes may e n c o u n t e r  w i l l  a l s o  be  d i s c u s s e d .  

I n t r o d u c  t i .on  

S i n c e  1966 when Dehmelt (and co-workers  f i r s t  p roposed  t h e  a p p l i c a t i o n  of 
1 

i on  t r a p s  f o r  the development  of a  f r e q u e n c y  s t a n d a r d  , t h e r e  has 

heen  c o n s i d e r a b l e  e f f o r t  i n  v a r i o u s  l a b o r a t o r i e s  i n  t h e  US and a b r o a d  

t o  a c h i e v e  t h i s  o b j e c t i v e .  Thc i n t r i n s i c  p r o p e r t i e s  o f  t r a p p e d  i o n s ,  

namely ,  t h e i r  i s o l a t i o n  and r e l a t i v e  i n s e n s i t i v i t y  to e n v i r o n m e n t a l  

i n f l u e n c e s ,  makes them i d e a l l y  q u i t e d  f o r  a p p l i c a t i o n  as  a  f r e q u e n c y  

s t a n d a r d .  I o n s  w i t h  a p p r o p r i a t e  e l e c t r o n i c  e n e r g y  1 e v e 1  s t r u c t u r e  nlay 

b e  c o n t a i n e d  f o r  r e l a t i v e l y  l o n g  p e r i o d s  of  t i m e ,  and i n t e r r o g a t e d  

specc roscop ica l1 .y  wit11 l i t t l e  p e r t u r b a t i o n s .  I n  t h i s  way it i s  p o s s i b l e  

t o  u t i l i z e  s u i t a b l e  e l e c t r o n i c  t r n ~ l s i t i o n s  i n  i o n s  t o  e s t a b l i s h  a 

p r e c i s i o n  f r e q u e n c y  s o u r c e .  

The development  of  a  t r a p p e d  i o n  microwave f r e q u e n c y  s t a n d a r d  was f i r s t  
2 

a t t e m p t e d  by Major , who i n v e s t i g a t e d  t h e  f e a s i b i l i t y  of  t h i s  c o n c e p t  
199 

w i t h  HgI I  c o n t a i n e d  i n  an  rf t r a p .  d microwave-opticai l  doub:l.e 
3 

r e s o n a n c e  method was t h e n  u t i l - i z e d  h v  1Iajor and  Werth t o  d e t e r m i n e  t h e  



magnet ic  h y p e r f i n e  spectrum of t h i s  i o n .  S i n c e  t h e n ,  v a r i o u s  accempts 

a t  NBS and H ~ w l e t t  Packard i n  t h e  US, U n i v e r s i t i e s  of Mainz and 

Heide lberg  i n  Germany, and t h e  U n i v e r s i t y  cf Paris-Sud i n  France  have 

been s u c c e s s f u l  i n  de te rmin ing  h y p e r f i n e  s t r u c t u r e  of a  number of i o n  

sys tems w i t h  t h e  u t i l i z a t i o n  of i o n  t r a p s .  While a l l  t h i s  work con- 

t r i b u t e d  b o t h  d i r e c t l y  and i n d i r e c t l y  t o  t h e  development of t r apped  i o n  

f requency  s t a n d a r d s ,  i t  was o n l y  r e c e n t l y  t h a t  Audoin and co-workers i n  

France  c o n s t r u c t e d  an  o p e r a t i o n a l  t r a p p e d  mercury i o n  microwave s t a n d a r d  
4 

and i n v e s t i g a t e d  i t s  performance . 
A t  JPL t h e r e  h a s  been con t inued  i n t e r e s t  i n  t h e  development of advanced 

f requency  s t a n d a r d s  i n  connec t ion  w i t h  v a r i o u s  a p p l i c a t i o n s  i n  naviga-  

t i o n ,  communications, V L B I ,  and o t h e r  r e l a t e d  a r e a s .  A s t u d y  was t h e r e -  

f o r e  i n i t i a t e d  i n  1979 t o  e v a l u a t e  t h e  u s e f u l n e s s  of a  t r a p p e d  i o n  f r e -  

quency s t a n d a r d  i n  meet ing t h e  p r e s e n t  and f u t u r e  requ i rements  f o r  t h e  

a p p l i c a t i o n  mentioned above.  T h i s  s t u d y  r e s u l t e d  i n  t h e  e s t a b l i s h m e n t  

