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ABSTRACT 

The l i m i t s  t o  accuracy and long-term s t a b i l i t y  i n  

present  atomic c locks  are examined. I n  order  t o  achieve 

a s i g n i f i c a n t  increase i n  performance, i t appears t h a t  

t h e  l i m i t a t i o n s  must be at tacked on a fundamental l e v e l .  

For instance,  t h e  problem o f  res idua l  f i r s t - o r d e r  and 

second-order Doppler s h i f t s  has f o r  many years been 

approached by asking how we can b e t t e r  measure these 

s h i f t s .  A more fundamental approach might be t o  ask how 

we can s i g n i f i c a n t l y  lower t h e  v e l o c i t y  o f  t h e  atoms. 

An at tempt w i l l  be made t o  p u t  recen t  proposals f o r  new 

frequency standards i n t o  perspect ive.  The advantages 

and disadvantages o f  frequency standards based on such 

ideas as l a s e r  t r a n s i t i o n s ,  s i n g l e  atoms, and atom 

c o o l i n g  are  examined. I n  add i t i on ,  t h e  a p p l i c a b i l i t y  o f  

some o f  these new techniques t o  e x i s t i n g  standards i s  

discussed. 

*Supported i n  p a r t  by t h e  A i r  Force O f f i c e  o f  S c i e n t i f i c  

Research. 



INTRODUCTION 

Th is  paper at tempts t o  answer t h e  quest ion:  "What new ideas can 

l e a d  t o  fundamental improvements i n  atomic frequency standards?" 

Since my answer c a n ' t  be t o t a l l y  o b j e c t i v e ,  what f o l l ows  i s  vu lner -  

a b l e  t o  c r i t i c i s m ;  never theless,  i t  w i l l  be use fu l  t o  examine some 

o f  these new ideas and speculate on what they  migh t  l ead  to .  

Th i s  paper i s  not a survey o f  a l l  new ideas f o r  frequency stan- 

dards; r a t h e r ,  some o f  these new ideas a re  used as examples t o  

i l l u s t r a t e  general areas i n  which fundamental problems migh t  be 

attacked. Also, one w i l l  n o t i c e  t h a t  t he  a p p l i c a t i o n  o f  some o f  

these ideas are i m p r a c t i c a l  a t  t he  present  t ime  f o r  a  f i e l d  usable 

standard, b u t  most cou ld  be r e a l i z e d  i n  a  l abo ra to ry  so t h a t  they 

may have more immediate a p p l i c a t i o n  t o  a  "pr imary" standard. 

To make t h e  problem somewhat more t r a c t a b l e ,  it w i l l  be assumed 

t h a t  t h e  impor tan t  ques t ion  t o  ask i s  how t o  improve accuracy and 

t h a t  t he  improved long- term s t a b i l i t y  w i l l  n a t u r a l l y  f o l l o w  i f  the  

accuracy can be improved. I contend t h a t  t h i s  i s  gene ra l l y  t r u e  

i f  no t  pushed t o o  f a r ;  f o r  example, i f  a  way were found t o  d r a s t i -  

c a l l y  reduce w a l l  s h i f t ,  s p i n  exchange s h i f t ,  second-order Doppler 

s h i f t ,  e tc .  i n  t h e  H-maser then the  f l u c t u a t i o n s  o f  these e f f e c t s  

(which l i m i t  long-term s t a b i l i t y )  w i l l  a l s o  be reduced. We must 

a l s o  o f  course assume t h a t  we can improve the  s igna l - to -no ise  

so t h a t  t h e  a n t i c i p a t e d  accuracy increase can be measured i n  a  

reasonable l e n g t h  o f  t ime. 

I n  any case, t h e  approach w i l l  be t o  ask n o t  how we can b e t t e r  

I measure those e f f e c t s  i n  atomic c locks  which l i m i t  t h e i r  accuracy 

and long-term s t a b i l i t y ,  b u t  how we can ge t  r i d  o f  them. 



L a t e r  we w i l l  b r i e f l y  ask what new ideas are l i k e l y  t o  improve 

atomic c locks  based on hydrogen, rubid ium and cesium. More impor- 

t a n t l y ,  i t  w i l l  be i n t e r e s t i n g  t o  l ook  a t  o the r  ideas f o r  "atomic" 

c locks.  F i r s t ,  however, i t  i s  use fu l  t o  reexamine the  ground 

ru les- that  i s ,  what fea tures  do we r e a l l y  want i n  a frequency 

standard? 

BASICS OF ATOMIC FREQUENCY STANDARDS 

The requirements fo r  making a good frequency standard a r e  f a i r l y  
Dl. simple . 

(1) it must be reproducib le,  and 

(2) i t  must be "reasonably usable," i n  t h e  sense t h a t  i t  should 

have an output  frequency e a s i l y  used i n  measurements. 

The f i r s t  requirement imp l i es  t h a t  b u l k  devices (such as qua r t z  

c r y s t a l  resonators,  macroscopic r i g i d  r o t o r s ,  o r  superconducting 

c a v i t y  o s c i l l a t o r s )  a re  undesirable, because the  frequency depends 

on parameters, such as s ize ,  t h a t  are d i f f i c u l t  t o  con t ro l .  This  

shortcoming does not ,  however, r u l e  ou t  t h e  use o f  these devices 

as c a l i b r a t e d  " f l ywhee ls"  ( i .e . ,  f r e e  running, s t a b l e  c locks) .  

Atomic ( o r  molecular)  resonances prov ide  t h e  necessary reproduci -  

b i l i t y ;  one der ives  a "standard" frequency v i n  terms o f  t h e  
0 

energy d i f f e r e n c e  between two s ta tes  o f  the  atom w i t h  energies El 
and E2 by t h e  r e l a t i o n  hvo = E2 - E, where h i s  P lanck 's  constant.  

To ensure r e p r o d u c i b i l i t y  between d i f f e r e n t  observat ions,  the  

measured frequency i s  u s u a l l y  r e f e r r e d  t o  t h e  value t h a t  would be 

obta ined i n  f r e e  space; consequently, var ious co r rec t i ons  are 

necessary t o  take  account o f  environmental f ac to rs ,  such as mag- 

n e t i c  f i e l d s .  The problem then reduces t o  c o r r e c t i n g  f o r  t h e  



var ious pe r tu rba t i ons  t o  t h e  measured frequency. Our t a s k  i n  t h i s  

paper i s  t o  ask how we can s i g n i f i c a n t l y  reduce ( o r  adequately 

reso lve)  these per tu rbat ions .  

O f  course, pe r tu rba t i ons  a t  some l e v e l  w i l l  always e x i s t  so we 
- 

w i l l  a l s o  ask how we can reduce t h e i r  in f luence.  I n  many cases, 

t h e  pe r tu rba t i ons  t o  the  measured resonance frequency are propor- 

t i o n a l  t o  Q-I where Q = v /Av, and Av i s  the  w id th  ( i n  frequency 
0 

u n i t s )  o f  the  energy d i f f e r e n c e  measured a t  t h e  h a l f  power po in t s ;  

t he re fo re  a  h igh  Q i s  des i rab le .  Also, a l l  measurements are  

l i m i t e d  i n  p r e c i s i o n  by var ious  sources o f  noise. The f r a c t i o n a l  

frequency s t a b i l i t y  a (r) r e l a t e s  t o  Q and s igna l - to -no ise  by 
Y  

where S / N ( r )  i s  t h e  s igna l - to -no ise  r a t i o  as a  f u n c t i o n  o f  aver- 

aging t ime r .  

