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DISTINGUISHED SCIENTIST PANEL 

DR. R. L. SYDNOR: I am very pleased to  introduce our panel here. I think 
they actually probably don't need any introduction. Professor Rabi, of course 
besides his innumerable prizes and awards, positions in and out of the Govern- 
ment and academia, i s  well-known as the man that  probably started the whole 
development of the atomic standards we have today. 

We have collected these people a t  great expense to  come and discuss some of 
the i r  views with you. I will l e t  Professor Rabi introduce the panel and lead 
the discussion. Professor Rabi? 







DISTINGUISHED SCIENTIST PANEL 

Panel Chairman : Professor I. I. Rabi , Columbia U n i v e r s i t y  

Thank you. I am de l i gh ted  t o  see what happened t o  a suggestion t h a t  I 
happened t o  make years ago a t  a Richtmeyer l e c t u r e ,  i t  was e i t h e r  i n  1944 o r  
1945. It i s  something which I d i d n ' t  publ ish.  I was asked t o  g i ve  t h i s  
Rickmeyer l e c t u r e  a t  t he  annual meeting of the American Physical Soc ie ty  and 
a1 so the  American Physics Teachers. 

This  was du r ing  the war, and as you might  guess, we were very  busy. The 
quest ion was what t o  t a l k  about, and so I began t o  t h i n k  o f  what we were doing, 
n o t  i n  t he  war b u t  what had happened before on the  s ta te -o f - t he -a r t .  Now as an 
admirer o f  E i n s t e i n  through h igh  school, co l lege,  and graduate school, I was 
very  f a m i l i a r  w i t h  h i s  n o t i o n  o f  an atomic c lock.  When he spoke of a c lock  i n  
r e l a t i v i t y  and so on, he meant t h a t  somehow i n  na ture  the re  was such a t h i n g  
as a clock, which i s  working according t o  the  laws of nature, such as they are. 

So t h a t  seemed t o  be the  i d e a l  th ing .  We always thought i t  was, and then 
I r e a l i z e d  tha t ,  t o  g i v e  t h i s  t a l k ,  there  was an atomic c lock,  and there  was 
t h e  atom, the re  were those frequencies. And I suggested t h i s ,  n o t  i n  any d e t a i l ,  
b u t  enough: This  would open a r a t h e r  basic  f i e l d  of us ing the  basic  c lock  
o f  E i n s t e i n  f o r  o ther  s c i e n t i f i c  o r  p r a c t i c a l  purposes. I d i d n ' t  w r i t e  t h i s  
o u t  b u t  I gave t h i s  a t  a l ec tu re .  

Present a t  the  l e c t u r e  was the  science w r i t e r  f o r  t he  New York Times, 
W i l l i am Lawrence, and he publ ished i t  i n  the  New York Times, i n  a column, about 
t he  atomic c lock.  That i s  t h e  way t h i s  t h i n g  was born, came t o  p u b l i c  a t t e n t i o n ,  
as f a r  as I know. I have never i nves t i ga ted  i t  h i s t o r i c a l l y  b u t  t he re  i s  a 
f i n e  paper here, which I have n o t  y e t  read, by Norman Ramsey which goes much 
deeper i n t o  the  subject .  My p o i n t s  a re  personal reminiscences, n o t  h i s t o r i c a l  
i n  the  sense o f  a h i s t o r i a n ' s  footnotes.  

Th is  i s  about as f a r  as I went. O f  course, t h i s  received q u i t e  a b i t  o f  
publ i c i t y  from the  New York Times, abso lu te l y  f ree,  unintended publ i c i  ty, and 
I was approached, I t h i n k  i t  was by the  Bulova Watch Company, who wanted t o  
g i v e  me $1 00,000 t o  make t h i s  c lock.  My i n t e r e s t s  were otherwise and I r e a l l y  
had never worked fo r  a p r i v a t e  concern, and I turned i t  down. But Gerald 
Zacharias took i t  up, and o the r  people i n  England, the  Bureau of Standards, 
and so on. 

And cesium, I t h i n k  I mentioned cesium, I ' m  n o t  sure, cesium seemed t o  be 
an i d e a l  substance f o r  t h i s  th ing .  I d o n ' t  t h i n k  i t  can be patented because 
i t  was announced. My name wasn' t  on t h e  publ i c a t i o n  b u t  a famous r e p o r t e r  was 
on it, so t h a t ' s  about t he  h i s t o r i c a l  basis,  the  o n l y  r e a l  connect ion I have 
had w i t h  the  atomic c lock.  

I d i d  f e e l  then, and c e r t a i n l y  now, t h a t  when you have a new device, you 
open up a new avenue i n  physics, g rea t  t h ings  are  bound t o  happen i n  t ime,  be- 
cause I d o n ' t  th ink ,  much as i t  may look  r i g h t  now when we have a u n i f i e d  f i e l d  



theory  and a l l  t h a t  s o r t  o f  th ing ,  t h a t  physics by i t s  very  na ture  w i l l  n o t  be 
a c losed system; t h a t  na ture  w i l l  ho ld  surpr ises  fo r  us a l l  t he  t ime. 

A s t o r y  which I have t o l d  o f t e n  i s  my v i s i t  t o  Max Born i n  1928 w i t h  Pro- 
fessor  O t to  Stern. When we came in ,  I stood i n  g reat  awe o f  Born f o r  a l l  h i s  
works, i n  a c e r t a i n  sense the  founder o f  the  use o f  mat r ices  i n  quantum mechan- 
i c s ,  Max Born announced as we came i n  t h a t  "Physics w i l l  be over i n  6 months." 

I t  was q u i t e  a blow. I was a fresh-caught Ph.D., I was a post-doc, and 
the re  i t  was, over  i n  6 months. He said, "Of  course, t he re  w i l l  be a l o t  t o  
do b u t  physics as we know i t  w i l l  be over because the  shock of t h e  DIRAC equa- 
t i o n  and what i t  d i d  fo r  the  e l e c t r o n  was r e a l l y  t raumat ic . "  It came r i g h t  
o u t  o f  t he  r e l a t i v i s t i c  equation, r i g h t  ou t  of r e l a t i v i s t i c  wave mechanics. 

And he said, "Of course, i n  6 months we w i l l  have the  proton.  Of course, 
t he re  w i l l  be a l o t  t o  do." And I thought t o  myself, "This  i s  a g rea t  man b u t  
he has 1 i m i t a t i o n s .  " 

To use E i n s t e i n ' s  models, "der  l i e b  g o t t "  dear God i s  n o t  so l i m i t e d  i n  
physics w i t h  the  D IRAC equation. And t h i s  has happened: As the  advances i n  
ins t rumenta t ion  have been made, more and more new phenomena have been d i s -  
covered, unexpected phenomena. 

To me the most remarkable th ing ,  apa r t  from the  e l e c t r o n  spin,  was the  
p o l a r i z a t i o n  of e lec t rons ,  beta decay the  same as mu mesons. If you a re  a 
simpleminded experimental p h y s i c i s t  and t h i n k  o f  an e l e c t r o n  o r  a mu meson, i t  
i s  a marvelous th ing .  It has a spin, i t  has a magnetic moment, i t  has mass, 
a l l  s o r t s  o f  charge. I d o n ' t  t h i n k  t h a t  we w i l l  know a l l  about i t  o r  do know 
a l l  about it, desp i te  the  f a c t  t h a t  we have e x c e l l e n t  equations which w i l l  
descr ibe a l o t  o f  t h e  phenomena we know. 

So my f e e l i n g  was and i s  t h a t  if we d r i v e  our experimental techniques t o  
the  l i m i t  t o  which we can, i t  has always turned o u t  i n  t he  pas t  t h a t  a new 
phenomenon w i l l  be discovered, a new aspect o f  nature.  One o f  them now t h a t  
i s  j u s t  being t a l k e d  about, t h a t  people a1 1 over t he  wor ld  a re  working on it, 
i s  t he  poss ib le  decay o f  t he  proton. We' r e  n o t  accustomed t o  the  pro ton  de- - - 

I caying b u t  we have n o t  1 i v e d  10" years and we can' t say too  much about it. 

But almost every th ing  -- and go t o  the  h i s t o r y  o f  physics -- almost every- 
t h i ng  which was deeply be l ieved as an a r t i c l e  o f  f a i t h  has u s u a l l y  been, turned 
o u t  t o  be wrong, poss ib le  i r r e l e v a n t .  So I am de l i gh ted  t h a t  t h i s  measurement 
o f  time, p a r t i c u l a r l y  t ime i n t e r v a l s ,  i s  moving ahead as r a p i d l y  as i t  has 
been. I am sure i n  some respects, e i t h e r  i n  atomic physics o r  nuclear  physics 
o r  astronomy, and maybe even geology -- although one doesn ' t  t h i n k  o f  p r e c i s i o n  
measurements o f  t ime w i t h  respect  t o  geology, I t h i n k  i t  w i l l  come i n  -- t h a t  
you a re  opening a new f i e l d  f o r  g rea ter  and greater  understanding o f  t ime. 



I jus t  wanted to  add tha t  we do have senses which give us a d i rec t  feeling 
for  and understanding of space b u t  not of time. Time i s  real ly  an a r t i f i c i a l  
thing, and dependent very much on the invention of a clock. We have n o t  ye t ,  
t o  my mind, decided w h a t  a good clock i s ,  a sensit ive clock to  measure divisions. 
What a real good clock i s ,  I d o n ' t  know, b u t  what time means in quantum mechan- 
i c s ,  basically when you get down to  i t  I know how you p u t  i t  in an equation b u t  
I don't  know how to  ta lk about i t ,  l e t ' s  say, to  my grandson who i s  n o t  a sci-  
en t i s t .  

So I am just quite inspired to  be with a group of people who are  so inter-  
ested in pressing on with t h i s  problem o f  time and t h i s  measurement, particularly 
the interval measurements. 

Now we are  supposed to  have a discussion amongst the people here. We have 
gotten together beforehand and have come to no conclusion on what to  present to  
you, both for  your entertainment and possibly edification, and perhaps a deeper 
look into how these things were and these eminent sc ien t i s t s  we have assembled 
here. 

I have no way of s tar t ing,  except I think I will s t a r t  with my r ight ,  with 
Norman, especially since Norman has a paper here on the whole business. 
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Panel Member: Professor Norman F. Ramsey, M t .  Holyoke Col lege 

A f t e r  D r .  Rabi 's  remarks, I s h a l l  add an add i t i ona l  reference t o  the  paper 
on the  H i s t o r y  of Atomic Clocks which many o f  you received as a p r e p r i n t  a t  
t h i s  meeting. This  reference w i l l  be t o  Rabi lsRichtmeyerLecture and t o  the  
New York Times. 