of an e f f o r t ,  p r e s e n t l y  under  way, t o  develop a  t r apped  i o n  microwave 

f requency  s t a n d a r d .  Tn t h i s  paper some s a l i e n t  f  e a t u r c s  of t r apped  i o n  

f requency  s t a n d a r d s  w i l l  be d i s c u s s e d ,  and some a r e a s  which might 

c h a l l e n g e  the  development w i l l  be i d e n t i f i e d .  An a t t e m p t  w i l l  be  made 

t o  i n d i c a t e  p o s s i b l e  approaches  t o  overcome t h e  d i f f i c u l t i e s  and 

f a c i l i t a t e  f u r t h e r  development of t r apped  i-on f requency  s t a n d a r d s .  

JPL Study 

Based  on ou r  s t u d y  a t  JPL, we determined t h a t  t r apped  i o n  f requency  

s t a n d a r d s  o f f e r e d  a unique p o t e n t i a l  f o r  two d i v e r s e  a r e a s  of a p p l i c a -  

t i o n .  Because of t l i c i r  r e l a t i v e l y  small s i z e  and low power consumption,  

t h e  development of a t r a p p e d  i o n  s t a n d a r d  c a p a b l e  of performance sirniLar 

t o  t h a t  of the cesium s t a n d a r d  w i l l  be p a r t i c u l a r l y  u s e f u l  f o r  a p p l i c a -  

t i o n  as on-board s t a n d a r d s  i n  space c r a f t s .  Such a s t a n d a r d  would be 

q u i t e  a t t r a c t i v e  f o r  u s e  i n  t h e  a r e a s  of deep space  n a v i g a t i o n  and com- 

munica t ions ,  as w e l l  a s  o t h e r  n e a r  e a r t h  a p p l i c a t i o n s ,  such as Globa l  

P o s i t i o n i n g  System where a r e l i a b l e ,  h igh  performance on-board c l o c k  i s  



r e q u i r e d .  On t h e  o t h e r  hand, s i n c e  t r a p p e d  i o n  f requency  s t a n d a r d s  

r e p r e s e n t  a v i a b l e  approach f o r  t h e  development of a n  o p t i c a l  f r equency  

s t a n d a r d ,  t h e i r  development f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n  i s  s i g n i f i -  

c a n t  and d e s i r a b l e .  The u l t i m a t e  development of  a mono-ion o s c i l l a t o r  
5 

a s  proposed by Dehmelt , can  p r o v i d e  a  s i g n i f i c a n t  improvcmerit i n  t h e  

c a p a b i l i t y  of c o n v e n t i o n a l  frecjuency s t a n d a r d s  p r e s e n t l y  i n  use ,  

w h i l e  o u r  e l f o r t s  a t  JPL a r e  p r e s e n t l y  aimed a t  t h e  devel.opment of a 

t r a p p e d  i o n  microwave f requency  s t a n d a r d ,  we a r e  a l s o  i n t e r e s t e d  i n  t h e  

i n v e s t i g a t i o n  of c e r t a i n  approaches  t h a t  may a i d  t h e  development of t h e  

t r a p p e d  i o n  o p t i c a l  f r equency  s t a n d a r d .  

Trapped -- Ion Microwave Frequency Standard_ 

The 199  i s o t o p e  of mercury h a s  bccn t h e  most wide ly  used sys tem f o r  t h e  

development of a microwave f requency  s t a n d a r d .  The r e a s o n  f o r  t h e  

p o p u l a r i t y  of t h i s  i o n  sys tem l i c s  on t h e  s imple  h y p e r f i n e  s t r u c t u r e  of 
2 

i t s  S ground s t ra te  ( F  = 0 and I ) ,  t h e  s i z e  of  t h e  s e p a r a t i o n  of t h e  

h y p e r f i n e  l e v e l s  (40.5 GHz) and t h e  r e l a t i v e l y  l a r g e  m a s s  of t h e  mercury 

i o n .  The advan tage  of t h e  s i m p l i c i t y  of t h e  h y p e r f i n e  s t r u c t u r e  i s  

obv ious .  Such a hydrogen l ike  s t r u c t u r e  i m p l i e s  t h e  a t t r a c t i v e  a t t r i h u t c  