S a t i s f y i n g  the  second requirement depends on techno log ica l  l i m i t a -  

t i o n s  and may r u l e  ou t  some i n t e r e s t i n g  frequency-standard poss i -  

b i l i t i e s .  The output  o f  the  device ( i . e . ,  t h e  opera t ing  frequency) 

must be convenient f o r  general app l i ca t i on .  A t  the  present  t ime, 

t h i s  r u l e s  ou t  f o r  example, the  use o f  c e r t a i n  t r a n s i t i o n s  t h a t  

can be observed a t  very h igh  frequencies such as those i n  nuc le i .  

Although the  Q o f  these Mossbauer t r a n s i t i o n s  can be as h igh  as 

10l~,[~' they are  no t  genera l l y  usable because n e i t h e r  frequency 

nor  wavelengths can be accura te ly  measured i n  the  gamma-ray region.  

I n  general,  we can say t h a t  i f  we have a  frequency standard which 

operates a t  a  frequency vo, we must be ab le  t o  d i v i d e  t h i s  frequen- 

cy down ( o r  m u l t i p l y  up a  reference o s c i l l a t o r  f o r  comparison) i n  

order  t o  use t h e  standard as a  c lock  - t h a t  i s ,  p rov ide  t i m i n g  



s igna ls .  (We note however, t h a t  t he  use o f  t he  standard as a c l o c k  

i s  no t  needed i n  some app l i ca t i ons ;  f o r  example, t he  g r a v i t a t i o n a l  

r e d  s h i f t  was f i r s t  measured in tercompar ing the  f requencies o f  two 

s p a t i a l l y  separated samples us ing  Mossbauer t r a n s i t i o n s .  [a) 

We can summarize our c r i ' t e r i a  f o r  a good general  frequency stan- 

dard as: 

(a) S/N la rge .  

(b) Q large.  

(c) Small pe r tu rba t i ons  t o  t he  frequency. 

(d) Must be ab le  t o  measure frequency. 

REALIZATION OF THE CRITERIA 

We, o f  course, q u i c k l y  l e a r n  t h a t  i t i s  n o t  easy t o  s a t i s f y  a l l  

these c r i t e r i a  s imul taneously .  Some o f  t h e  reasons f o r  t h i s  a re  

fundamental, some are p r a c t i c a l .  

The r e s o l u t i o n  and Q i s  fundamental ly l i m i t e d  by the  Heisenberg-  

unce r ta in t y  r e l a t i o n  on t ime and energy: 

Thus, f o r  a s i n g l e  atom, i f  we have a t ime A t  t o  measure t h e  

energy- level  d i f f e r e n c e  E2 - El, t he  measurement w i l l  be unce r ta in  

by a t  l e a s t  an amount AE. S p e c i f i c a l l y ,  A t  may a r i s e  from the  

t ime  o f  f l i g h t  ( t r a n s i t  t ime)  o f  an atom through t h e  apparatus, o r  

f rom the  l i f e t i m e  o f  t he  atom i n  one o r  bo th  o f  i t s  energy s tates.  



The u n c e r t a i n t y  r e l a t i o n  y i e l d s  a f r a c t i o n a l  u n c e r t a i n t y  i n  energy 

o f  AE/(E, - E,) = Q - l .  We can, o f  course, make AE small by making 

A t  large;  t h i s  may be accomplished by s lowing down t h e  atoms as 

much as poss ib le  o r  by c o n f i n i n g  them. Un fo r tuna te l y ,  t he  process 

o f  confinement causes pe r tu rba t i ons  such as t h e  w a l l  s h i f t  i n  t h e  

H-maser and b u f f e r  gas s h i f t s  as i n  t he  Rb frequency standard. 

Also, t he re  i s  o f t e n  a t r a d e - o f f  between s igna l - to -no ise  and Q. 
Extremely h igh  Q does no t  guarantee a good frequency standard 

because, i f  t h e  s igna l - t o -no i se  r a t i o  i s  smal l ,  i t  may take  an 

imprac t i ca l  l e n g t h  o f  t ime t o  r e a l i z e  the  accuracy. Conversely, 

we can increase S/N a t  t h e  expense o f  Q ,  as i n  gas c e l l  standards, 

where S/N can be increased by i nc reas ing  number, b u t  we a l s o  

increase pe r tu rba t i ons  due t o  atom-atom c o l l i s i o n s .  

An impor tan t  category o f  pe r tu rba t i ons  which e x i s t s  i n  a l l  frequen- 

cy  standards t o  va ry ing  degrees i s  t h a t  o f  Doppler s h i f t s .  Doppler 

e f f e c t s  are r e l a t e d  t o  t h e  p a r t i c u l a r  method o f  confinement. They 

represent  perhaps t h e  most impor tan t  problem l i m i t i n g  t h e  accuracy 

and r e s o l u t i o n  o f  e x i s t i n g  o r  proposed frequency standards. I n  

t he  usual way we can say t h a t  i f  an absorber o f  r a d i a t i o n  moves 

r e l a t i v e  t o  t h e  source, t he  observed resonance frequency i s  s h i f t -  

ed t o  t h e  va lue 

where t h e  v e l o c i t y  ; and wave vec to r  2 are  measured r e l a t i v e  t o  

t he  source and M i s  t h e  atomic mass. The f i r s t - o r d e r  Doppler 

s h i f t  (z.;), t he  "second-order" Doppler s h i f t ,  ( ( V / C ) ~ )  and t h e  

r e c o i l  s h i f t  ( the  l a s t  term) can be understood i n  terms o f  conser- 

v a t i o n  o f  energy and momentum i n  t he  absorp t ion  process. The 



so-ca l led  "second-order" Doppler s h i f t  i s  merely the  r e l a t i v i s t i c  

t i m e - d i l a t i o n  f a c t o r  r e s u l t i n g  from the  movement o f  t h e  atom 

r e l a t i v e  t o  t h e  apparatus. I t s  e f f e c t  i s  small b u t  important ,  

p a r t i c u l a r l y  i f  we are t a l k i n g  about improving the  s t a t e  o f  the  

a r t .  We can descr ibe the  f i r s t - o r d e r  s h i f t  i n  terms o f  t ime 

dependence of a p lane electromagnetic wave as seen by an atom. We 

have f o r  the  e l e c t r i c  f i e l d  

+ 
I Z(x, t )  = Zo s i n  (1 . x - ut + 0) 

where i s  t h e  atom p o s i t i o n ,  1 i s  t h e  f i e l d  wave vec to r  

( l e t o  = 0), and g i s  an a r b i t r a r y  phase f a c t o r .  I f ;  = ;xt then 

+ t(t) = to s i n  [(X - vx - w) t  + $1 

and t h e  p a r t i c l e  sees a s i n u s o i d a l l y  va ry ing  f i e l d  o f  frequency 
+ 

w' = w - 1 - v I f  uncompensated, the  r e s u l t  i s  t h e  f a m i l i a r  x' 
Doppler broadening because, t y p i c a l l y ,  the  atoms i n  a sample have 

a Maxwel l ian v e l o c i t y  d i s t r i b u t i o n  lead ing  t o  a d i s t r i b u t i o n  o f  u' 

values. I f  one observes t h e  f u l l  Doppler width,  then the  Q o f  t h e  

t r a n s i t i o n  i s  l i m i t e d  t o  about lo6 f o r  room-temperature samples. 