I t h i n k  D r .  Rabi was unduly modest i n  l i s t i n g  h i s  c o n t r i b u t i o n s  t o  the  
p r e c i s i o n  measurement of t ime. This whole subject ,  i n  my opin ion,  r e a l l y  goes 
back t o  h i s  e a r l i e s t  work on the  molecular beam magnetic resonance method; the  
i n v e n t i o n  o f  magnetic resonance method f o r  molecular beams i s  where the  pre- 
c i s i o n  c lock  s t a r t e d  even though the  work a t  t h a t  t ime was i n i t i a l l y  d i r e c t e d  
towards the  measuring o f  magnetic moments. The magnetic resonance method was 

a g rea t  invent ion,  enabl ing magnetic moments t o  be measured t o  p a r t s  i n  10 5 

o r  b e t t e r  ins tead of 5% o r  worse. 

For my remarks I have chosen t o  rev iew the  h i s t o r y  of th ree  important  
atomic c lock  developments subsequent t o  Rabi ' s i n i t i a l  i n v e n t i o n  of t he  
molecular  beam magnetic reasonance method. These developments are  ones w i t h  
which I was p a r t i c u l a r l y  concerned. One development was the  t r a n s i t i o n  from 
t h e  pe r iod  o f  the  resonance method as p r i m a r i l y  a method o f  measuring magnetic 
moments t o  essent i  a1 7y mol ecul a r  beam spectroscopy o r  r a d i o  frequency spectro- 
scopy, as we even tua l l y  c a l l e d  i t  i n  an e a r l i e r  paper. My second t o p i c  w i l l  
be t he  e a r l y  h i s t o r y  o f  t he  separated o s c i l l a t o r y  f i e l d  methods and the  f i n a l  
t o p i c  w i l l  be the  e a r l y  h i s t o r y  o f  t he  hydrogen maser. 

When D r .  Rabi f i r s t  proposed the  molecular beam magnetic resonance method, 
he had t h e  courage t o  s t a r t  two d i f f e r e n t  p r o j e c t s  on i t  a t  the  same time. 
Kusch, Rabi and Zacharias developed a technique f o r  measuring magnetic moments 
o f  a1 ka l  i s  w h i l e  Kellogg, Rabi, Ramsey and Zacharias d i d  the  same t h i n g  f o r  
t h e  pro ton  and t h e  deuteron. We knew the  l a t t e r  would be more d i f f i c u l t .  On 
t h e  o the r  hand the  pro ton  and deuteron were p a r t i c u l a r l y  important  n u c l e i  t o  
measure. 

S t a r t i n g  from t h e  p o i n t  o f  view of t r y i n g  t o  measure the  magnetic moment, 
t h e  f i r s t  r e s u l t s  f o r  t he  pro ton  were i n  some respects p leasing and some re -  
spects t e r r i b l y  d isappo in t ing .  What we expected t o  get  was a n ice,  sharp 
resonance from which we cou ld  determine the  peak of the curve. Ins tead we go t  
something much even worse than the  top  f i gu re  o f  my transparencies [F ig.  7 o f  
Phys. Rev. 56, 737 (1939) l .  Unfor tunate ly ,  i t  was so bad I d o n ' t  know any- 
where t h a t  n a t  i s  preserved. There was a somewhat b igger  peak i n  t he  middle 
b u t  j u s t  a bunch of fuzz i n  t he  background which we c o u l d n ' t  i n t e r p r e t .  Never- 
theless we found t h a t  t h a t  c e n t r a l  peak s h i f t e d  w i t h  the magnetic f i e l d  the  
r i g h t  way f o r  a magnetic moment, and then we discovered t h a t  w i t h  deuter ium 
we g o t  a good peak. I n  t h i s  way we could ge t  the  magnetic moments, b u t  i t  was 
c l e a r  t h a t  we ought t o  ge t  b e t t e r  r e s o l u t i o n  t o  see how much o f  the  p e c u l i a r  



resonance shape was apparatus e f f e c t  and how much o f  i t  was perhaps something 
i n t r i n s i c .  There was a l so  t h e  problem a t  t h a t  stage though, s ince I was a 
Ph.D. student, what does the  Ph.D. s tudent  do f o r  h i s  Ph.D? 

It was decided t h a t  I should study t h i s  fuzzy background fo r  my Ph.D. 
t h e s i s  w h i l e  Kel logg and Zacharias were cons t ruc t i ng  the nex t  round o f  equip- 
ment which was going t o  have h igher  r e s o l u t i o n .  Bas i ca l l y ,  what I found du r ing  
the  summer -- t h i s  was du r ing  the  summer of 1938 -- was t h a t  i f  one lowered the  
ampl i tude o f  t he  o s c i l  l a t i n g  magnetic f i e l d  the resonance shape go t  s tead i  1 y 
b e t t e r .  Unfor tunate ly  I dropped the  ampl i t u d e  i n  too-small steps. I would 
drop i t  a f a c t o r  of two and when I found i t  was much be t te r ,  another f a c t o r  
o f  two. I should have done i t  i n  fac tors  of 10 and i t  would have gone a 
l i t t l e  f a s t e r .  It took about 2 days t o  get  one of those curves, because each 
p o i n t  was taken very  s lowly.  A t  low enough o s c i l l a t i n g  f i e l d  ampl i tude i t  
became apparent t h a t  t he re  were several resonances, as i n  a spectrum. 

At  t h i s  p o i n t  i t  began t o  become c l e a r  t h a t  we were studying spectroscopy, 
not j u s t  measuring magnetic moments. There r e a l l y  d i d  seem t o  be a t  l e a s t  f i v e  
resonances and perhaps s ix ,  if you wanted t o  consider  one as a double resonance 
(F ig.  8 i b i d . ) .  A t  t h e  end o f  t h a t  summer, the newer mod i f i ca t i ons  o f  the  ap- 
paratus being made by Zacharias and Kel logg were completed, and then we obtained 
the  bottom curve (F ig.  6 i b i d . ) .  

It was e s s e n t i a l l y  t h i s  work t h a t  marked the  t r a n s i t i o n  o f  the  magnetic: 
resonance method from j u s t  t he  measuring o f  magnetic moments t o  spectroscopy. 
Also, a key t h i n g  was t h a t  t h e  d is tance i n  frequency between the  l e f t  most 
peak and the  r i g h t  most peak was independent of the  s t rength  o f  the  magnetic 
f i e l d  and the re fo re  d i d  p rov ide  something t h a t  was f ie ld- independent  as i s  r e -  
qu i red  f o r  a c lock.  Other than tha t ,  the  device was r e a l l y  more o f  a magne- 
tometer. 

I n  t h e  summer o f  1938, I a l s o  d i d  s i m i l a r  s tud ies  w i t h  deuterium. I n i -  
t i a l l y  t he re  appeared t o  be a s ing le ,  n i ce  i s o l a t e d  peak, b u t  when I s tud ied  i t  
w i t h  a l i t t l e  more care  over  t h a t  summer i t  became apparent t h a t  there  were 
r e a l l y  subs id ia ry  resonances i n  t he  background there, too. [F ig.  1 of Phys. 
Rev. 57, 681 (1 940)] 

Again w i t h  the  improved apparatus t h a t  was being made du r ing  the  same 
summer, we l a t e r  obta ined a resonance curve s i m i l a r  t o  the bottom curve where 
t h e r e  was c l e a r l y  one very  marked resonance and several subs id ia ry  ones. A t  
t h i s  p o i n t  i t  was q u i t e  c l e a r  t h a t  we were studying radio-frequency spectro- 
scopy, t he  f i r s t  s tep t o  something t h a t  would be a good basis  f o r  an atomic 
c lock.  Again, t he  separat ions o f  t he  subs id ia ry  curves from each o the r  were 
approximately magnetic f i e l d  i ndependent. 

A year  o r  so l a t e r  Kusch, M i l  lman, and Rabi found a resonance w i t h  1 i t h -  
ium 7 i n  zero magnetic f i e l d ,  by l ook ing  a t  a t r a n s i t i o n  f o r  which the re  was a 
r e l a t i v e  r e o r i e n t a t i o n  o f  t he  e l e c t r o n  and nuclear  spins. Such a f i xed  f r e -  
quency resonance prov ided the  bases f o r  an atomic c lock.  



I t h i n k  these  comments e s s e n t i a l l y  cover  t h e  p e r i o d  o f  t r a n s i t i o n  f rom 
magnet ic moment measurement t o  t h e  p o t e n t i a l ,  a t  l e a s t ,  o f  a  c l ock .  Subse- 
q u e n t l y  many developments l e d  t o  t h e  l a t e r  c locks .  

I 

I Now t h e  second t h i n g  I would 1 i ke t o  say a 1 i t t l e  b i t  about i s  t h e  develop- 
I ment o f  t h e  separated o s c i l l a t o r y  f i e l d  method which i s  used i n  a lmost  a l l  o f  

t h e  cesium c locks .  

I n  t h e  case of t h e  i n v e n t i o n  o f  t h e  separated o s c i l l a t o r y  f i e l d  I had 
j u s t  g o t t e n  a new j o b  a t  Harvard and I was t r y i n g  t o  b u i l d  up an exper iment.  
One o f  t h e  exper iments t h a t  I wanted t o  do was t o  do a more p r e c i s e  j o b  i n  
measuring t h e  i n t e r a c t i o n s  t h a t  we had d iscovered w i t h  Hp and D2. I n  one 

sense t h e  obvious way t o  do so was t o  make t he  apparatus l onge r  because by t h e  
Heisenberg u n c e r t a i n t y  p r i n c i p l e ,  t h e  l onge r  t he  atoms a re  i n  t h e  apparatus, 
t h e  l onge r  t h e  t i m e  n t  and hence t h e  sma l l e r  t he  A E ,  t h e  u n c e r t a i n t y  i n  t h e  
w i d t h  o f  t h e  resonance. 