of l a r g e  number of i o n s  p a r t i c i p a t i n g  i n  Am = 0 t r a n s i t i o n ,  which has  
F 

the s m a l l e s t  s e n s i t i v i t y  t o  magnet ic  F i e l d  v a r i a t i o n s .  The s i z e  of t h e  

s p l i t t i n g  a t  40 .5  GHz i m p l i e s  a l a r g e  l i n e  0, a n  impor tan t  pa ramete r  f o r  

p r e c i s i o n  f requency  s t a n d a r d  a p p l i c a f i o n s .  F i n a l l y ,  t he  r e l a t i v e l y  l a r g e  

m a s s  of mercury minimizes t l ic  u n d e s i r a b l e  e f f e c t s  of  second o r d e r  

Doppler b roaden ing ,  which s e t s  t h e  l i m i t  of s t a b i l i t y  f o r  t h c  t r apped  

i o n  s t a n d a r d .  

The scheme employed f o r  t h e  u s c  oL rncrcury 1 9 9  i n  p r c v i o u s  works has 

invo lved  u t i l i z a t i o n  of l i g h t  from mercury 202  lamp, which has  an  
0 

emiss ion  l i n e  a t  1942 A .  Because o f  t h e  energy  l e v c l  s t r u c t u r e  of 

202 HgI I ,  t h e  wavelcngth  of t h i s  tr :unsit ion c o i n c i d e s  w i t h  t h e  wave-  

l e n g t h  r e q u i r e d  Lo pump 'S (F = 1) t o  'P  rans sit ion of t h e  i s o t o p e  
1 / 2 112  

199 i on .  The o p t i c a l l y  e x c i t e d  Hg 199  i o n s  decay from t h e  s t a t e  



i n t o  b o t h  t h e  F = 0 and F = 1 h y p e r f i n e  l e v e l s .  Thus, i n  a double  

resonance  scheme s i m i l a r  t o  t h a t  employed i n  t h e  rubidium c l o c k ,  i t  i s  

p o s s i b l e  t o  l o c k  a  40.5 GHz s i g n a l  from an  o s c i l l a t o r  t o  t h e  i n t e n s i t y  
2  2  

of t h e  f l u o r e s c e n c e  due t o  t h e  P + S I l 2  
112 

t r a n s i t i o n  and e s t a b l i s h  

a f requency  s t a n d a r d .  T h i s  scheme, however, s u f f e r s  from a n  i n t r i n s i c  
0 

d i f f i c u l t y .  S i n c e  t h e  wavelength  of t h e  pump l i g h t  a t  1942  A i s  t h e  

same a s  t h e  f l u o r e s c e n c e ,  t h e  s c a t t e r i n g  of t h e  pump l i g h t  from t h e  

t r a p  and o t h e r  s u r f a c e s  produces  a l a r g e  background which s e v e r e l y  
2 

degrades  t h e  s i g n a l - t o - n o i s e  r a t i o  . T h i s  c o n d i t i o n  does  n o t  c o n s t i t u t e  

a  d i f f i c u l t y  i n  s t u d i e s  where a l a s e r  can  be  employed f o r  pumping t h e  

o p t i c a l  l e v e l .  But s i n c e  a  s u i t a b l e  l a s e r  w i t h  a l i g h t  o u t p u t  a t  t h e  UV 
0 

wavelength  of 1942 A i s  n o t  a v a i l a b l e  a t  t h e  p r e s e n t  t ime ,  t h i s  d i f f i -  

c u l t y  has impeded t h e  development of a  t r apped  mercury i o n  microwave 

f requency  s t a n d a r d .  

A s  p a r t  of our  i n v e s t i g a t i o n  a t  JPL t o  seek a n  approach f o r  improving 

t h e  s i g n a l - t o - n o i s e  r a t i o ,  we proposed i n  1980 t o  u t i l i z e  a d i f f e r e n t  

pumping scheme w i t h  t h e  
6 

lg9 Hg i o n  . An i n s p e c t i o n  of t h e  energy l e v e l  

d iagram of t h i s  i o n  i n d i c a t e d  t h a t  a two photon pumping scheme could  be 

u t i l i z e d  t o  pump t h e  2~ (F = 1 )  -+ t r a n s i t i o n  (F ig .  1 ) .  I n  t h e  
1 / 2  2  