I f  the  p a r t i c l e  i s  conf ined w i t h i n  dimensions /;I <k- l  ( t he  so- 

c a l l e d  "Dicke regime") C31 the  resonance spectrum has a sharp 

c e n t r a l  f ea tu re  w i t h  na tu ra l  w id th  (Fig. 1). 

Th is  technique i s  o f  course used i n  t h e  H-maser and Rb gas c e l l  

frequency standards and accounts f o r  t h e  n e g l i g i b l e  f i r s t - o r d e r  

Doppler e f f e c t s .  However, t h e  p r i c e  we have p a i d  t o  avo id  the  

f i r s t - o r d e r  Doppler e f f e c t  i s  the  frequency s h i f t s  due t o  con- 

f inement ( c o l l i s i o n  s h i f t s ) .  



To avo id  t h e  p e r t u r b i n g  e f f e c t s  o f  confinement, a common approach 

i s  t o  use atomic beams. The most successful  approach t o  avo id  the  

f i r s t - o r d e r  Doppler e f f e c t  i n  t h i s  case i s  t o  make t h e  atoms 

i n t e r a c t  w i t h  the  r a d i a t i o n  i n  two, phase-coherent, s p a t i a l l y  

separated i n t e r a c t i o n  regions. I n  each i n t e r a c t i o n  region,  t h e  
< 

c o n d i t i o n  l-;x~t - 1 i s  satisfied-where W t  i s  now t h e  t r a n s i t  

t ime through one o f  the  i n t e r a c t i o n  regions. However, the  Q i s  

now determined by  the  much longer t r a n s i t  t ime between i n t e r -  

a c t i o n  regions. This- p r i n c i p l e  i s  the  bas i s  o f  Ramsey's separated 

o s c i l l a t o r y  f i e l d  techniqueC4' which i s  used i n  a l l  commercial and 

l abo ra to ry  cesium c locks.  Because i t  uses an atomic beam, t h e  

cesium device i s  f r e e  o f  the  c o n f i n i n g  s h i f t s ,  b u t  s u f f e r s  from 

res idua l  f i r s t - o r d e r  Doppler s h i f t s  due t o  the  presence o f  run- 

ning-wave components i n  t h e  i n t e r a c t i o n  c a v i t i e s .  This  i n a b i l i t y  

t o  o b t a i n  pure standing waves genera l l y  a f f e c t s  a l l  o f  t h e  "sub- 

Doppler" techniques where the re  i s  a n e t  v e l o c i t y  associated w i t h  

t h e  atoms. Thus, we have a t r a d e o f f  between the  confinement 

techniques, which "e l im ina te "  f i r s t - o r d e r  Doppler s h i f t s  b u t  

in t roduce pe r tu rba t i ons  due t o  t h e  confinement, and t h e  " f reei ' -  

atom techniques, which have no confinement p e r t u r b a t i o n  b u t  i n t r o -  

duce Doppler s h i f t s .  Moreover, a1 1 o f  the  techniques, i n c l u d i n g  

. those employing Dicke narrowing, s u f f e r  from t h e  "second-order" 

Doppler s h i f t  because t h e  atoms have a non-zero motion. Thus, i f  

we hope t o  fundamental ly improve the  performance o f  frequency 

standards, we must address t h e  quest ion o f  Doppler s h i f t s .  

PRESENT LIMITS ON COMMON FREQUENCY STANDARDS 

The Hnt f ta t iens-on accuracy and s t a b i l i t y  f o r  present  day frequen- 

cy standards w i l l  be discussed more completely i n  another paper 

f o r  t h i s  meeting by F. L. Wal ls.  However, we b r i e f l y  l i s t  the  

l i m i t a t i o n s  and some poss ib le  cures. 



Beam Devices (Cesium) 

The dominant l i m i t a t i o n  appears t o  be due t o  c a v i t y  phase s h i f t ,  

which i s  a  form o f  res idua l  f i r s t - o r d e r  Doppler e f f e c t .  To f i r s t -  

order  t h i s  e f f e c t  can be measured by reve rs ing  t h e  beam d i r e c t i o n .  

I t  can be n u l l e d  [51 i f  measured p e r i o d i c a l l y ;  however, exact  beam 

r e t r a c e  i s  requ i red .  This  d i f f i c u l t y ,  a long w i t h  the  problem t h a t  

the  phase s h i f t  has a  s p a t i a l  dependence across t h e  c ross-sec t ion  

o f  the  beam, C61 makes i t d i f f i c u l t  t o  deal w i th .  The r e t r a c e  

problem and the  problem o f  a  s p a t i a l l y  d i s t r i b u t e d  phase s h i f t  

are,  i n  p r i n c i p l e ,  e l im ina ted  i f  superconducting c a v i t i e s  are 

used. [71 These problems are s u b s t a n t i a l l y  suppressed i f  an a x i a l -  

l y  symmetric beam o f  small c ross-sec t ion  i s  used, C51 i f  a  two- 

frequency i n t e r r o g a t i o n  method i s  used,[81 o r  i f  o p t i c a l  pumping 

s t a t e  s e l e c t i o n  and de tec t i on  i s  used. Although the  two-f re-  

quency method r e s u l t s  i n  a  degradat ion o f  Q by a  f a c t o r  o f  about 

3, i t  has the  advantage i n  poss ib le  commercial a p p l i c a t i o n  i n  t h a t  

beam reversa l  i s  n o t  requ i red  t o  n u l l  the  phase s h i f t . C 9 1  It 

would seem t h a t  more work needs t o  be invested t o  study these 

types o f  problems; a  testament t o  t h i s  i s  t h e  as y e t  unexplained 

frequency s h i f t  sometimes observed i n  cesium beam standards when 

the  C f i e l d  i s  reversed. C5,6,10,111 

Gas C e l l  Storage Devices (Hydrogen and Rubidium) 

The fundamental l i m i t a t i o n s  on accuracy appears t o  be due t o  our  

i n a b i l i t y  t o  measure the  confinement s h i f t s  i n  the  devices. For 

hydrogen, one might argue t h a t  the  l i m i t  on long-term s t a b i l i t y  i s  

due t o  c a v i t y  mistuning,  b u t  as t h i s  problem becomes solved by 

spin-exchange t u n i n g  ["' o r  c a v i t y  i n t e r r o g a t i n g  methods, [I3' then 

t h e  problem o f  t h e  w a l l  s h i f t  becomes more important.  The va r ia -  



b l e  volume [14,15,161 or "large boxto techniques are  appealing, 

b u t  have a problem i n  t h a t  the  surfaces f o r  bo th  bu lb  conf igura-  

t i o n s  are  n o t  e x a c t l y  the  same. 

The problems w i t h  t h e  rubid ium b u f f e r  gas standard are  g e n e r i c a l l y  

the  same, a l though i t  s u f f e r s  from incomplete s p a t i a l  averaging. [ I 8 1  

I f  coated c e l l s  are used t o  combat t h i s  problem, [I8] w a l l  s h i f t s  

become important .  The problems associated w i t h  l i g h t  s h i f t s  can 

be at tacked us ing pulsing[191 o r  perhaps diode l a s e r  sources. 