Bu t  I a l s o  knew f rom ou r  Columbia exper iences t h a t  t h i s  d i d n ' t  work. It 
d i d n ' t  work f o r  t h e  f o l l o w i n g  reason: i f  one increased t h e  apparatus much 
l onge r  than  we had a t  Columbia, t he  inhomogeniet ies i n  t h e  magnet ic f i e l d  were 
so g r e a t  t h a t  t h e  l i n e  became broader r a t h e r  than narrower because t h e  f i e l d  
was l owe r  a t  say t h e  f i n a l  end of  t h e  o s c i l l a t o r y  f i e l d  r e g i o n  than  i t  was a t  
t h e  beginn ing.  The ques t i on  was, how do you overcome t h i s .  Whi le  I was s t i l l  
b u i l d i n g  t h e  new apparatus and n o t  q u i t e  sure how t o  overcome t h i s  d i f f i c u l t y ,  
I was g i v i n g  a course on phys i ca l  o p t i c s  a t  Harvard, The t ime  came t o  t a l k  
about  t h e  Michelson s t e l l a r  i n t e r f e r o m e t e r .  One of my f r i ends  i n  Cambridge, 
England, descr ibes  t h e  Michel  son s t e l l a r  i n t e r f e r o m e t e r  as fo l lows :  I f  you 
have two s t a r s  t h a t  you want t o  d i s t i n g u i s h ,  i f  you have a b i g  te lescope t h a t  
doesn ' t  q u i t e  separate t h e  two, and i f  you borrow a can o f  b l ack  p a i n t  and 
p a i n t  over  a l l  t h e  m idd le  of t h e  te lescope except  f o r  l e a v i n g  two l i t t l e  s l i t s  
a t  t h e  edge, you double t h e  r e s o l u t i o n  of  t he  apparatus and can thereby  r e s o l v e  
t h e  s t a r s .  Th i s  procedure has t h e  added advantage t h a t  i t  d o e s n ' t  make any 
d i f fe rence  how bad t h e  g l ass  i s  i n  between because, c l e a r l y ,  what i s  under t h e  
b l ack  p a i n t  won ' t  make any d i f f e r e n c e .  

We1 1, I was i n  t h e  m i d s t  o f  d e s c r i b i n g  t h i s  i n  these terms t o  my c l ass ,  
when I thought,  "Wouldn' t  i t  be n i c e  i f  we cou ld  do t h e  same t h i n g  w i t h  ou r  
magnet ic f i e l d ,  some how wipe o u t  t h e  midd le  of it." Even tua l l y  I r e a l i z e d  
t h a t  t h e  analog i n  t h a t  case would be t o  p u t  an o s c i l l a t o r y  f i e l d  a t  t h e  be- 
g i n n i n g  and an o s c i l l a t o r y  f i e l d  a t  t h e  end, whence indeed one ob ta ins  a 
resonance t h a t  i s  t w i c e  as  sharp as i t  was before,  and i n  a d d i t i o n  i t  d o e s n ' t  
make any d i f f e r e n c e  if one has moderate f l u c t u a t i o n s  of t he  magnet ic f i e l d  i n -  
between, because t h e y  average o u t  c o r r e c t l y .  That i s  e s s e n t i a l l y  t h e  o r i g i n  
o f  t h e  i dea  f rom which, t h e  separated o s c i l l a t o r y  f i e l d  resonance method came. 
Subsequently many m o d i f i c a t i o n s  and f u r t h e r  extens ions were added. 

The t h i r d  t h i ng ,  I would say j u s t  a word on i s  t he  i n v e n t i o n  of t h e  hydro- 
gen maser. I have an analogous h i s t o r y  i n  t h a t  case. For  t h i s  h i s t o r y  I am 
e s p e c i a l l y  s o r r y  t h a t  Professor Zacharias i s  n o t  here. I was hoping t h a t  he 
would be. One of t h e  t h i n g s  t h a t  s t i m u l a t e d  t h i s  i n v e n t i o n  was t h e  d i sappo in t -  
ment I f e l t  when Zachar ias proposed t h e  so -ca l l ed  f oun ta in  exper iment.  Th i s  



was a b r i l l i a n t  idea. Namely, he was going t o  do molecular beam experiments 
much sharper than people had done before, increas ing the t ime and g e t t i n g  the  
b e n e f i t  of t he  Heisenberg uncer ta in ty  p r i n c i p l e  by having the  beam shoot up 
and then fa1 1 down under g rav i t y .  I t  i s  we1 1 known t h a t  anything, whether i t 
i s  basebal ls  o r  atoms, take around a second t o  go up 16 fee t  o r  so and come 
back down again, and the re fo re  we would get  an immensely f i n e  reso lu t i on .  

Unfortunately, t h i  s experiment f a i  1 ed t o  succeed because there  weren ' t 
enough very  slow molecules. They j u s t  weren' t  there, presumably due t o  
scat te r ing .  The Maxwell i a n  v e l o c i t y  d i s t r i b u t i o n  i n  p r a c t i c e  dropped o f f  t o  
zero, so al though t h e  experiment was a f a i l u r e  the  idea was a good one. I 
was th ink ing ,  "Why d i d n ' t  I t h i n k  o f  t h a t ? "  Well, a t  t he  same t ime I was 
also, i n  my s p l i t  persona l i ty ,  he lp ing  w i t h  the  design o f  a b i g  acce lera tor  
being b u i l t  a t  Cambridge w i t h  a 236-foot diameter r ing ,  and we were proposing 
t h i s  t o  be constructed. Th is  machine was eventua l ly  constructed bu t  the  t ime 
o f  concern was i n  t h e  e a r l y  phases of it. 

There i s  always t h e  worry when you are proposing a mu1 t i m i l  1  i o n  do1 1 a r  
machine: "What do you do when i t  f a i l s ? "  Well, one t h i n g  would be t o  con- 
v e r t  the  tunnel t o  a g rea t  molecular beam. You would have the  molecular 
beam go around i n  a c i r c l e  and keep i t  there  a long time, and hence ge t  a 
very h igh  precis ion.  I r e a l i z e d  you could do t h i s  w i t h  an inhomogeneous 
magnetic f i e l d  t o  conf ine  the  beam t o  a r i ng .  Then I also  rea l ized,  alas, 
t h a t  t h i s  i s  j u s t  t he  wrong t h i n g  t o  do because i f  you have an inhomogeneous 
magnetic f i e l d  and a re  t r y i n g  t o  look  a t  the  spectrum w i t h  h igh  precis ion,  
you o f  course broaden a l l  t h e  1 ines. If you have an inhomogeneous f i e l d  and 
some o f  t he  atoms are  i n  one f i e l d  and some i n  another, i t  would be f i n e  f o r  
t rapp ing the  atoms b u t  i t  would be no good from the p o i n t  o f  view o f  spectro- 
scopy. Inc iden ta l l y ,  something l i k e  t h a t  i s  c u r r e n t l y  done now by Wofgang 
Paul w i t h  neutrons, b u t  f o r  measuring the  neutron h a l f - l i f e .  

We1 1, having r e a l  i zed  t h a t  problem, then I a1 so r e a l i z e d  what was r e a l l y  
needed. It was much b e t t e r  t o  have an intense i n t e r a c t i o n  fo r  a very sho r t  
pe r iod  of t ime r a t h e r  than an inhomogeneous f i e l d  e s s e n t i a l l y  present a l l  the  
time. The l i m i t i n g  case t o  t h a t  was t o  put  a box around the  r i ng ,  e s s e n t i a l l y  
a long tube and have the  confined atoms there. We1 1, then I r e a l  i zed  t h a t  you 
could do even b e t t e r  than t h a t  if you closed up the  ends of t he  tube. If the  
atoms are  going t o  h i t  t he  w a l l s  of the  tube, you might as we l l  l e t  them h i t  
t h e  ends as we1 1 . Eventua l ly  t h i s  1 ed t o  an experiment which was done by Dan 
Kleppner working w i t h  me f o r  h i s  Ph.D. thesis,  t he  so-cal led broken atomic 
beam experiment where we made a box and a beam of atoms came i n ,  as i n  a 
molecular beam resonance experiment. We l e t  them undergo four o r  f i v e  c o l -  
l i s i o n s  and come o u t  i n  a d i f f e r e n t  d i rec t i on ,  and measured t h e i r  t r a n s i t i o n  
and d i d  indeed g e t  a resonance, b u t  i t  then became apparent t o  both Dan and 
mysel f  t h a t  we would do very much b e t t e r  w i t h  atomic hydrogen than w i t h  cesium, 
which was being used fo r  t h e  f i r s t  run. Cesium tended t o  s t i c k  on the  surfaces, 
b u t  then hydrogen has t h e  disadvantage o f  being very hard t o  detect .  So we 
thought maybe we could de tec t  t he  rad ia t i on ,  and then eventua l ly  r e a l i z e d  we 
could i n  f a c t  de tec t  t he  r a d i a t i o n  very we l l .  Then we a1 so recognized t h a t  
t he  system could be a s e l f - o s c i l l a t o r  o r  an atomic hydrogen maser, analogous 
t o  the  molecular ammonia maser t h a t  had been developed e a r l  i e r  by Char1 es 
Townes. 



It i s  f rom t h i s  t h a t  t h e  i dea  f o r  t he  atomic hydrogen maser came. We 
r e a l i z e d  t h a t  atoms c o u l d  be used i n  such a conf ined box. Th i s  a l s o  d i f f e r e d  
f rom what had been done, say i n  o p t i c a l  pumping, where a t  t h a t  t ime  ex tens i ve  
amounts o f  b u f f e r  gases were used t o  narrow the  l i n e s  and r e t a i n  t h e  atoms. 

I n  t h i s  case we r e a l i z e d  we cou ld  do i t  w i t h  a l i g n e d  beams from us ing  
t h e  mo lecu la r  beam technique, and then  have a  box i n i t i a l l y  w i t h  p a r a f f i n -  
coated w a l l s ,  Then we d iscovered  expe r imen ta l l y  t h a t  i t  was b e t t e r  t o  do i t  
w i t h  Te f lon ,  which has been e s s e n t i a l l y  t he  s tandard t h i n g  i n  hydrogen masers 
s ince.  

Wel l ,  so much f o r  p a s t  h i s t o r y .  1 ' 11  conclude w i t h  a b r i e f  remark about 
t h e  f u t u r e ,  I f u l l y  echo Dr. Rab i ' s  views t h a t  t h e r e  i s  much t o  be s a i d  f o r  
p r e c i s i o n  measurements. Out o f  them come unexpected t h i ngs .  A t  one t ime we 
thought  t h a t  t h e r e  would be no i n t e r e s t  i n  c l ocks  i f  they  were more accura te  
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than  a  p a r t  i n  l o ' ,  and now i t  i s  q u i t e  c l e a r  t h a t  each t ime  we make a s tep  
forward, t h e r e  i s  a  smal l  r e v o l u t i o n .  Now most h i g h l y  accura te  measurements 
a r e  reduced t o  t h e  measurement o f  a f requency because frequencies can be 
measured so w e l l .  P r e c i s i o n  measurements o f  a lmost  a1 1  q u a n t i t i e s  now remind 
me o f  my mother ' s  s t o r y  o f  a d o c t o r  who cou ld  cure  o n l y  one d isease -- stomach 
ache -- b u t  he became a  g r e a t  doc to r  because he a l s o  knew how t o  reduce a l l  
o t h e r  diseases t o  a stomach ache. 