c a s e  of t h e  mercury i o n ,  the  decay of t h e  "forbidden" D g I 2  s t a t e  t o  t h e  
7 
I 

ground s t a t e  was observed p r e v i o u s l y  i n  t h e  l i t e r a t u r e  w i t h  a r e l a t i v e l y  

s t r o n g  emiss ion  a t  2815 i. We proposed t o  u t i l i z e  t h e  l i g h t  from a 

s i n g l e  mode dye l a s e r  a t  5630 t o  pump t h e  2~ (P = 1 )  + 2~ 
8 112 5 / 2  

t r a n s i t i o n  v i a  two photons  . The f l u o r e s c e n t  l i g h t  a t  2815 cou ld  

t h e n  be d e t e c t e d  wi thou t  a background c o n t r i b u t i o n  from t h e  pump l i g h t .  

The r e s u l t  would be  a s i g n i f i c a n t  improvement of t h e  s i g n a l  t o  n o i s e  
9  

r a t i o .  T h i s  approach w a s  a l s o  proposed by Wineland , i n  a p r e s e n t a t i o n  

g iven  a t  t h e  1981  Frequency C o n t r o l  Symposium, i n  c o n n e c t i o n  w i t h  t h e  

development of an o p t i c a l  f requency  s t a n d a r d ,  based on a p r e v i o u s  
1 0  

t h e o r e t i c a l  s t u d y  a t  J I L A  . 
While t h i s  l a s e r  induced two photon pumping scheme w i t h  lg9 could 

s i g n i f i c a n t l y  c o n t r i b u t e  t o  an  e x p e r i m e n t a l  d e t e r m i n a t i o n  of t h e  



performance c a p a b i l i t y  of t h e  t r a p p e d  mercury i o n  microwave s t a n d a r d ,  it  

i s  obv ious  t h a t  i t s  u s e f u l n e s s  i s  l i m i t e d  t o  t h a t  of a l a b o r a t o r y  d e v i c e .  

The r e q u i r e d  dye l a s e r  sys tem makes i t  i m p r i l c t i r a l  for space-borne,  a s  

we l l  a s  ground based a p p l i c a t i o n s ,  r e q u i r i n g  a long l e r m  r e l i a b l e  p e r -  

formance.  We have t h e r e f o r e  pursued ,  i n  p a r a l l e l  w i t h  t h e  s t u d y  of t h i s  

scheme, an e f f o r t  t o  d e s i g n  improved o p t i c s  f o r  t h e  d e t e c t i o n  of t h e  

f l u o r e s c e n c e  s ignal .  wh ich  would e n h a ~ ~ c e  t h e  s i g n a l - t o - n o i s e  i n  t h e  con- 
4 

v e n t i o n a l  pumping scheme. In t h e  d e s i g n  of J a r d i n o  e t  a 1  a  s i g n a l - t o -  

n o i s e  r a t i o  of abou t  10 t o  one was r e p o r t e d .  We have des igned  an 

o p t i c a l  d e t e c t i o n  system which we b e l i e v e  can i ~ n p r o v e  t h e i r  v a l u e  by a  

f a c t o r  of  10. Ihe  d e t a i l s  of t h i s  d e s i g n ,  p r e s e n t l y  under c o n s t r u c t i o n ,  

w j  11 be p u b l i s l ~ e d  a f t e r  t h c  r e q u i r e d  i e s  t s  a r c  concluded.  W i t 1 1  t h i s  

improvement we shou ld  bc a b l e  t o  o b t a i n  a  s a t i s f a c t o r y  level  of perform- 

a n c e ,  and s t i l l  u s e  a  conve~l t ioxla l  mercury i o n  light s o u r c e .  W e  a l s o  

determined t h a t  t h e  s u c c c s s  of such a d e v i c e  would depend on a re l iab1.e  

o p e r a t i o n  of the mercury i o n  lamp. P r e s e n t l y  we a r e  engaged i n  e f f o r t s  
I aimed a t  t h e  improved o p e r ~ t i o n a l  L i re  of mercury i o n  lamps; we bel ieve .  

t h a t  i t  i s  p o s s i b l e  t o  extcrld t h e  o p e r a t i o n a l  l i f e  of t h e  lamp by a  

f a c t o r  of 5 ,  through 2 c a r c f u l  determination of  t h e  r e l e v a n t  pararnc-ters. 
I 

F i n a l l y ,  ment ion sl lould bc made of t h e  c h o i c e  of a n  a p p r o p r i a t e  t r a p .  