NEW I D E A S  FOR FUNDAMENTAL IMPROVEMENTS 

Th is  sec t i on  attempts t o  h i g h l i g h t  new ideas which may b r i n g  about 

fundamental improvements i n  atomic frequency standards. The 

s e l e c t i o n  o f  t o p i c s  i n  t h i s  sec t i on  i s ,  o f  course, somewhat a r b i -  

t r a r y ,  b u t  h o p e f u l l y  i s  rep resen ta t i ve  o f  those methods which may 

be app l i cab le  i n  t h e  no t - too -d i s tan t  f u tu re .  With some o f  these 

ideas it may be d i f f i c u l t  t o  envisage a p r a c t i c a l  device, l e t  

alone a commercial device; however, i f  one has f a i t h  i n  the  ad- 

vancement o f  t h e  general technology, they may i n  the  f u t u r e  become 

q u i t e  p r a c t i c a l .  

A. Cold Atoms 

The advantage o f  us ing  "co ld"  o r  low v e l o c i t y  atoms has been 

r e a l i z e d  f o r  q u i t e  some time. Not on l y  i s  the  i n t e r a c t i o n  t ime o f  

atoms increased-thereby increas ing  Q i n  a fundamental way, b u t  

t h e  problem o f  second-order and res idua l  f i r s t - o r d e r  Doppler 

s h i f t s  a re  a t tacked i n  a fundamental way. The p o s s i b i l i t y  o f  

us ing  very slow atomic beams was i nves t i ga ted  as e a r l y  as 1953 by 

Zacharias i n  h i s  "Fountain" experiment. [201 1n p r i n c i p l e ,  on l y  



t h e  very slow atoms from an e f f u s i v e  source were se lec ted  by 

g r a v i t y .  Unfor tunate ly ,  the  number o f  slow atoms a v a i l a b l e  was 

too  small t o  be use fu l .  Since t h a t  t ime, var ious attempts have 

been made t o  produce slow atoms, b u t  w i t h  very l i m i t e d  success. 

Some o f  the  more recent  experiments are mentioned here. 

1. Cold Hydrogen: Very recen t l y ,  hydrogen storage devices 

have been operated a t  cryogenic temperatures. [21,22,23,24] 

I n  the  experiments o f  Crampton e t .  a l .  , ["I t h e  storage bu lb  

was coated w i t h  s o l i d  H2 a t  4.2K and a l though t h e i r  exper i -  

ments showed a r a t h e r  l a r g e  phase s h i f t  per  c o l l i s i o n  

( z  - 0.3 rad),  t h i s  work may prove t o  be very  usefu l  i n  

s tud ies  o f  the  general problem. Moreover, a s i m i l a r  device 

might  be used t o  generate a c o l d  beam o f  p o l a r i z e d  atomic 

hydrogen i n  o the r  frequency standard schemes. I n  the  work o f  

Vessot e t . a l . ,  [221 maser o s c i l i a t i o n  was achieved down t o  25K 

and Q ' s  o f  -2 x  l o 9  were observed a t  50K us ing  a sur face o f  

te t raf luoromethane.  Aside from the  reduc t i on  i n  second-order 

Doppler s h i f t s ,  low temperature H-storage devices have t h e  

f o l l o w i n g  poss ib le  advantages: 

a. Thermal no ise  i s  s u b s t a n t i a l l y  reduced. [23,251 

This a f f e c t s  the  i n t r i n s i c  maser s t a b i l i t y  and can a l s o  

reduce t h e  a d d i t i v e  wh i te  phase noise, which i s  ex terna l  

t o  t h e  maser. 

b. Spin exchange c o l l i s i o n  r a t e s  are reduced by about 

two orders o f  magnitude. C23'251 Hence, the  maser cou ld  

operate w i t h  h igher  l i n e  Q a t  increased f l u x .  A t  h igher  

f l u x ,  the  power cou ld  be increased C251 o r  the  maser 

operated w i t h  lower c a v i t y  Q,  C231 thus reducing c a v i t y  

p u l l  i ng. 



c. Mechanical r i g i d i t y  should be more e a s i l y  mainta ined 

a t  low temperatures [23'251 r e s u l t i n g  i n  more s t a b l e  

c a v i t y  p u l l i n g ,  e tc .  

I n v e s t i g a t i o n s  w i l l  con t inue  t o  search f o r  w a l l  coa t ings  

(perhaps f rozen  i n e r t  gases) which w i l l  g i v e  s t a b l e  sur faces 

w i t h  smal l  w a l l  s h i f t .  Such i n v e s t i g a t i o n s  may h o p e f u l l y  

g i v e  very good r e s u l t s  i n  t h e  fu tu re .  

2. Laser Cool ing: Aside from t h e  i n t e r e s t i n g  r e s u l t s  ob ta in -  

ed w i t h  hydrogen, t h e r e  have been many attempts t o  make 

cryogenic  beam sources f o r  o the r  atoms, b u t  temperatures 

below about 50K have been d i f f i c u l t  t o  achieve. I n  1975, 

independent proposals  were made t o  coo l  down a gas o f  n e u t r a l  

atoms [261 o r  i ons  bound i n  an e lect romagnet ic  t r a p  C271 us ing  

r a d i a t i o n  pressure. Since then, s u b s t a n t i a l  c o o l i n g  (c0.5K) 

has been achieved f o r  bound i ons  C281 and a l though o n l y  very  

l i m i t e d  atomic beam c o o l i n g  has y e t  been obtained,[291 t h e  

p o t e n t i a l  f o r  s u b s t a n t i a l  c o o l i n g  e x i s t s .  

For f r e e  atoms o r  weakly bound i o n s  (motional v i b r a t i o n  

frequency << o p t i c a l  t r a n s i t i o n  l i n e w i d t h ) ,  t h e  c o o l i n g  

process i s  expla ined C301 by s imply cons ider ing  conservat ion 

o f  momentum and energy i n  a photon s c a t t e r i n g  event. I f  we 

average over t h e  p o s s i b l e  d i r e c t i o n s  o f  reemission, we can 

f i n d  t h e  average k i n e t i c  energy change pe r  s c a t t e r i n g  event 

t o  be C301 

AK. E. (atom) = 3 . ; + 2R (1) 

where R i s  t he  " r e c o i l "  energy R = (tik)2/2M, i s  t h e  photon 



wave vec to r  and ; i s  the  atomic v e l o c i t y  before t h e  sca t te r -  

i n g  event. Since t h e  s c a t t e r i n g  process i s  resonant, we can 

tune our  l i g h t  source ( l a s e r )  below the  atomic r e s t  frequency, 

so t h a t  the  atoms absorb on l y  when they move toward t h e  
+ 

lase r .  Thus, we can make Ti1 - v <-2R and the  atoms lose  

k i n e t i c  energy. Q u a l i t a t i v e l y ,  the  atom's motion i s  re ta rded 

when it moves toward the  l a s e r  because i t  receives a momentum 

k i c k  i n  a d i r e c t i o n  opposite t o  ; f o r  each s c a t t e r i n g  event. 