Wel l ,  t h i s  i s  b a s i c a l l y  t h e  procedure f o r  almost a l l  p r e c i s i o n  measure- 
ments a t  t h e  p resen t  t ime. We know how t o  measure one t h i n g  very  a c c u r a t e l y  
-- t ime  and f requency -- and t h e r e f o r e  t h e  b i g  advances i n  a l l  o t h e r  measure- 
ments have come f rom f i g u r i n g  o u t  how t o  reduce those measurements t o  measure- 
ments o f  t i m e  o r  f requency. As a  r e s u l t ,  p r e c i s i o n  t ime and t ime  i n t e r v a l  
measurements a r e  a t  t h e  h e a r t  o f  n e a r l y  a l l  p r e c i s i o n  measurements a t  t h e  p re -  
sen t  t ime, and I b e l i e v e  t h a t  i n  t h e  f u t u r e  t h i s  w i l l  be more t r u e  r a t h e r  than 
l e s s  t r ue .  

Thank you. 
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Thank you very much. We now, I suppose, have done the pre-War e f f o r t  which 
r e s u l t e d  i n  the measurement o f  t ime w i t h  atomic clocks, we w i l l  go on t o  
Professor Townes. I d o n ' t  know whether he go t  i n t o  t h i s  a c t  before the  War 
b u t  he c e r t a i n l y  d i d  a f t e r  t he  War. That w i l l  perhaps conclude the  Columbia 
c o n t r i b u t i o n .  
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Thank you very  much. It i s  a great  pleasure t o  be w i t h  t h i s  group o f  
people again, whom I used t o  see f requen t l y  and from whom I have received a 
g rea t  deal o f  i n s t r u c t i o n  and i n s p i r a t i o n ,  b u t  I have been ou t  o f  t he  f i e l d  
now f o r  some time. 

Looking back, one can see i n  t h i s  f i e l d ,  as I t h i n k  i n  so many f i e l d s ,  a 
b u r s t  o f  a c t i v i t y  i n  a f i e l d  which was considered c l a s s i c a l  and more o r  l e s s  
f i n i shed .  I t h i n k  t h a t  i s  very  t y p i c a l  o f  how science has developed. I was 
w i t h  B e l l  Telephone ~ a b o r ' a t o r i e s  du r ing  the  e a r l y  f o r t i e s ,  and I was doing 
microwave spectroscopy, one very prec ise  measurement o f  the  frequency of micro-  
wave 1 ines. B e l l  Laborator ies was one o f  the most exper t  places i n  t ime mea- 
surement. Quar t z  c r y s t a l  osc i  1 l a t o r s  were the  th ing ,  and they were f a n t a s t i  - - 
tally good, a t  l e a s t  as good as a p a r t  i n  lou, and i f  one had a c o l l e c t i o n  o f  

them then perhaps you cou ld  approach a p a r t  i n  lo9 ,  and t h a t  seemed j u s t  a w f u l l y  
good. O f  course, we do a m i l l  i o n  t imes b e t t e r  now but  there  were people who had 
been working on i t  a good f r a c t i o n  o f  a l i f e t i m e .  They knew a1 1 the  answers. 
They had worked on i t  very  hard. Quar tz  c r y s t a l s  were supreme, and they had j u s t  
reached the  l i m i t  of t he  technique. 

What was needed, of course, was a completely d i f f e r e n t  approach which by 
now has changed the  s i t u a t i o n ,  and furthermore, i n  changing the  s i t u a t i o n  has 
made t he  quar tz  c r y s t a l  people l ook  again and f i n d  i n  f a c t  they could do a l o t  
b e t t e r  w i t h  quar tz  c r y s t a l s  than they ever thought they cou ld  before. As I 
say, I t h i n k  t h a t  i s  f a i r l y  t y p i c a l  o f  how s c i e n t i f i c  f i e l d s  develop. Current- 
l y  the  quar tz  c r y s t a l  people a re  doing remarkably we l l  and considerably b e t t e r  
than what was f e l t  t o  be t h e  l i m i t .  

And I might  quote the  f i e l d  o f  amp1 i f i e r s ,  where people have worked on 
s e n s i t i v e  amp1 i f i e r s  f o r  many years, der ived theo r ies  showing what t h e  1 i m i  t s  
were, and the  l i m i t s  were good b u t  n o t  as good as we have today. When maser 
a m p l i f i e r s  came along, which improved the  s e n s i t i v i t y  by a couple o f  orders o f  
magnitude, then people began t o  th ink  again about some of t he  c l a s s i c a l  t echn i -  
ques and new techniques. Now many o f  the c l a s s i c a l  techniques do almost as 
w e l l  as masers, and the  whole f i e l d  has p r o l i f e r a t e d  i n t o  a wide v a r i e t y  o f  
techniques f o r  very  f i n e  ampl i f ie rs ,  s imply because people were forced t o  cha l -  
lenge, t o  l ook  r a t h e r  more thoroughly than they had before. 

I n  each case you see new ideas have come i n  from elsewhere t o  s t imu la te  
t h e  f i e l d  t o  g e t  going again. 

Now when I was t r y i n g  t o  measure the  frequency o f  l i n e s ,  there  was some 
very  remarkable work t h a t  Bob Pound had done, s t a b i l i z i n g  microwave o s c i l -  
l a t o r s  on c a v i t i e s ,  and t h a t  was spectacular  i n  i t s  day, g i v i n g  f a n t a s t i c  s ta -  
b i l i t y .  You've g o t  t h e  s t a b i l i t y  of a c a v i t y  r a t h e r  t he  s t a b i l i t y  o f  an e lec-  
t r o n  tube as an o s c i l l a t o r ,  and we used some o f  those t o  s t a b i l i z e  o s c i l l a t o r s  



b u t  i t  became apparent t o  me t h a t  while ac tual ly  microwave l i ne s  and microwave 
spectroscopy was j u s t  developing, they were e s sen t i a l l y  as good as quartz 
c ry s t a l s  and probably be t t e r  than cav i t i e s .  

As everybody i s  p re t ty  well aware now, I think,  there  a r e  two aspects t o  
ge t t ing  high precision. One i s  ge t t ing  good enough signal-to-noise, and t h a t  
could ea s i l y  be done in microwave l i ne s  o r ,  f o r  t ha t  matter,  i n  s t ab i l i z a t i on  
on a cavity.  The other was a high enough Q, and one which i s  s t ab l e  and not 
af fected by the surroundings. Microwave l i ne s  had a higher Q than normal 
c av i t i e s  by an order of magnitude o r  so, and so pre t ty  quickly I was examining 
the  theory of how well one could do by s t ab i l i z i ng  on molecular l i ne s .  

Now I have never r e a l l y  b u i l t  an atomic clock myself, a t  l e a s t  not pur-  
posely. I was in teres ted in  the theory, I was in teres ted in using them, and 
I b u i l t  them somewhat more accidenta l ly .  Harold Lyons b u i l t  a clock based on 
s t ab i l i z i ng  a microwave o s c i l l a t o r  on the ammonia l i ne ,  in much the k i n d  of 
general technique t h a t  Bob Pound had introduced, and I remember very well his 
wanting t o  c a l l  i t  an atomic clock, and I kept saying, "Well, i t  r e a l l y  i s  a 
molecular clock." B u t  t h i s  was 1948 and he sa id ,  "Well, you know, everybody 
pays much more a t t en t ion  t o  the  atom these days. I t ' s  got t o  be an atomic 
clock and there  a r e  atoms in i t  a f t e r  a1 1." 

Now the  t rouble  with molecular l i ne s  f o r  a random gas was t h a t  the 4 was 
s t i l l  not t e r r i b l y  high, so a frequency could be pulled by a var ie ty  of ex- 
ternal  influences, and of course this i s  where Dr. Rabi's suggestion of using 
molecular beams and a var ie ty  of other techniques fo r  longer-lived t r an s i t i ons  
obviously i n  the long run would be more s table .  

Nevertheless, when the  maser came along the maser added one thing,  i n  
giving a spectacularly pure frequency. I t s  long-term s t a b i l i t y  a t  t h a t  time 
was not t e r r i b l y  good. I t  was be t t e r  than gas l i ne s  because we were using a 
molecular beam. I t  had a longer t r a n s i t  time so i t  had an improved Q by, 
again, another order of magnitude o r  so, and i t  was a p re t ty  good clock b u t  
i t s  real contribution,  I t h i n k ,  was the pur i ty  of the  spectrum over shor t  
lengths of time. 

And then Norman Ramsey's invention of the hydrogen maser added t h a t  t o  a 
r e a l l y  very high Q system and made us a beautiful clock. 

Now I think another in te res t ing  aspect of the developments of f i e l d s  when 
there a r e  breaktrhoughs and new ideas introduced, i s  t h e i r  p ro l i fe ra t ion  in to  
other  f i e l d s .  Norman has mentioned some of t h a t ,  the use of these new ideas 
i n  a wide var ie ty  of ways, and of course time has been very important in a 
va r ie ty  of aspects .  B u t  when I had t o  face giving t h i s  t a l k  and read what we 
were supposed t o  do, t o  t a l k  about the h i s to r ica l  context of development, I 
decided t h a t  maybe I had be t t e r  go back and look a t  some of my papers and see 
what I was saying a t  t h a t  time, in order not t o  kid  myself as t o ,  in re t ro -  
spect ,  how t h i n g s  looked. 