The u s e  of a n  rf t r a p  a s  opposed t o  a  Penning t r a p  i s  p e r t i n e n t  f o r  t h i s  

p a r t i c u l a r  a p p l i c a t i o n  because  r f  t r a p s  e l i r n i n a t c  the  need f o r  a m,lgnet 

w i t h  v e r y  h i g h  s t a b i l i t y ,  as r e q u i r e d  by Penning t r a p s .  The i n f l u e n c e  

of r f  h e a t i n g  however i s  an  u n d e s i r a b l e  f e a t u r e  i n  t h e  t r a d e  o f f .  

Recent s t u d i e s  i n v o l v i n g  t h e  use  o f  a  b u f f e r  gas  f o r  c o o l i n g  t h e  

t r a p p e d  i o n s  appear  q u i t e  p romis ing ,  I n  p a r t i c u l a r ,  Srhaaf  e t  a1 
+ 

have ach ieved  a f a c t o r  of 3 reduc t io i l  i11 t h e  t c m p e r a t u r c  oT Ba i o n s  
11 

s t o r e d  i n  an rf t r a p ,  th rough  c o l l i s i o n s  w i t h  a h e l i ~ ~ m  b u f f e r  . 
Based on t h e  above c o n s i d e r a t i o n ,  t h e  development of .A t r a p p e d  mercury 

i o n  microwave s t a n d a r d  s u i t a b l e  f o r  space  a p p l i c a t i o n s  a p p e a r s  q u i t e  

f e a s i b l e .  



O p t i c a l  Frequency S tandard  

The development of an o p t i c a l  f requency  s t a n d a r d  i s  expec ted  t o  make 

t h e  achievement of s t a b i l i t i e s  of n p a r t  i n  1018 and h i g h e r  p o s s i b l e .  
12 

Present3.y e f f o r t s  t o  develop c r y o g e n i c  hydrogen masers  and super-  

conduc t ing  c a v i t y  s t a b i l i z e d  o s c i l l a t o r s  are a l s o  aimed a t  t h e  s a m e  

o b j e c t i v e .  O p t i c a l  f requency  s t a n d a r d s  u t i l i z i n g  T e r a h e r t z  f r e q u e n c i e s  

and ex t remely  h i g h  l i n e  Q's a r e  p a r t i c u l a r l y  promising f o r  t h e  develop-  

ment of u l t r a - s t a b l e  f requency  s t a n d a r d s .  A p p l i c a t i o n  of i o n  t r a p s  i n  

t h i s  a r e a  can  g r e a t l y  a i d  t h e  s t u d y  of r e l e v a n t  c o n c e p t s  f o r  t h e  r e a l i z a -  

t i o n  of t h i s  g o a l .  In p a r t i c u l a r  Dehmel t ' s  proposed mono-ion o s c i l l a t o r  

u t i l i z i n g  o p t i c a l  t r a n s i t i o n s  of a s i n g l e  i o n  conf ined  i n  an  r f  t r a p  

seems t o  ho ld  c o n s i d e r a b l e  promise.  Because of i t s  s t a t e  of complete  

rest, t h e  s i n g l e  i o n  may be  s h i e l d e d  a lmost  t o t a l l y  from i n t e r a c t i o n  

w i t h  t h e  environment.  With t h e  a p p l i c a t i o n  of minute  l a s e r  powers and 

s u i t a b l e  photon d e t e c t i o n ,  t h i s  d e v i c e  could  have t h e  c a p a b i l i t y  of 
I. 8 

producing s t a b i l i t i e s  i n  t h e  range of p a r t s  i n  1 0  . 
2 

The t r a n s i t i o n  of mercury i o n  w i t h  a c a l c u l a t e d  l i f e t i m e  of 0 . 1  s 

and 1 0  Hz l i n e  wid th  i s  a l s o  a  promising c a n d i d a t e  i n  o p t i c a l  f requency  

a p p l i c a t i o n s .  With a two photon pumping of t h i s  l e v e l  from t h e  ground 

s ta te  w i t h  coun te r -p ropaga t ing  l a s e r  beams, t h e  f i r s t  o r d e r  Doppler 