This  c o o l i n g  process makes t h e  p o s s i b i l i t y  o f  s to red  i o n  

frequency standards more a t t r a c t i v e  (see below), b u t  a prac- 

t i c a l  scheme f o r  producing a slow atomic beam o f  adequate 

f l u x  has no t  y e t  been demonstrated. Nevertheles's, t h e  possi -  

b i  1 i t y  [301 o f  very low temperatures (< t o  K f o r  

s t r o n g l y  a l lowed t r a n s i t i o n s ,  l ess  f o r  weakly a l lowed t r a n s i -  

t i o n s )  makes t h i s  an a t t r a c t i v e  area o f  i nves t i ga t i on .  

6. Opt i ca l  Traps 

I n  the  l a s t  few years, a f a i r  number o f  papers have been w r i t t e n  

about the  p o s s i b i l i t y  o f  t r app ing  neu t ra l  atoms i n  near-resonant 

l i g h t  f i e l d s .  r311 More recen t l y ,  t h e  d i p o l e  forces necessary f o r  

o p t i c a l  t r app ing  have been demonstrated by a group a t  B e l l  

Labs. C321 Such t rapp ing  i s  very a t t r a c t i v e  because atoms cou ld  be 

trapped i n  " c e l l s "  o f  a s tanding wave l i g h t  f i e l d  o f  dimensions 

A/2. Hence, t h e  p o t e n t i a l  confinement i s  extremely t i g h t ,  i . e . ,  

t h e  atoms would be w e l l  l oca l i zed .  The main disadvantage o f  t h i s  

method f o r  spectroscopy appears t o  be t h a t  i n  order  t o  p rov ide  

t rapping,  an o p t i c a l  t r a n s i t i o n  must be d r i v e n  a t  near sa tu ra t i on .  

Hence, any t r a n s i t i o n  t h a t  might  be i n t e r e s t i n g  enough t o  prov ide  

a frequency standard would be broadened by the  l a s e r  and a l so  



sub jec t  t o  subs tan t i a l  l i g h t  s h i f t s .  It would seem t h a t  t he  cure 

f o r  t h i s  problem would be t o  t u r n  o f f  t h e  " t rapp ing "  l a s e r  w h i l e  

t he  frequency standard t r a n s i t i o n  i s  i nves t i ga ted .  However, even 

i f  t h e  t h e o r e t i c a l  on l a s e r  r a d i a t i o n  pressure c o o l i n g  

cou ld  be obtained, t he  v e l o c i t y  i s  s t i l l  r a t h e r  h igh  ( f o r  Na atoms 

min 
" 30 cm/sec) and t h e  atoms would d i f f u s e  away from the  

t r a p p i n g  reg ion  w h i l e  t h e  t rapp ing  f i e l d s  a re  o f f .  

Even if a way around these d i f f i c u l t i e s  i s  n o t  found, t h e  o p t i c a l  

t r aps  migh t  be incorpora ted  w i t h  l a s e r  c o o l i n g  t o  p rov ide  a  c o l d  

beam source. For example, t he  o p t i c a l  t r a p  might  be i n  t he  form 

o f  a  tube (focused Gaussian l a s e r  beam) i n  which t h e  atom cou ld  be 

l a s e r  cooled and then a l lowed t o  escape from one end. As y e t ,  a  

p r a c t i c a l  scheme f o r  t h i s  has no t  been suggested. 

C. Stored Ions  

The p o s s i b i l i t y  o f  o b t a i n i n g  ve ry  h igh  r e s o l u t i o n  spectroscopy 

w i t h  ions  s to red  i n  e lect romagnet ic  t r aps  had been r e a l i z e d  very  

e a r l y  by Dehmelt and was developed i n  t h e  e a r l y  stages by him and 

h i s  co-workers. C331 Since t h a t  t ime, t he  radio- f requency (r. f . )  

t r a p  has been developed t o  g i v e  r a t h e r  encouraging numbers f o r  an 

o p t i c a l l y  pumped i o n  standard. Noteworthy are the  experiments o f  

Major and Werth on mercury, which have been extended by others.  [341 

Th is  device uses o p t i c a l  pumping-double resonance (pumping from a  

lamp) t o  d e t e c t  t h e  ground s t a t e  hyper f ine  resonance i n  1 9 9 ~ g +  

-% (c40 GHz) and g ives  est imated s t a b i l i t i e s  near o (T) 1 0 - l 2  t . 
Y  

Th i s  success has prompted a t  l e a s t  one commercial company t o  

i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  such a  standard. 



The development o f  ion-storage frequency standards has been slowed 

somewhat because: 

(1) The number o f  ions  t h a t  can be s to red i s  very small 

( t y p i c a l l y  a maximum o f  about l o 6  f o r  a t r a p  w i t h  %lcm 

dimensions). This ,  coupled w i t h  the  problem o f  the  

r e l a t i v e l y  low i n t e n s i t y  o f  l i g h t  from lamp sources f o r  

o p t i c a l  pumping and detec t ion ,  has made resonance s ig -  

na l s  f a i r l y  weak. 

(2) The presence o f  s i g n i f i c a n t  second-order Doppler s h i f t s  

i n  experiments w i t h  t raps  ( p a r t i c u l a r l y  r.f. t raps)  has 

been recognized f o r  some time. Although one has var ious 

ways o f  measuring the  v e l o c i t y  d i s t r i b u t i o n ,  r351 t h i s  

problem poses a ser ious l i m i t a t i o n .  

It may now be poss ib le  t o  overcome these l i m i t a t i o n s  by us ing  

tunable lasers .  By us ing  a l a s e r  f o r  o p t i c a l  pumping and detec- 

t i o n ,  r a t h e r  remarkable s igna ls  can be obtained. This  i s  e v i -  
C281. denced i n  two experiments . 

(1) I n  t h e  NBS experiments on ~ g + ,  t h e  sca t te red  photons 

from on ly  about 500 ~ g +  ions s to red i n  a Penning t r a p  

were observed w i t h  a s igna l  t o  background o f  about 100. 

I n  t h i s  same experiment, the  count r a t e  was about 

25,00O/sec, w h i l e  the  n e t  de tec t i on  e f f i c i e n c y  was on l y  

about 3 x This  cou ld  be increased by 2 orders o f  

magnitude i n  f u t u r e  designs. 

(2) More d ramat i ca l l y ,  i n  t h e  experiments a t  Heidelberg, a 
+ 

s i n g l e  Ba i o n  conta ined i n  a m i n i t u r e  r.f. t r a p  was 

photographed w i t h  good con t ras t .  



was g r e a t l y  suppressed. 

Other advantages occur i f  one uses a  l a s e r  i n  an i o n  storage 

experiment: 

(1) Extremely weak o p t i c a l  pumping processes can be r e a l i z -  

ed. Th is  was demonstrated i n  t h e  experiments a t  NBS 

where 2 5 ~ 9 +  was pumped i n t o  the  (MJ = -%, MI = -5/2) 

ground s ta te .  Although many absorpt ion-reemiss ion 

cyc les are  requ i red  f o r  t h i s  pumping t o  occur, t h i s  i s  

acceptable s ince the  ions remain i n  - the t r a p  e s s e n t i a l l y  

i n d e f i n i t e l y ,  and l a s e r  i n t e n s i t i e s  can nea r l y  sa tu ra te  

the o p t i c a l  t r a n s i t i o n .  