I am going t o  p u t  you through t h e  reading o f  a paragraph o f  one paper o f  
1961, which was one o f  the  app l i ca t i ons  of p rec ise  t ime o r  p rec ise  frequency 
measurements. Now i n  1961 there  were a few lase rs  i n  existence, j u s t  a few 
types, and t h i s  was a meeting o f  the  Second I n t e r n a t i o n a l  Quantum E lec t ron ics  
Conference. It happened t o  be meeting i n  Berkeley, and I had been i n  Washing- 
t o n  f o r  a couple o f  years and r e a l l y  n o t  doing very much physics but  I was 
supposed t o  g i v e  an in t roduc to ry  t a l k ,  so I had t o  say, "Well, l e t ' s  look  a t  
t he  fu ture ,  what k inds o f  t h ings  might  be done." You may be surpr ised a t  what 
I s a i d  a t  t h a t  time, simply because i t  a l l  seems so obvious now, bu t  because 
I was saying i t  a t  t h a t  t ime t o  a soph is t ica ted group of people, w e ' l l  have t o  
assume i t  wasn't  completely obvious. Here i s  what I t a l ked  about, one o f  t he  
th ings,  one o f  about f i v e  experiments I ta lked  about: 

"Maser techniques w i l l  probably make poss ib le  frequency mu1 t i p 1  i c a t i o n  
from a r a d i o  frequency o f  microwave range i n t o  the  v i s i b l e  and u l t r a v i o l e t  
regions." Now I s a i d  "maser" which I was using a t  t h a t  t ime i n  a general sense; 
t h e  maser, o f  course, the  p r i n c i p l e  i s  operated a t  any frequency. 

"It should be remembered t h a t  p h y s i c i s t s  have never d i r e c t l y  measured the  
frequencies o f  i n f r a r e d  and o p t i c a l  r a d i a t i o n  but  r a t h e r  they measure wave- 
lengths i n  t h i s  reg ion  and then compute frequency from a knowledge o f  t he  ve- 
l o c i t y  o f  l i g h t ,  accurate t o  about a p a r t  i n  a m i l l i o n  which was the  accuracy 
o f  t he  v e l o c i t y  o f  1 i g h t  a t  t h a t  time. Frequency m u l t i p l i c a t i o n  up t o  v i s i b l e  
regions should a l l ow  these frequencies t o  be d i r e c t l y  counted, and hence mea- 
sured i n  terms o f  our  standard o f  time. Our standard o f  l eng th  i s  now defined 
i n  terms o f  t h e  wavelength o f  v i s i b l e  l i g h t ;  hence, a measurement of i t s  f re -  
quency should a l l ow  immediately a determinat ion of the  v e l o c i t y  of l i g h t  t o  a 
p r e c i s i o n  as g rea t  as t h a t  t o  which l eng th  i s  def ined. The measurement o f  
frequencies i n  the  o p t i c a l  reg ion  t o  prec is ions  greater  than about 1 p a r t  i n  
8 10 , t o  which l eng th  i s  now defined, w i l l  i n  f a c t  connect l eng th  and t ime t o -  

gether through the  v e l o c i t y  o f  l i g h t  so f i r m l y  t h a t  perhaps separate standards 
o f  l eng th  and t ime would no longer be appropr iate.  Time, which can be mea- 
sured and def ined more p r e c i s e l y  than can length,  might be taken as a funda- 
mental de f ined u n i t  and leng th  then der ived from it by tak ing  the  v e l o c i t y  o f  
l i g h t , "  and so on. 

Well, as I say, a l l  t h a t  seems f a i r l y  obvious a t  t h i s  t ime. I had t o  go 
and descr ibe how one could hope t o  ge t  frequency m u l t i p l i c a t i o n  and beats and 
so on i n  the  o p t i c a l  reg ion  i n  order  t o  get  tha t ,  and I d o n ' t  t h i n k  i t  was taken 
a w f u l l y  se r ious l y  a t  t h e  t ime b u t  o f  course people have done very b e a u t i f u l  work 
i n  t h i s  range now, and we i n  fac t ,  now use t ime as a standard o f  length.  

A couple more th ings  I want t o  mention as a way i n  which these th ings  come 
back on themselves, spread o u t  i n t o  o ther  f i e l d s ,  and i n t e r a c t :  I haven' t  
worked i n  t h i s  f i e l d  f o r  a long time. As I say, I never r e a l l y  b u i l t  any good 
c locks  because I was main ly  i n te res ted  i n  using them and i n  the  theory, bu t  much 
o f  my work depends on t h a t  and q u i t e  r e c e n t l y  I have been i n t e r e s t e d  i n  i n t e r -  
ferometry, s p a t i a l  in ter ferometry,  Michael son type s p a t i a l  in te r fe romet ry ,  and 



I want t o  remind you of what t ime r e a l l y  was a t  some t ime i n  the past, and t h a t  
i s  a measurement o f  t he  r a t e  of the  r o t a t i o n  of the earth. That was the  d e f i n i -  
t i o n  o f  a second. We no longer  use t h a t  as a standard anymore because t h a t  r a t e  
c a n ' t  be measured accura te ly  enough, and anyhow i t '  s not  a1 1 t h a t  constant. 

Nevertheless, t he  r a t e  of r o t a t i o n  of the ea r th  i s  s t i l l  o f  some impor- 
tance t o  var ious things, such as nav igat ion  and the  study of the  ea r th  i t s e l f ,  
and in ter fe rometers  b u i l t  p r i m a r i l y  from astronomical i n t e r e s t ,  s p a t i a l  i n t e r -  
ferometers which measure t h e  p o s i t i o n  o f  s tars,  are now going t o  g i ve  us a sub- 
s t a n t i a l  improvement, I th ink ,  i n  t h e  measurements of t he  r a t e s  o f  r o t a t i o n  o f  
t h e  ear th.  

There are  a number of kinds: r a d i o  in ter ferometers,  and you know the con- 
nec t ion  between r a d i o  in ter ferometers and timekeeping, r a d i o  in ter fe rometers  
which w i l l  measure pos i t i ons  of quas i -s te l  l a r  objects, f o r  example. There are 
i n f ra red  and o p t i c a l  interferometers, I happen t o  be working on i n f r a r e d  bu t  
o p t i c a l  in te r fe rometers  are  b ing  b u i l t  o f  good qua1 i t y ,  and a l l  o f  these w i l l  
measure s t e l  1 a r  pos i t i ons  considerably more accurate ly  than we have been ab le  
t o  do i n  the  past. It seems r e a l l y  q u i t e  l i k e l y  we w i l l  be able t o  approach 

9 a p r e c i s i o n  o f  about a p a r t  i n  10 i n  the  r a t e  o f  r o t a t i o n  of the ea r th  i n  one 
day, and o f  course i n  longer  t imes the  p rec i s ion  can b u i l d  up. 

Now the measurement o f  t h e  r o t a t i o n  o f  t he  ea r th  i s  a k ind  o f  a d i r t y  
problem, though. I t ' s  n o t  e x a c t l y  fundamental physics. The r e a l  l i m i t a t i o n s  
i n  the  long run  a re  the  behavior o f  t he  atmosphere, because we have t o  prop- 
agate waves through t h e  atmosphere i n  order  t o  measure the p o s i t i o n  o f  s ta rs ,  
and the  motion o f  bedrock. Those are  going t o  be the  pr imary l i m i  t a t i ons .  As 
we improve techniques, we w i l l  f i n d  o u t  a good deal more about j u s t  what those 
l i m i t a t i o n s  are, and o f  course a l ready the  motions o f  bedrock, cont inenta l  
d r i f t ,  and t i d a l  motions and so on are  being determined, and presumably a l l  of 
t h i s  w i l l  con t r i bu te  t o  some ex tent  t o  atmospheric and ea r th  physics. 

I t h i n k  t h a t  i s  a l l  t he  comments I will t ry  t o  make a t  t h i s  po in t .  

644 
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Thank you. 

We d i d  n o t  ge t  together  and t e l l  one another s t o r i e s  o f  what we were going t o  
t e l l  you, and t h i s  has been f a s c i n a t i n g  t o  me and perhaps the  r e s t  o f  you as 
the  s t o r y  comes o u t  from Norman Ramsey and Char l i e  Townes. 

I d i d  say somewhat humorously t h a t  these frequency measurements t h a t  you a re  
doing, t ime measurements, w i l l  u l t i m a t e l y  be r e l a t e d  t o  geology. There you 
are. Townes has j u s t  c losed t h i s ,  so the re  i s  no f i e l d  i n  which t h i s  t ime 
measurement, e s p e c i a l l y  i n t e r v a l s  and perhaps i n  very sho r t  i n t e r v a l s ,  w i l l  
n o t  y i e l d  a g rea t  deal o f  bas ic  knowledge. Of course, I spoke a l i t t l e  e a r l i e r  
more i n  fundamental knowledge, t he  use o f  the  whole concept o f  t ime and i t s  
r e l a t i o n  t o  the  s t r u c t u r e  o f  physics. 

One o f  t h e  most f a s c i n a t i n g  se r ies  of experiments, which fasc inated me through 
t h e  years, were t h e  experiments which were done i n  Heidelberg and the  use o f  
t h i s  technique developed by Kas t l e r  of o p t i c a l  pumping, which l a t e r  on found 
use i n  K a s t l e r ' s  l a b o r a t o r y  i n  Par is .  These methods and these techniques were 
used t o  demonstrate most ly  quantum mechanical p rope r t i es  o f  l i g h t  and the  ana- 
l o g i e s  and very  b r i l l i a n t  theory, and b e a u t i f u l  experiments, b u t  I was very 
much impressed t h a t  i n  Heidel berg these methods were app l ied  t o  molecular beams 
y i e l d e d  new r e s u l t s  o f  a fundamental nature. 

I hope t o  hear and l e a r n  more o f  t he  t h i n k i n g  of our nex t  speaker, o f  those ex- 
periments and the  f a s c i n a t i n g  th ings  he i s  doing now on a man-made a r t i f i c i a l  
atom, namely having a s i n g l e  e l e c t r o n  o r  p o s i t r o n  f l o a t i n g  around under h i s  
c o n t r o l  a t  h i s  time. Won't you please -- 

PROFESSOR DEHMELT: M r .  Chairman, as the  youngest member o f  t h i s  group, may I 
pass f o r  t h e  moment? 

PROFESSOR RABI: Very good. To whom do you wish t o  pass the  to rch?  

PROFESSOR DEHMELT: Well, the  nex t  man i n  1 ine. 

PROFESSOR RABI: We have two. Which one? 

PROFESSOR DEHMELT: Dicke. 

PROFESSOR RABI :  A l r i g h t ,  you a re  nominated. 

PROFESSOR DICKE: I d o n ' t  know whether I should pass o r  not .  

PROFESSOR POUND: WeV1 have t o  ge t  ou t  the  b i r t h  c e r t i f i c a t e s .  

PROFESSOR R A B I :  Well, t he  r u l e s  are  such you don' t have t o  g i ve  a reason fo r  
passing. 
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I t h i n k  rubid ium had another r o l e ,  wasn' t there, Char1 i e ?  Wasn ' t rubid ium 
what you used f o r  t h e  maser? 