e f f e c t  w i l l  be comple te ly  e l i m i n a t e d .  There a r e  however some d i f f i c u l -  

t i e s  t h a t  are a n t i c i p a t e d  w i t h  t h i s  scheme. F i r s t ,  as mentioned b e f o r e ,  

t he  problem of t h e  second o r d e r  Doppler s h i f t  p roves  an o b s t a c l e  i f  an 

r f  t r a p  i s  used.  With a Penning t r a p ,  t h e  i o n s  may be  coo led  t o  v e r y  
1 3  

low t e m p e r a t u r e s ,  a s  demonstra ted a t  NBS , and t h u s  t h e  second o r d e r  

Doppler may be e s s e n t i a l l y  e l i m i n a t e d .  There  c o u l d ,  however, be a l i n e  

broadening e f f e c t  due t o  t h e  quadrupole  p e r t u r b a t i o n  of t h e  s t a t i c  

e l e c t r i c  f i e l d  of t h e  Penning t r a p  on t h e  i o n s .  Second, t h e  e f f e c t  of 

t h e  q u a d r a t i c  S t a r k  s h i f t  a s s o c i a t e d  w i t h  t h e  two photon pumping shou ld  

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

i n t e n s i t y  may be r e q u i r e d  f o r  t h e  two photon pumping of t h i s  magnet ic  

quadrupole  t r a n s i t i o n .  N e v e r t h e l e s s  i t  is  expected t h a t  an e f f o r t  



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

t h e  p o s s i b i l i t y  of  pumping a na r row m e t a s t a b l e  s t a t e  t o  b e  u s e d  i n  t h e  

development  of  a n  o p t i c a l  f r e q u e n c y  s t a n d a r d ,  o r  i n  a p p l i c a t i o n s  where  

s o l i d  s t a t e  lasers  c o u l d  h e  used  t o  r e p l a c e  c o n v e n t i o n a l  pump l i g h t s .  

Recen t  r e s u l t s  from v a r i o u s  1 , l h o r a t o r i e s  have  c l e a r l y  demol l s t r a t ed  t h e  

p o t e n t i a l  of  i o n  t r a p s  as p r e c i s i o n  I r e q u e n c y  s t a n d a r d s .  N e v e r t h e l e s s  

c o n s i d e r a b l e  work r ema ins  t o  b e  done b e f o r e  t h e  f u l l  p o t e n t i a l  of  s u c h  

d e v i c e s  c o u l d  b e  r e a l i z e d .  With r e s p e c t  t o  microwave f r e q u e n c y  

s t a n d a r d s ,  t h e  c o n c e p t  d e m o n s t r a t i o n  phase  i s  a l r e a d y  comple t e .  and a 
4 

working  u n i t  has been c o n s t r u c t e d  . 'I'here i s  howevcr c o n s i d e r a b l e  

room f o r  improvement w i t h  r e g a r d  t o  t h e  s i g n a l  t o  n o i s e  problem.  The 

40 GHz microwave f r e q u e n c y  i m p l i e s  t h a t  a c a r c f u l  d e s i g n  s h o u l d  be 

implemented t o  e n s u r e  t h e  e l i m i n a t i o n  of t h e  unwanted s i d e  bands  i n  t h e  

microwave pump s i g n a l .  The deve l  opment of a 1 ong l i f e ,  h i g h  pe r fo rmance  

l i g h t  s o u r c e  t o  b e  used  i n  a t r a p p e d  mercu ry  i o n  microwave s t a n d a r d  

r e q u i r e s  a t t e n t i o n .  F i n a l l y ,  t h e  l o n g  t e r m  pe r fo rmance  of  a t r a p p e d  

mercu ry  i o n  microwave s t a n d a r d  i s  y e t  t o  be  i n v e s t i g a t e d .  T h i s  i s  a  

n e c e s s a r y  s t e p  s i n c e  such  devj .ces a r e  e x p e c t e d  t o  have  h i g h  s t a b i l i t i e s  

f o r  l o n g  a v e r a g i n g  i n t e r v a l s .  