(2) T rans i t i ons  i n  double resonance experiments can be 

detected w i t h  nea r l y  u n i t  e f f i c i e n c y .  I n  t h e  exper i -  

ments a t  NBS,  t h e  ions were caught i n  an o p t i c a l  t r a p  

( t o  be d i s t i ngu i shed  from s p a t i a l  o p t i c a l  t r aps  descr ib-  

ed e a r l i e r ) .  That i s ,  t h e  ions were o p t i c a l l y  e x c i t e d  

from a  p a r t i c u l a r  ground s t a t e  l e v e l  t o  a  p a r t i c u l a r  

e x c i t e d  s t a t e  l e v e l  and (by s e l e c t i o n  r u l e s )  were fo rced 

t o  f a l l  back i n t o  t h e  o r i g i n a l  ground s t a t e  l e v e l  ( t h i s  

process can be repeated a t  very h igh  ra tes ) .  Thus, i f  

we can arrange t o  d r i v e  a  microwave t r a n s i t i o n  (which 

w i l l  be, say, ou r  frequency standard t r a n s i t i o n )  t h a t  

populates (o r  depopulates) the  lower o p t i c a l  l e v e l ,  then 

we can produce ( o r  exclude) many sca t te red  o p t i c a l  

photons f o r  each i o n  t h a t  has made a  microwave t r a n s i -  

t i o n .  C361 This process a l lows one t o  compensate f o r  t h e  



n o t  pose a problem. However, t h i s  apparent d i f f i c u l t y  can be 

overcome i n  the  Penning t r a p  by working a t  f i e l d  extremum 

po in ts .  C36,371 A disadvantage o f  the  r.f. t r a p  n o t  shared by the  

Penning t r a p  i s  t h e  e f f e c t  o f  r.f. heat ing. Although n o t  t o t a l l y  

understood, i t  has prevented c o l d  temperatures from be ing  achieved 

except f o r  very small numbers o f  ions.  A poss ib le  disadvantage o f  

the  Penning t r a p  i s  t h a t  t h e  ions  are i n  an unstable e q u i l i b r i u m  

i n  t h e  t r a p ;  whereas, f o r  the  r.f. t rap ,  t h e  o r b i t s  a re  stable.  

Th is  problem appears t o  have been overcome i n  recent  experiments 

however, and i n d e f i n i t e  confinement i n  a Penning t r a p  should be 

poss ib le .  [381 A t  t h i s  p o i n t ,  i t i s  unclear  which type o f  t r a p  

w i l l  u l t i m a t e l y  be b e t t e r  and more experiments are needed t o  

decide t h i s  quest ion. Perhaps a more important  quest ion t o  be 

addressed i n  the  immediate f u t u r e  i s  how t o  get  b e t t e r  o p t i c a l  

sources f o r  pumping and de tec t i on  a t  the  requ i red  frequencies. 

Simple schemes [391 are d i f f i c u l t  t o  come by, b u t  t h i s  d i f f i c u l t y  

l oss  i n  c o l l e c t i o n  e f f i c i e n c y  due, f o r  example, t o  small 

s o l i d  angle o r  small quantum e f f i c i e n c y  i n  t h e  photon 

detec tor  so t h a t  we can e f f e c t i v e l y  de tec t  atoms w i t h  

u n i t  e f f i c i e n c y  (The a b i l i t y  t o  achieve many scat te red  

photons f o r  one microwave photon was r e a l i z e d  i n  r e f .  

36, b u t  t h e  S/N was i n c o r r e c t l y  over-estimated). For 

example, i f  we can t r a p  lo6 ions,  then the  s igna l - t o -  

noise i n  the  de tec t i on  process can be about lo3, even 

though we may c o l l e c t  on l y  about 1% o f  the  t o t a l  scat- 

t e red  photons. 

It i s  usefu l  t o  b r i e f l y  compare t h e  r.f. and Penning t raps  f o r  

poss ib le  frequency standard app l i ca t i on .  As i s  o f t e n  po in ted  out ,  

the  r . f .  t r a p  has the  p o t e n t i a l  advantage t h a t  magnetic f i e l d s  are  

n o t  requ i red  so t h a t  magnetic f i e l d  induced frequency s h i f t s  do 



can be p a r t i a l l y  overcome by f i n d i n g  narrow band sources f a r t h e r  

i n  t h e  U.V. (< 210nm). 

Nevertheless, i o n  t r a p  der ived  standards a re  extremely a t t r a c t i v e  

because they  s a t i s f y  t he  confinement problem w i t h o u t  causing 

s i g n i f i c a n t  pe r tu rba t i ons  ( e s s e n t i a l l y  i n d e f i n i t e  confinement 

appears possib le- imply ing no f i r s t - o r d e r  Doppler s h i f t s  and 

confinement s h i f t s  are est imated t o  be below 10-15). I n  t h i s  

regard,  they  may be unique and deserve more a t t e n t i o n  i n  t he  

f u t u r e .  

D. Laser Standards 

Wi th h igh  p r o b a b i l i t y ,  t he  frequency and t ime standards o f  t h e  

f u t u r e  w i l l  be based on o p t i c a l  t r a n s i t i o n s  i n  atoms o r  molecules. 

Th is  con jec tu re  r e l i e s  ma in ly  on t h e  idea  t h a t  i n  a g iven  system, 

i f  t h e  l i f e t i m e  o f  t he  t r a n s i t i o n  remains reasonably f i x e d  due t o  

r e l a x a t i o n ,  t r a n s i t  t ime,  etc . ,  then  the  Q o f  t h e  t r a n s i t i o n  

scales w i t h  frequency. However, be fore  1 aser standards are r e a l  - 
ized ,  some c r u c i a l  obstac les must be overcome. These problems are 

addressed below (see a l s o  a d e t a i l e d  rev iew o f  p r e c i s i o n ,  s tab le  

l ase rs  by J. H a l l  C401). 

I n  contemplat ing l a s e r  standards, one f i r s t  must r e a l i z e  t h a t  we 

a re  l i k e l y  t o  be more suscept ib le  t o  f i r s t - o r d e r  Doppler s h i f t  

s ince  t h e  wavelength o f  t he  r a d i a t i o n  i s  so smal l ;  i . e . ,  t he  Dicke 

c r i t e r i o n  i s  harder t o  r e a l i z e .  However, t he  confinement c r i t e r -  

i o n  can be re laxed  i n  impor tan t  ways. 

When we cannot meet t he  c o n d i t i o n  121 << k - l ,  t he re  i s  s t i l l  t h e  

p o s s i b i l i t y  o f  o b t a i n i n g  the  same e f f e c t  i f  we can s a t i s f y  t he  



< 
more general c o n d i t i o n  i.;x~t -1, where A t  i s  t h e  t r a n s i t  t ime o f  

t h e  atom through t h e  apparatus. Th is  i s  t he  general c o n d i t i o n  

t h a t  must be met i n  a molecular  beam apparatus. It a l lows f o r  

sa tu ra ted  absorp t ion  ("Lamb-dip") spectroscopy where atoms s a t i s -  

f y i n g  t h i s  c o n d i t i o n  are p r e f e r e n t i a l l y  detected. Q u a l i t a t i v e l y ,  

i n  t h i s  case, t h e  de tec ted  atoms t rave rse  the  apparatus i n  a 

d i r e c t i o n  nea r l y  normal t o  t he  t ravel ing-wave propagat ion d i rec -  

t i o n ,  and, t he re fo re ,  t h e  s p a t i a l  phase change o f  t he  f i e l d  exper- 

ienced by the  atoms i s  l e s s  than one radian.  