PROFESSOR TOWNES: No, we used ammonia. 

PROFESSOR R A B I :  Ammonia, yes. I confused Zieger, who worked w i t h  you on 
ammonia, who p rev iosu l y  had worked w i t h  me on rubidium. 

PROFESSOR TOWNES: Oh, yes. We1 1, we needed Z ieger '  s  he1 p, c e r t a i n l y .  We 
a l so  needed the  b i g  n i t r o u s  elements which ammonia had. 

PROFESSOR RABI:  Those a re  i n t e r e s t i n g  questions. Since we are  remin isc ing  
about o l d  t imes and how th ings  came t o  be, as you know, Char l i e  Townes was a t  
Columbia w h i l e  we were doing the  molecular beam work. O f  course, t o  under- 
stand what was happening i n  these experiments w i t h  molecular beams and selec- 
t i o n  of  s tates,  w i t h  a l l  due respect  t o  Professor Ramsey, we knew about atomic 
spectroscopy and the  spectroscopy of t h e  waves which we used. They were n o t  
e x a c t l y  microwaves then, b u t  the  important  t h i n g  was the  E i n s t e i n  -- I come 
back t o  E i n s t e i n  a l l  t h e  t ime -- induced t r a n s i t i o n s  i n  an exc i ted  s t a t e  i n  
t he  molecular  beams a t  those l eve l s ,  a t  those frequencies which were being 
used, would 1 i v e  a  very  1  ong t ime and we wanted, then, t he  atoms t o  move from 
one s t a t e  t o  another, f rom a lower s t a t e  t o  a  h igher  s t a t e  and a l so  from a  
h igher  energy s t a t e  t o  a  lower energy s ta te ,  and there  you used E i n s t e i n ' s  
induced t r a n s i t i o n s ,  t he  idea which he in t roduced back i n  1916 fo r  the  famous 
paper. He had a r r i v e d  a t  t he  Planck formula bu t  r e a l l y  was the  basis  f o r  what 
happened l a t e r  i n  t he  whole quantum theory, and lead ing  t o  the  Heisenberg d i s -  
pers ion  p r i n c i p l e .  

It seemed t h a t  we might  use something of t h i s  s o r t  bu t  when we ca lcu la ted ,  t he  
i n t e n s i t y  was low. The quest ion was, how could t h i s  r a d i a t i o n  be detected? 
I n  prepar ing t h i s  famous l e c t u r e  -- "famous" i n  the  sense t h a t  I t a l k e d  about 
i t  f i r s t  -- the  Rickmeyer l e c t u r e  i n  1924, I thought  about t h i s  mat ter ,  and 
t h i s  was i n  1924. Great, g rea t  improvements had been made i n  e lec t ron i cs .  I 
s a i d  e a r l i e r  about t he  de tec t i on  of these t r a n s i t i o n s  which l e d  t o  the  mea- 
surement o f  moments, t h a t  they cou ld  n o t  be detected by electromagnetic means 
-- i t  was too  weak -- b u t  t h a t  you had t o  see the  e f f e c t  on the  atom, and 
t h a t ' s  what t he  atomic method was about, b u t  then i n  w r i t i n g  t h i s  I said,  " I s  
t h i s  r e a l l y  t r u e  now?" 

I went and spoke t o  buddy, Ed Purce l l  , and spoke t o  Henry T a r i  about t h i s .  
They f e l t  yes, t he  method was s e n s i t i v e  enough t h a t  they could de tec t  those 
t r a n s i t i o n s ,  and induced r a d i a t i o n  from those atoms. I a l s o  had my doubts 
about t h i s  and t a l k e d  t o  F e l i x  Wacht. This  was dur ing  the  War, and East and 
West were r a t h e r  concentrated i n  Cambridge. Pu rce l l  was a t  the  Radiat ion Lab 
- - J  1 1 -  1 1  - 1  . I  I ,  I -1 . . . .  -. - - - 



Various t h i n g s  i n d i r e c t l y  came o u t  o f  t h i s ,  and one i s  the  atomic c lock  and 
t h e  o the r  i s  t he  nuc lear  magnetic i n d u c t i o n  and other  t h ings  1 i ke t h a t .  Some- 
t h i n g  which was impossible, seemed t o  be impossib le i n  1940 -- as I was t a l k -  
i n g  l a s t  n i g h t  -- as t h e  r e s u l t  o f  a war, a l o t  o f  people working i n  t h e i r  
f i e l d ,  i t  became poss ib le  four years l a t e r .  

And now we have Professor Pound. We have two Harvard people now. 

PROFESSOR POUND: Two what? 

PROFESSOR RABI: Two Harvard people. 

PROFESSOR POUND: Two Harvard people? We1 1 , why not?  

PROFESSOR RAMSEY: I am now a t  M t .  Holyoke, Professor Rabi. 
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1 thank Char l i e  Townes f o r  perhaps, a t  l e a s t  i n  par t ,  g i v i n g  some expla- 
n a t i o n  o f  what I am doing here because I was asking myself  t h a t  and I thought 
probably you were a l l  asking t h a t  even more, because n o t  many o f  you probably 
have coupled my r o l e  w i t h  atomic c lock  development. 

It does happen t h a t  t h i s  p r o j e c t  which i n  f a c t  I go t  i n t o  by s t r i c t  ac- 
c i d e n t  i n  the  Radiat ion Lab -- i t  wasn't on the  rou te  o f  Radiat ion Lab's com- 
mitments, i n  f a c t  -- the  business o f  s t a b i l i z i n g  microwave o s c i l l a t o r s  grew 
o u t  of some customer o f  mine. I was i n  the  business o f  making mixers and 
th ings  l i k e  t h a t  f o r  microwaves a t  t he  time, and Bob Dicke and I used t o  t a l k  
a good deal and Bob had int roduced the  concept o f  the  "magic T" and a customer 
of mine asked me, had I any good ideas as t o  how t o  make a microwave d iscr im-  
i n a t o r .  I s a i d  su re l y  t h a t  has t o  be based on a "magic T" and a f t e r  a few 
s c r i b b l i n g s  on paper, I came up w i t h  a t h i n g  t h a t  would p lay  the  r o l e  a t  micro-  
waves, the  t h i n g  t h a t  was used as a frequency d i sc r im ina to r  i n  ord inary,  low- 
frequency rad io .  

Then I said, "Gee, I t h i n k  t h a t  could be used f o r  purposes o f  s t a b i l i z i n g  
microwave o s c i l l a t o r s ,  and so on the  s ide  I gave t h a t  a t r y  and I was r a t h e r  
surpr ised a t  how much i t  did. Previous t o  tha t ,  i f  you took a couple o f  micro- 
wave o s c i l l a t o r s  l i k e  Klyst rons and you tuned them, say, w i t h i n  30 MHz o f  one 
another so t h a t  you used a 30 MHz receiver ,  communications rece ive r  t o  l i s t e n  
t o  t h e  beat  note between them, you d i d n ' t  hear anything much a t  a l l  bu t  a l o t  
o f  hash and t r a s h  and so f o r t h .  I discovered t h a t  by making two of these 
th ings  you could ge t  a p a i r  o f  10 GHz o s c i l l a t o r s  so t h a t  they beat together  
and produced an audio tone. You used t o  be able t o  go up and down the  cor -  
r i d o r s  where you could hear my audio tone going, s o r t  o f  w igg l i ng  around, bu t  
you know, i t  was wandering on the  order  o f  100 cycles o r  so w i t h  a 10 GHz base, 
and I was s o r t  o f  impressed t h a t  you could do t h i s .  

Actual ly ,  i t  has been mentioned t h a t  obviously -- Char l i e  sa id  t h a t  the  
obvious next  d i r e c t i o n  was t o  use, ins tead o f  a c a v i t y  -- which a f t e r  a l l  
i s n ' t  a fundamental phenomenon and i s n ' t  t he  h ighest  Q i n  the  world, bu t  t o  
use ins tead an atomic o r  a molecular  spect ra l  l i n e  as the reference. In fact ,  
you w i l l  f i n d  i n  my paper o f  1946 t h a t  I so suggested, f i r s t  o f  a l l  us ing the  
c a v i t y  t h a t  was used t o  s t a b i l i z e  the  o s c i l l a t o r  as an absorpt ion c e l l  fo r  
s tudying microwave absorption, and then mentioned the  use o f  what now would 
be c a l l e d  t h e  Q-dip method, I believe, t o  l ock  the  o s c i l l a t o r  u l t i m a t e l y  t o  
t h e  absorpt ion 1 i n e  t h a t  might be so contained. 

In f ac t ,  i n  the  spr ing  o f  1945 some o f  my colleagues had the  kindness, 
i n c l u d i n g  Professor Rabi, o f  recommending me t o  the  Society o f  Fellows a t  
Harvard. Rabi c la ims he never would do t h a t  again. 



But t h a t  i s  a  spec ia l  o rgan iza t i on  which gives one a  3-year term as a 
f e l l ow  of the  Soc ie ty  o f  Fellows, and i n  order  t o  ge t  t h a t  way you had t o  go 
t o  an i n te rv iew .  I went t o  an i n t e r v i e w  i n  March of 1945, i n  which i n t e r v i e w  
the re  were such persons as A l f r e d  North Whitehead, and Paul Buck, Dean of t he  
Facu l ty  a t  Harvard, Facu l ty  o f  A r t s  and Sciences, and a few o ther  well-known 
people. A r thu r  Darby Knox, who was a  professor o f  h i s t o r y  o f  r e l i g i o n ,  who 
t o l d  me i n  h i s  Cambridge, England accent t h a t  I would have t o  speak up be- 
cause Professor  Whitehead was q u i t e  hard o f  hearing, and here I was a  25-year- 
o l d  who was t o  exp la in  what he had i n  mind f o r  the fu tu re  t o  t h i s  committee. 

What d i d  I have i n  mind? I had i n  mind the  development o f  an atomic 
c lock  f o r  t he  purpose o f  comparing atomic t o  g r a v i t a t i o n a l  time, because I 
had been r e c e n t l y  reading an a r t i c l e  -- a c t u a l l y  i t  was w r i t t e n  by an Engl ish-  
man named 3. 8. S. Haldane, who was i n t e r p r e t i n g  and promoting the  theo r ies  o f  
E. A. M i l  ne which suggested t h a t  t he re  were two d i f f e r e n t  t ime scales, k ine-  
ma t i ca l  and dynamical time, one o f  which being atomic and the  o ther  being o r -  
b i t a l ,  and t h a t  h i s  theory  suggested t h a t  these two scales d r i f t e d  w i t h  re -  
spect  t o  one another by the  f r a c t i o n  which represents the  t ime of observat ion 
over t he  age of t he  universe. 