While newly p roposed  two pl-loton pumping s c h c ~ n e s  i n  c o n j u n c t i o n  w i t 1 1  

mercu ry  i o n s  prnrrlise e x c i t i n g  clevelopments f o r  b o t h  mj.crowave and 

o p t i c a l  f r e q u e n c y  s t a n d a r d s ,  i t  would h c  u s e f u l  t o  c a r r y  o u t  i n v c s t i g a -  
1.4 t i o n s  wit11 o t h c r  i o n s  t h a t  may he p o t e n t i a l  c a n d i d a t e s  t o  e v a l u a t e  

t h e i r  u s e f u l n e s s  f o r  t h i s  a p p l i c a t i o n .  TI-ic coriccpt  01 t r a p p e d  i o n  

f r e q u e n c y  s t a n d a r d s  lias come a long way s i n c e  t h e  e a r l y  work of  Ma jo r ;  

y e t  we may e x p e c t  t o  s c c  c x c i t i n g  new deve lopmen t s  i n  n o t  t o o  d i . s t a n t  

a f u t u r e .  
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QUESTIONS AND ANSWERS 

RELATIVE TO PAPERS: 28, 29, 30, & 31 

PROFESSOR ALLEY: 

You a l l u d e d  t o  a new o p t i c a l  d e t e c t i o n  scheme, b u t  you d i d  n o t  say 
what i t  was. 

MR. MALEKI: 

T h a t ' s  r i g h t .  

PROFESSOR ALLEY: 

Can you say something. 

MR. MALEKI : 

Well ,  e s s e n t i a l l y  i t  i s  n o t h i n g  dramat ic .  What we are t a l k i n g  
about  i s  s i t t i n g  down and de te rmin ing  p r e c i s e l y  t h e  p roper  para-  
meters.  And determin ing,  i n  p a r t i c u l a r ,  t h e  p roper  components, 
o p t i c a l  components. I t h i n k  we can do t h a t .  

L i k e  I said,  ou r  models show t h a t .  Th is ,  as I expla ined,  i s  
r i g h t  now being b u i l t .  And I b e l i e v e  we are going t o  have some 
da ta  i n  t h e  n o t  t o o  d i s t a n t  f u t u r e  a t  which t ime, then, you w i l l  
g e t  a l l  t h e  d e t a i l s .  

PROFESSOR ALLEY: 

Thank you. 

May I ask another  ques t i on  of Len C u t l e r ?  Len, have you t r i e d  
c o h e r e n t l y  phased RF pu lses  i n  some s o r t  o f  power o f  two pu lse,  o r  
something l i k e  t h a t ,  t o  s h i f t  popu la t i ons?  

DR. CUTLER: 

No, we haven ' t ,  C a r r o l l .  We've thought  o f  t h i s .  The l i f e t i m e  i n  
t h e  t r a p  i s  c e r t a i n l y  l o n g  enough. There 's  no problem the re .  B u t  
t h e r e  a r e  o t h e r  r e l a x a t i o n s .  For example, i f  you have he l ium pre-  
sent  t h e r e  a r e  r e l a x a t i o n s  caused by t h a t .  So we haven ' t  a c t u a l l y  
t r i e d  it. 



PROFESSOR ALLEY: 

Thank you. 

Could I address one more question, Bob, please to Dr. Wineland? 

What is the type o f  laser that you are now using, the whole 
scheme, to do your laser cooling? 

DR. WINELAND: 

The experiments we 've  done so far, both on magnesium and beryllium, 
but those aren't very good frequency standard candidates. The 
reason is that we can drive the optical transitions with doubled 
dye-lasers. 

The scheme we're working on to do mercury is fairly compl i -  
ca ted ,  but looks feasible for the low powers that we need. That 
is where we double an argon laser and m i x  the output o f  that with 
a dye-laser to get 194 nanometers. But we haven't realized that 
source yet. 

PROFESSOR ALLEY: 

It's all CW? 

DR. WINELAND: 

It's all CW. 

PROFESSOR ALLEY: 

You haven't tried any short pulse in t h e  doubling? 

DR. WINELAND: 

Well, the problem there is to do the laser cooling we basically 
want a laser line which is less than the optical transition line. 
And it's not inconceivable you could do that with lasers. But then 
the problem i s  that the repetition rate of lasers, pulse lasers, is 
just too short to do effective laser cooling. 

So we really want it to be CW. 