The confinement problem has a r a t h e r  unique s o l u t i o n ,  i n  t h e  form 

o f  Doppler- f ree,  two-photon spectroscopy. Here the  atom i n t e r a c t s  

w i t h  counter-propagat ing p lane waves o f  frequency v0/2. The atom 

can resonant ly  absorb two photons simultaneously,  one o f  frequency 

l / z v o ( l  + ;-k/c) .. f rom one o f  t he  runn ing  waves and one w i t h  frequen- 

cy  l/zv (1 - ;.k/c) from the  counterrunning wave. The t o t a l  
0 

energy from t h e  two photons i s  hvo, independent o f  t he  atomic 

v e l o c i t y  ( t o  f i r s t  order) .  Impor tan t  a p p l i c a t i o n s  e x i s t  i n  t h e  

o p t i c a l  region,[411 b u t  t h e  technique may be l i m i t e d  i n  accuracy 

by dynamic S ta rk  s h i f t s  r e s u l t i n g  from t h e  requ i red  in tense l i g h t  

f i e l d .  

Therefore, t he  problem o f  f i r s t - o r d e r  Doppler s h i f t s  can be solved, 

b u t  as i s  t r u e  i n  t he  case o f  microwave frequency standards, 

r e s i d u a l  f i r s t - o r d e r  Doppler s h i f t s  can occur. C401 Moreover, t h e  

second-order Doppler s h i f t  remains unchanged. 

As o f  now, r a t h e r  impress ive performance has been achieved w i t h  

l a s e r  standards. For example, r401 methane s t a b i l i z e d  He-Ne l a s e r s  

have been used t o  probe ex te rna l  methane resonances us ing  satura-  

t i o n  spectroscopy w i t h  Q > l o1 '  and s t a b i l i t i e s  o f  10-14. However, 



t h e  v e l o c i t y  d i s t r i b u t i o n  o f  t h e  i n t e r r o g a t e d  molecules i s  d i f f i -  

c u l t  t o  evaluate and accuracy capabi 1 i t i e s  b e t t e r  than 10-l3 w i l l  

be d i f f i c u l t  t o  achieve. I n  an experiment us ing  a  dye l a s e r  t o  

observe sa tura ted  absorp t ion  resonances i n  an atomic Ca beam, C421 

l i n e  Q ' s  g rea te r  than 1011 were observed; however, a  pr imary 

l i m i t a t i o n  i n  accuracy i n  t h i s  experiment, as w e l l  as those on 

CH,, was t h e  unce r ta in t y  i n  the  second-order Doppler s h i f t .  

Therefore, we note t h a t  poss ib le  l a s e r  standards must be a t tacked 

on a  s i m i l a r  f r o n t  as the  microwave standards-that i s ,  how can we 

reduce the  Doppler s h i f t s ?  C e r t a i n l y  some o f  the  same c o o l i n g  

techniques as mentioned p rev ious l y  can be used; i n  add i t i on ,  t h e  

use o f  ions s to red i n  a  t r a p  w i l l  have t h e  advantage o f  l ong  

confinement t ime w i t h  small per tu rba t ions .  

Before such l a s e r  standards can be rea l i zed ,  we must so lve  two 

o the r  bas ic  problems: 

(1) Stab le  l a s e r  sources must be found. As i n  t h e  microwave 

case, the  l o c a l  o s c i l l a t o r s  used i n  o p t i c a l  frequency 

standards must have t h e  requ i red  shor t - term s t a b i l i t y  o r  

t h e  des i red  accuracy w i l l  no t  be r e a l i z e d  i n  a  reason- 

ab le  l eng th  o f  t ime. A t  present,  some gas-discharge 

l ase rs  meet t h i s  requirement[401; however, these l a s e r s  

are very l i m i t e d  i n  t u n i n g  and the re fo re  on l y  i n  r a r e  

instances have a  frequency which coinc ides w i t h  a  t rans-  

i t i o n  i n  a  molecule o r  atom t h a t  might g i v e  a  frequency 

standard. Dye, diode, and c o l o r  center  l ase rs  g i v e  t h e  

des i red  t u n a b i l i t y ;  however, t h i s  wide t u n a b i l i t y  and 

f l u c t u a t i o n s  i n  t h e  dye medium, f o r  example, make them 

f a r  l ess  s tab le .  Nevertheless, supe r io r  s t a b i l i z a t i o n  

schemes and perhaps new lase rs  w i l l  undoubtedly be found 



and t h e  problem o f  ( l o c a l - o s c i l l a t o r )  shor t - term s t a b i l -  

i t y  w i l l  be solved. 

(2) I f  one des i res  t o  use a frequency standard as a t ime 

standard, one must i n  e f f e c t  be ab le  t o  count cyc les  o f  

the  o s c i l l a t i o n .  Phase-coherent measurements are  a t  

present  very d i f f i c u l t  t o  c a r r y  ou t  a t  f requencies above 

about 100 GHz. However, by us ing harmonic mix ing  tech- 

[431 l a s e r  frequencies niques i n  a boot s t r a p  fashion, 

have now been compared t o  the  cesium hyper f ine  frequency. 

Th is  has so f a r  on l y  been done i n  a non phase-coherent 

way i n  a frequency synthesis  cha in  such as t h a t  o f  r e f .  

43 shown i n  F i g  2. Accuracies o f  intercomparison are  

near t h e  10 - lo  l e v e l .  I n  o rder  f o r  an o p t i c a l  frequency 

standard t o  p rov ide  t ime, phase-coherence would have t o  

be inc luded a t  each step i n  t h i s  chain. This  seems t o  be 

a f a i r l y  complicated (al though achievable) p r o p o s i t i o n  

even i f  somewhat more s i m p l i f i e d  chains [431 are rea l i zed .  

I n  dea l i ng  w i t h  t h i s  problem, one should o f  course 

r e c a l l  t h a t  there  are o ther  uses o f  frequency standards 

than p r o v i d i n g  time. For example, some very i n t e r e s t i n g  

t e s t s  o f  g r a v i t a t i o n a l  e f f e c t s  can be examined [40,441 

us ing  o p t i c a l  frequency standards, i f  a l l  t h a t  i s  r e q u i r -  

ed i s  t o  intercompare two o p t i c a l  frequencies-a task  

which i s  t r i v i a l  compared t o  p r o v i d i n g  time. However, 

the  t ime problem i s  very important  and a s o l u t i o n  t o  t h e  

frequency synthesis  problem should be sought. A concep- 

t u a l l y  simple b u t  unproven scheme [451 might  be ab le  t o  

accomplish one-step frequency d i v i s i o n  from o p t i c a l  

f requencies t o  microwave frequencies. 