We1 1  , I 1 ooked a t  th ree  years and the  Hubbl e  constant  o f  t h a t  era, and 

t h a t  was a  r a t i o  o f  about and I knew t h a t  I cou ld  probably make an atom- 
i c  c lock  t h a t  was good enough bu t  I c o u l d n ' t  see how t o  measure g r a v i t a t i o n a l  
t ime t o  t h a t  p r e c i s i o n  because I knew t h a t  the e a r t h ' s  r o t a t i o n  f l uc tua ted  by 
the  order  o f  a  second per  year  i f  you measured i t  by l ook ing  a t  t he  s t a r  t r a n -  
s i t s  and so f o r t h .  

But I happi ly ,  o r  perhaps unhappi ly  -- wel l ,  I guess i t  i s  happ i l y  -- a 
b i g  d i v e r s i o n  o r  d e v i a t i o n  from t h a t  rou te  occurred because o f  my co l labora-  
t i o n  w i t h  Pu rce l l  and T a r i  i n  the  p r o j e c t  t h a t  Rabi mentioned, i n  the  f i r s t  
experiment which success fu l l y  detected magnetic resonance o f  n u c l e i  i i n  
so l ids ,  which i n  f a c t  weren't  s o l i d  as we thought they were. That d i v e r s i o n  
took me away from t h a t  d i r e c t i o n ,  a1 though I must say t h a t  the concept of 
f i n d i n g  a  reference system t h a t  would be usefu l  f o r  u l t i m a t e  atomic c locks 
was always somewhere i n  t he  back of my mind. One of the reasons I embarked 
i n  the  t rade  o f  pure e l e c t r i c  quadrupole resonance, a  f i e l d  which Professor  
Dehmel t here scooped me on i n  a  c e r t a i n  sense, I thought t h a t  t he re  would be 
a  case where the re  would be a  h igh  Q ava i l ab le .  I f  one went t o  a pure e lec-  
t r i c  resonance a t  a  few thousand MHz and had d ipo le - to -d ipo le  l i new id ths  only ,  
t he re  should have been a Q of 10 m i l l  i o n  o r  so and those were b i g  numbers i n  
those days. 

Well, I d i d n ' t  g e t  back i n t o  an a c t i v e  r o l e  w i t h  respect  t o  t h e  use o f  
u l t i m a t e  h igh-prec is ion  devices u n t i l  suddenly the  Mossbauer e f f e c t  appeared 
on the  scene, and we moved r a t h e r  r a p i d l y ,  and some o f  you may know about our  
employment o f  t h a t  method t o  measure the  ef fect  o f  the  g r a v i t y  on e f fec t i ve  

frequency o f  photons. There we measured s h i f t s  o f  2 t imes 10-I  f r a c t i o n a l l y  
t o  1  percent  accuracy. We have been upstaged i n  the  conclusions from those 



measurements i n  more recent  t imes by Bob Vessot and h i s  colleagues a t  t he  
Smithsonian and NASA, us ing  the  hydrogen maser i n  the  rocket  probe where the  

g r a v i t a t i o n  red s h i f t  was measured t o  b e t t e r  than a p a r t  i n  1014. However, they 
were measuring a much b e t t e r  e f fec t  than what we measured, so t h a t  t he  f r a c -  
t i o n a l  p rec i s ion  o f  t he  measurement s t i l l  belongs, the  extreme i n  t h a t  area 
s t i l l  belongs t o  t h e  Mossbauer effect,  and I thought I would j u s t  mention 
t h a t  i n  more recent  t imes we have been p lay ing  w i t h  Mossbauer resonance whose - - - - 

i s  1015, 2 times 1 0 ' ~ .  

Here i s  an absorpt ion l i n e  -- I could show you a transparency t h a t  shows 
such an absorpt ion l i n e  b u t  I t h i n k  you can imagine i t  -- i n  the  Mossbauer 
e f f e c t  one has an e m i t t e r  r a d i a t i n g  gamma rays through an absorber, and i f  
t h e  two are  s t a t i o n a r y  w i t h  respect  t o  one another and i f  a l o t  of o the r  con- 
d i t i o n s  are  s a t i s f i e d ,  there  i s  an absorpt ion o f  the  gamma rays by a resonance 
process i n  the  absorber, b u t  if you move the  one s lowly  w i t h  respect  t o  t h e  
other ,  t h e  doppler e f f e c t  o f  t h a t  motion i s  s u f f i c i e n t  t o  reduce the  amount 
o f  absorpt ion by p u t t i n g  th ings  o u t  o f  resonance. 

The speed t h a t  i s  requ i red  t o  reduce the  absorpt ion f o r  the  case o f  z inc  
67 i s  .15 microns per  second, which i s  a r a t h e r  slow motion. I t  i s  t he  k ind  
of motion t h a t  r e s u l t s  from about a meter per year, I guess, and you have t o  
compare t h a t  w i t h  t h e  v e l o c i t y  of l i g h t  -- i n  o ther  words, i t  i s  a meter over 
a l i g h t  year  -- fo r  t h e  f r a c t i o n a l  e f fec t .  

Now Professor Townes a l s o  mentioned t h a t  u l t i m a t e l y  the  use o f  t ime i n  
the  o p t i c a l  domain should be a v a i l a b l e  by successful m u l t i p l i c a t i o n  o r  a de- 
r i v a t i v e  of some device t h a t  i s  a coherent source i n  t h e  o p t i c a l  domain, 
which can then be c o n t r o l l e d  o r  locked t o  some reference device, and I say 
t h a t  w i t h  t h i s  new Mossbauer e f f e c t  we are able -- i f  someone w i l l  k i n d l y  
develop a coherent o s c i l l a t i n g  source -- one can use the  Mossbauer absorpt ion 
as an absolute reference w i t h  a s t a b i l i t y  -- wel l ,  the  resonance f u l l  w id th  

i s  so I t h i n k  f o l l o w i n g  the  enhancement over the  na tu ra l  resonance 
widths o f  most o the r  atomic c lock  references, t h i s  should ge t  us i n t o  the  

domain o f  which i s  s o r t  o f  another domain of i n t e r e s t .  

Uhhappily, t he  a t tack  t ime o r  the  feedback r a t e  t h a t  you could use f o r  
these th ings  i s  r a t h e r  slow because the s ignal- to-noise r a t i o  i s  r e l a t i v e l y  
poor, and i t  takes maybe an hour t o  develop a decent p i c t u r e  o f  t h a t  1 i n e  
shape a t  t h e  present t ime. 

One l a s t  remark, I t h i n k  -- oh, I might have mentioned t h a t  i n  a d d i t i o n  
t o  the  r o l e  o f  t h e  o r i g i n a l  t h e  ideas of s t a b i l i z i n g  microwave o s c i l l a t o r s ,  i n  
1949-50 Ed Purce l l  and I col labora ted on an experiment which became pub1 ished 
under the  t i t l e ,  " A  Spin System a t  a Negative Temperature." We int roduced the  
concept o f  negat ive temperatures, which p a r t i c u l a r l y  pointed t o  the  phenomenon 
o f  induced emission as a c o n t r i b u t o r  t o  radiospectroscopy under the  cond i t ions  
o f  having inve r ted  popu la t ion  states.  I t h i n k  t h a t  a l so  played a r o l e  i n  the  
development and understanding of t he  techniques t h a t  l e d  t o  the  maser, a t  l e a s t  
so t h e  Smithsonian people t o l d  me when they asked f o r  the  c r y s t a l  we used i n  
t h a t  as a p a r t  o f  t h e i r  l a s e r  e x h i b i t  a few years ago. 



But f i n a l l y  I was going t o  remark t h a t  t he re  i s  a l so  the  quest ion as t o  
whether quantum mechanics i s  r e a l l y  a t  issue i n  th ings,  say, l i k e  the  problem 
w i t h  the  Mossbauer e f f e c t ,  i n  a d d i t i o n  t o  the f a c t  t h a t  i t  i s  u n l i k e l y  t h a t  i t  
i s  going t o  end up being a maser i n  i t s  own r i g h t .  The case t h a t  I mentioned, 
f o r  example, i s  a wavelength o f  .13 angstroms o r  a frequency o f  2.5 t imes 

19 10 Hz, which i s  s o r t  of high. I t  has a l i n e  width,  therefore, o f  25 kHz. 

Now i n  some very  narrow resonances, 1  i ke i n  NMR, you f i n d  there  are 
t r a n s i e n t  e f f e c t s .  For example, i f  you do magnetic sweeping i n  an NMR ex- 
periment, i ns tead  o f  seeing a  n i c e  absorpt ion l i n e ,  you see a  t h i n g  which 
P u r c e l l  and I c a l l e d  the  "wiggles" back i n  1946 when we f i r s t  had t h i s  
annoying e f f e c t .  When you sweep through a resonance, you do s t a r t  t o  get  an 
absorp t ion  b u t  then the re  i s  a beat t h a t  appears. You can develop e x a c t l y  
t h e  same p i c t u r e  by a  combination o f  s ingle- tuned c i r c u i t s ,  tun ing  one and 
shock-exci t ing the  other ,  and the  a f t e r - r i n g  o f  the  shock e x c i t a t i o n  beats 
w i t h  the  one t h a t  t h e  frequency i s  moving away and you see the t h i n g  as a  
wiggle. 

I t  tu rns  o u t  t h a t  i n  t he  Mossbauer e f f e c t  you have p r e c i s e l y  the  same 
e f f e c t :  Namely, i f  you l ook  a t  t h i s  u l  t ra-narrow resonance l i n e  o f  z inc  67, 
which has a d i p  i n  t he  o rd ina ry  way i f  you sweep through i t  q u i t e  s lowly,  you 
s t a r t  sweeping through a 1  i t t l e  f a s t e r ,  the l i n e s  s t a r t  t o  become a l i t t l e  
unsymmetric i n  shape, and i f  you sweep through i t  i n  a t ime which i s  s h o r t  
compared w i t h  the  coherence time, which i s  10 microseconds, o f  t h i s  resonance, 
what do you get?  You ge t  t he  wiggles, e x a c t l y  the same as i n  t h i s  quasi-  
c l a s s i c a l  case o f  t he  NMR l i n e .  