DR. HARRY WANG, Hughes Research Laboratory 

I'm just addressing my question to Len or Dave. Vy question i s  
can you eliminate the ion pumps -- the vacuum pumps from your 
standard? You know, in view of the realization you might increase 



in closed system. What i s  the possibi l i ty  for  a closed ion stan- 
dard so tha t  you can eliminate ion pumps? And what i s  the price 
you have t o  pay for  such a system? 

DR. CUTLER: 

I think i t  i s  possible to  have a closed system. All o f  the compon- 
ents  that  go inside a re  such tha t  you can bake out a t  a very high 
temperature, and get a very good vacuum. 

Fortunately, in the system that  we have bui l t  so f a r  we had a 
seal break. And so  the vacuum deteriorated as a resu l t  of that .  
B u t  t h a t ' s  not a fundamental problem. 

So I t h i n k  i t ' s  possible t o  have a closed system. You may 
very we1 1 want to  have an ion pump present, though, i f  you are 
going to  use viscous drag cooling with a gas to  control the pres- 
sure of this gas. 

The mercury i s  very we1 1 1 imited by a. number of materials. 
For example, i f  you have a l o t  of copper around, the mercury s t icks 
to  the copper very well. So the background pressure of mercury i s  
not much of a problem. 

DR. VESSOT: 

I think we'll eat  into our coffee break for  another one or two 
minutes. 

DR. JOHN V I G ,  U.S. Army Electronics Technology & Devices Lab 

Len Cutler gave some projections of s t a b i l i t y  and accuracy of a 
commercial standard. I wonder i f  you have some other projections, 
such as s ize,  power consumption, re la t ive  cost,  and the probability 
that  we might see a commercial standard, say, in f ive years? 

DR. CUTLER: 

Okay. Tackling the l a s t  one f i r s t .  I think i t  i s  possible barring 
some unfortunate, unforeseen, real l y  bad thing that  would prevent 
i t ,  t ha t  we will see something within, say, f ive years. 

As f a r  as  s ize  and weight are  concerned, I think i t ' s  en t i re ly  
possible to  p u t  a complete standard inside a box t h a t ' s  roughly the 
same size as  a commercial cesium box. 

Weight could possibly be a l i t t l e  b i t  l ess  than cesium. 



Power consumption; i t  we use an KI- excited lamp, mercury 202 
lamp, probably wi 11 be somewhat higher than cesium, j u s t  because 
of the  lamp power. 

I would suspect t h a t  cos t s  could be about comparable with 
cesium. 

And expect the performance t o  be considerably improved a s  the 
numbers I talked about e a r l i e r .  

DR. WINELAND: 

Well, I  have a comment and a question fo r  Lou Maleki. 

F i r s t  of a l l ,  I don ' t  think the signal to background problem 
has t o  r e a l l y  be a problem. Jus t  as an example, in some of the 
experiments we're d o i n g  now on beryllium on a few hundred ions we 
see a signal t o  background of about 1,000. So good optical  f i l t e r -  
ing, and so on, i t  doesn ' t  have t o  be a problem. 

The question i s  what do you think the principal uses f o r  an 
opt ica l  frequency standard wil l  be? 

MR. MALEKI: 

The f i r s t  comment i s  half t r ue ,  i n  the sense t ha t  the signal t o  
background problem t h a t  I 'm ta lk ing about i s  one t ha t  Major has 
had t o  deal with and Giardino has had t o  deal with. 

I suspect some of the  chopping scheme tha t  Len i s  using i s  t o  
circumvent t h a t  problem. 

The second thing as t o  what i t  i s  going t o  be good fo r .  Well, 
I was hoping you would t e l l  me t ha t  yourself .  B u t  I  could a t  l e a s t  
mention t ha t  some of the  experiments, regular  science experiments 
t h a t  they a r e  ta lk ing about they a r e  in teres ted in very high s ta -  
b i l  i t y .  

I t  turns  out t ha t  applicat ion of the quantum nondemolition 
schemes t h a t  are going t o  be used, gravity waves, makes i t  useful 
in the fu tu re  -- now by fu tu re  I -- may be beyond my l i f e  time -- 
b u t  in the  fu tu re  t o  use frequency standards upwards of 10 t o  the 
minus 2 1 .  

B u t ,  f i n a l l y ,  i t  i s  the challenge o f  i t .  I mean i t  i s  there .  
And you have t o  get there. I thought t ha t  was the dr ive  t ha t  NBS 
needed. 