E. S ing le  Atom ( Ion)  Frequency Standards 

The i dea  o f  us ing  a  s i n g l e  atom i s ,  o f  course, very  appeal ing 

s ince ,  i f  s u i t a b l y  conf ined,  i t  can be i s o l a t e d  from the  p e r t u r b i n g  

i n f l u e n c e  o f  o the r  atoms. Dehmelt was the  f i r s t  t o  suggest such 

an idea. [461 He proposed t o  use an o p t i c a l  t r a n s i t i o n  i n  T.E+ 

( I S o  - 3P t r a n s i t i o n  @ 202 nm Q % lo1*) i n  an r.f. t r a p .  The 
0 

add i tona l  advantage o f  us ing  a  s i n g l e  i o n  conf ined t o  t h e  center  

o f  an e lect romagnet ic  t r a p  i s  t h a t  combined w i t h  l a s e r  coo l ing ,  it 

should be p o s s i b l e  t o  c l o s e l y  s a t i s f y  t h e  Dicke c r i t e r i o n  i n  t h e  

o p t i c a l  r eg ion  on an e s s e n t i a l l y  unperturbed atom. Other poss i -  

b i l i t i e s  e x i s t ,  such as the  B+ i o n ,  whose s t r u c t u r e  i s  shown i n  

F ig .  3. Th is  i o n  i s  a l so  i n t e r e s t i n g  because the  f i n e  s t r u c t u r e  
> 

t r a n s i t i o n s  w i t h  Q - 1Ol1 cou ld  p rov ide  a  poss ib le  standard where 

the  f requencies are f a i r l y  e a s i l y  measured w i t h  s t a t e  o f  t he  a r t  

p rec i s i on .  (Th is  experiment cou ld  a l s o  o f  course be performed on a  

c loud  o f  ions  i n  a  t r a p ) .  

The pr imary  drawback t o  us ing  a  s i n g l e  i o n  (o r  perhaps a  s i n g l e  

neu t ra l  atom i n  an o p t i c a l  t r a p )  i s  t h a t  t he  S/N i s  r a t h e r  poor. 

Therefore,  s i n g l e  i o n  standards would seem t o  be more v i a b l e  a t  

very h igh  f requencies where the  Q can be q u i t e  h igh.  Since t h e  

pe r tu rba t i ons  between many c o l d  i ons  i n  an e lect romagnet ic  t r a p  

can be very  smal l  anyway, t h e  use o f  a  s i n g l e  i o n  may o n l y  be a  

ph i l osoph i ca l  advantage i f  one uses longer  wavelengths. O f  course, 

on l y  t he  f u t u r e  w i l l  t e l l !  
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FIGURE 1. P a r t  A shows t h e  s i t u a t i o n  when the  atoms a re  unbound 

and t h e  resonance fea tu re  has t h e  f u l l  Doppler w id th  AvD E (v/c)vo. 

When t h e  atom i s  con f ined t o  dimensions l e s s  than t h e  wavelength, 

t h e  Doppler p r o f i l e  i s  suppressed and t h e  c e n t r a l  f ea tu re  has the  

n a t u r a l  w id th  Av. Th i s  c o n d i t i o n  i s  most e a s i l y  r e a l i z e d  i n  t h e  

microwave reg ion  o f  t he  spectrum. 





= 480 GHz 

= 170 GHz 

FIGURE 3. Energy l e v e l  scheme o f  s i n g l y  i o n i z e d  Boron showing 

energy separat ions o f  i n t e r e s t .  



QUESTIONS AND ANSWERS 

I DR. VESSOT: 

Just a couple of comments. First, I think, I might remind you that 
the idea of running a cold clock came from Zacharias in 1958 and 
1959, and I know because I was sweating bullets trying to get a 
cesium maser to work. And Zak had the idea, which I think is an 
excellent one. Remember that fountain experiment which did not 
work because of no slow atoms, he thought the idea might have been 
to buffer these gases to a slow velocity. So he took a beam of 
cesium and ran it into a cavity at 2 kelvins, where we had a buffer 
gas of helium. It didn't work. We looked for 10 to the minus 18 
watts and didn't find any. But I think it was the germ of the idea 
of going to low temperatures. 

The other thing is that, it is a minor point, but I thought I 
would bring it up, in that Blomberg, Madison, and I have gotten to 
25 kelvins to make the maser oscillate and the importance of that 
is, it is not just a question of how close can you get, but I 
think we are getting close to another threhold and that is super- 
conductivity. And if we can use superconducting effects for 
magnetic shields and perhaps improve a bit the Q of the cavity, 
which is really a very minor point, because you don't want any at 
those temperatures, but at least improve the power transfer, the 

I RF power. There are some marvelously useful properties there that 
I think can be exciting. 

1 QUESTION: 

There was quite a bit of published work on a heat clock using 
magnesium that was done in Italy by a man named Luria, and three 
papers were published and then it suddenly disappeared. And I 
would like to know what happened? It seemed very promising. 

I DR WINELAND: 

Okay. I think you are talking about the infrared, rather high 
microwave transitions in the finite structure of magnesium? Okay. 
I don't know the status of that work at present. I know, for 
example, that Strumia was working on it. Dr. Leschiutta may want 
to comment on that. 

DR. LESCHIUTTA: 

I Yes, thank you. The problem is dissipation after they have made 
the magnesium beam, we ran into serious problems in order to obtain 
enough microwaves at the right frequency. We made a synthesis of 



t h e  frequency but  w i th  a power l e v e l  not  s u f f i c i e n t  i n  order  t o  
d e t e c t  t h e  t r a n s i t i o n .  This was t h e  major problem. 

And second, t h e  work was stopped i n  t h e  l a s t  year  because, 
I must confess ,  t h e  people who were working on t h a t  magnesium s tan-  
dard l e f t .  We hope t o  resume t h a t  work but  a t  t h e  moment t h e  work 
i s  stopped. Thank you very  much. 

DR. WINELAND: 

Let  me a l s o  add t h a t  t h e r e  i s  another  group working on t h a t ,  a t  
l e a s t  one o the r  group, and t h a t  is -- I am a f r a i d  I don ' t  know t h e  
l e a d e r ,  bu t  a t  l e a s t  t h e  guy who i s  r e a l l y  doing t h e  work, o r  a t  
l e a s t  p a r t  of t h e  work i s  B i l l  Bloomberg a t  Lincoln Labs. And they, 
f o r  example, a r e  us ing  Schotky diodes t o  mix and genera te  m i l l i -  
meter waves t o  i n t e r r o g a t e ,  f o r  example, j u s t  those  t r a n s i t i o n s .  
I know they a r e  th inking  about magnesium. But I don ' t  know t h e  
s t a t u s  of t h a t  work. 

QUESTION: 

But t h a t  is not  a beam though. 

DR. WINELAND: 

A t  p resent  it is no t ,  bu t  I know they a r e  th inking  about  beams f o r  
t h e  fu tu re .  The idea  i s  t h e  same. 

MR. HARRY PETERS: 

I thought I would mention i n  r e l a t i o n  t o  hydrogen, t h e r e  was some 
work a t  Goddard Space F l i g h t  Center about  f i v e  yea r s  ago wi th  a 
hydrogen beam device where n i c e  resonances i n  a r e a l  device were 
obtained with atoms which were a t  10 degrees ke lv in .  These used a 
source  s i m i l a r  t o  a hydrogen maser source but  which was cooled wi th  
l i q u i d  n i t rogen and low v e l o c i t y  atoms were s e l e c t e d  from t h a t .  I 
t h i n k  i t  s t i l l  has  p o s s i b i l i t i e s .  

DR. WINELAND: 

Y e s ,  Harry. I apologize.  I am aware of t h a t  work. I t r i e d  t o  
uniformly s l i g h t  t h e  var ious  f i e l d s .  I had t r o u b l e  covering t h e  
d i f f e r e n t  i deas  but  I am aware of t h a t  work and I apologize  f o r  
n o t  being a b l e  r e a l l y  t o  cover some of those  o t h e r  i n t e r e s t i n g  
th ings .  