One o f  t he  cur ious  th ings  t h a t  i s  a  pedagogical problem i s  t h a t  t he  wig- 
g le,  i f  you go w i t h  an absorber, then i n  the  f i r s t  wiggle the  i n t e n s i t y  t rans -  
m i t t e d  through the  absorber i s  g rea ter  than t h i s  i n t e n s i t y  would have been a t  
those times w i thou t  an absorber, and maybe I w i l l  j u s t  leave you w i t h  the  
chal lenge o f  f i g u r i n g  ou t  how t h a t  can poss ib l y  be. Who made the  energy t h a t  
appears i n  t h i s  overshoot, as i t  might  be c a l l e d ?  But i t  does t e l l  one t h a t  
t he  correspondence p r i n c i p l e ,  and the  f a c t  t h a t  i t  i s  no problem t o  answer 
t h i s  problem i f  you t h i n k  o f  t he  whole system as c l a s s i c a l .  
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Well, before we t u r n  t o  t h e  next speaker, Professor Dehmel t, I want t o  make a 
confession o f  which I am very proud and which has had an important p a r t  i n  the  
h i  s t o r y  o f  microwave spectroscopy. 

During the  war, I happened t o  be more o r  l e s s  i n  charge o f  magnetrons, and 
f i n d i n g  radar  f o r  h igher  and h igher frequencies and b e t t e r  d e f i n i t i o n .  One o f  
t h e  problems which'we s e t  ourselves was 1-cent imeter radar. For t h a t  we had 
t o  make a 1-cent imeter magnetron which would g ive  power, and o f  course the  
K lys t ron  t h a t  would go w i t h  it. 

We worked a t  t h i s ,  and i t ' s  a hit-and-miss a f f a i r  b u t  we f i n a l l y  go t  a magnetron 
t h a t  worked w i t h  h igh  e f f i c i e n c y  and a l o t  o f  power and go t  a K lys t ron  made i n  
t h a t  reg ion  and set up a wonderful radar. The radar was t r i e d  and we got  some 
wonderful p i c tu res  o f  New York harbor w i t h  f i n e  d e f i n i t i o n  o f  a l l  t he  s t r e e t s  
and t h e  p l e r s  and so on. O f  course, when the  r a i n s  came i t  turned ou t  t h a t  we 
were p r e c i s e l y  on the  water absorpt ion l i n e .  I knew we were i n  great  danger 
o f  being the re  but once you've made a magnetron, scal i n g  i s  easy f o r  the c i  r- 
c u i t s  once you have it. So t h i s  i s  f i ne .  We' l l  ge t  t h i s  made, see how i t  
works and then scale t o  t h e  appropr iate frequency. 

For tunate ly ,  t h e  war ended before we could ge t  t h i s  scal i n g  done, and as a re -  
s u l t  we had those Klystrons, surplus, cheap -- and the Government so ld  them -- 
e a s i l y  a v a i l  able f o r  experimenters, and therefore microwave spectroscopy a t  
t h a t  time. I'm n o t  s o r r y  the  war ended and we were no t  able t o  f i x  t he  radar. 
It was a 1 cent imeter  radar  b u t  n o t  an a l l -weather  radar. 

But  i t  shows t h a t  if you are  i n  a new f i e l d ,  even mistakes can be o f  p o s i t i v e  
va l  us. 

PROFESSOR TOWNES: A great  c o n t r i b u t i o n  t o  science. It has t o  be oppor tun is t i c .  

PROFESSOR RABI: It has t o  be oppor tun is t ic ,  yes, and use everyth ing j u s t  as 
Chicago d id .  You use the squeal i n  the  hog. 

Now I w i l l  t u r n  t o  Professor Dehmel t. 
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I have a paper which hope fu l l y  w i l l  address i t s e l f  t o  the  po in t s  which the  
chairman has ra ised,  and a l s o  t o  e n t e r t a i n  you t o  some degree, 

I n  these days o f  cos t -benef i t ,  the  case h i s t o r y  o f  non-mission o r i en ted  
work l ead ing  nevertheless t o  very useful c o n t r i b u t i o n s  t o  development o f  new 
frequency standards may be of some i n t e r e s t .  Having been a r a d i o  amateur s ince 
age 10, i n  my work i n  Kaufferman I n s t i t u t e  on r a d i o  frequency spectroscopy 
research f o r  nuclear  quadrupole resonants i n  so l  i d s  was a na tu ra l  choice. 
However, so l  i d s  a re  complex and the  e lec t rons  seemed t o  be a much more i n t e r -  
e s t i n g  p a r t i c l e  than the  c l o s i n g  nucleus fo r  which I had j u s t  found the  search 
f o r  resonance i n  1950. 

Also, my teacher, Richard Becker, one day i n  h i s  e l e c t r i c i t y  and magnetism 
lec tu re ,  had drawn a d o t  on the  blackboard, dec la r ing ,  "Here we have an e lec-  
t ron .  I' Minding Heisenberg's admission t h a t  physics should concern i t s e l f  w i t h  
absorbers, I have wondered ever s ince  how one might  go about i n  the  l abo ra to ry  
t o  l o c a l i z e  an e l e c t r o n  i n  f r e e  space. 

For t h e  t ime being, then, however, I made do w i t h  my nuclear  quadrupole 
resonance spectrometer i n  a search f o r  t he  400 MHz hyper f ine  l i n e  i n  potassium 
vapor, b u t  I c o u l d n ' t  f i n d  it. Having been i n v i t e d  t o  work i n  Wal ter  Gordy's 
l a b o r a t o r y  i n  t h i s  country, I had more l u c k  w i t h  the  atomic resonance spectrum 
o f  atomic phosphorus i n  a high-pressure bu f fe r  gas. That was about i n  1953-54. 
Now a t  l a s t  I had measured something on the f r e e  atom, namely i t s  hype r f i ne  
s t ruc tu re .  However, s igna l - to -no ise  was poor so I turned t o  the  t r i g g e r  tech-  
niques pioneered by our  Chairman, Rabi, and by Block, Lamb, and my fe l l ow  
col leagues Dicke and others.  Adding a new wr ink le ,  I hoped -- as i t  turned 
o u t  i t  was p rev ious l y  proposed by Kas t l e r  -- namely, al ignment by e l e c t r o n  
impact -- I b u i l t  a p lanar  plasma diode f i l l e d  w i t h  mercury vapor, and searched 
f o r  a permanent resonant s igna l  i n  t he  DC diode c u r r e n t  b u t  I c o u l d n ' t  f i n d  it. 

However, sh in ing  f i l t e r e d  1 i g h t  from a mercury r e c t i f i e r  on it, I found the  
resonance i n  t h e  t ransmi t ted  l i g h t ,  and t h i s  was the  o r i g i n  o f  t he  t ransmiss ion 
mon i to r ing  technique now used i n  the  rubid ium c lock .  

I n  t he  mercury experiment I a lso  learned about sp in  exchange between e lec-  
t rons  and atoms. The easy a v a i l a b i l  i ty  o f  po la r i zed  a1 ka l  i atoms gave me the  
idea f o r  my f ree e l e c t r o n  sp in  resonance experiment, based on the  back and 
f o r t h  sp in  exchange between e lec t rons  and o p t i c a l l y  pumped sodium atoms. To 
r e a l i z e  the  l ong  i n t e r a c t i o n  and r e l a x a t i o n  t imes necessary here f o r  t h i s  k i n d  
o f  a spin-exchange p o l a r i z a t i o n  experiment, I f e l l  back on my high-pressure 
b u f f e r  gas work on t h e  atomic phosphorus. 



Having very  l i t t l e  money, I f i r s t  demonstrated i n  a simple o p t i c a l  pumping 
experiment us ing  ad iaba t i c  f i e l d  and sp in  reverser ,  re1 axa t i on  t imes approaching 
a second f o r  sodium i n  a 30 t o r r  buffer gas o f  argon. The correspondingly  
sharp A f  = 0,l hyper f ine resonances suggested by t h i s  had considerable a p p l i -  
c a t i o n  p o t e n t i a l  i n  magnetometers and frequency standards. Nevertheless, my 
bre thren a t  t he  U n i v e r s i t y  o f  Washington, where I then was a v i s i t i n g  Assis- 
t a n t  Professor, were n o t  o v e r l y  impressed by my e f f o r t s  and i n  f a c t  had i n -  
v i t e d  me t o  shop around f o r  another job.  

So I contacted Mar t i n  Packard a t  Varian Associates, and a l so  demonstrated 
my experiments t o  F e l i x  Bloch, whose nuclear  i nduc t i on  technique formed one o f  
t he  cornerstones of t h i s  young company, Varian Associates. This  l e d  t o  a 
very  successfu1 c o l l a b o r a t i o n  i n  which B e l l  and Bloom a t  Varian q u i c k l y  r e -  
peated my o p t i c a l  pumping experiments and a l so  detected the  0-0 hype r f i ne  
t r a n s i t i o n  i n  sodium i n  the  t ransmi t ted  l i g h t .  No i s o t r o p i c  f i l t e r  was used 
then. This  simple approach has r e c e n t l y  been rev i ved  f o r  t h e  l e a s t  expensive 
rubid ium clocks. 

I n  my paper on the  mercury work, I a l s o  had proposed r a d i o  frequency spec- 
t roscopy on trapped ions. This  1 i n e  of work i n  my l a b  a t  the  U n i v e r s i t y  o f  
Washington now has culminated i n  t he  magnesium monoion o s c i l l a t o r ,  an i n d i v i  - 
dual laser-cooled magnesium i o n  i n  a small i o n  t rap .  Well, I should mention 
t h a t  a f t e r  our  chairman, George Menley, g o t  around t o  have a l ook  i n  my labora-  
t o ry ,  he d i d  i n v i t e  me t o  s tay  on as an Ass i s tan t  Professor i n  1956, so I am 
s t i l l  w i t h  t h e  U n i v e r s i t y  of Washington. 

My co l l abo ra to rs ,  Roland Nagoni and Gary Jennings, j u s t  have measured t h e  
w id th  of t h i s  trapped magnesium i o n  of t he  o p t i c a l  resonance 1 ine, which i s  
j u s t  l i k e  a sodium-D l i n e .  The r e s u l t :  namely, w i t h i n  our l i m i t s  t he  na tu ra l  
l i n e  es tab l ishes  an i o n  temperature of about 5 m i l l i - K e l v i n .  

The u l t i m a t e  accuracy o f  a monoion o s c i l l a t o r  l a s e r  frequency standard - 
might  approach -- I mean accuracy -- 1 p a r t  i n  10 should say ' r eso lu t i on "  
i n  o rder  n o t  t o  ge t  i n  any b i g  c la ims about how much one can s p l i t  t he  l i n e .  

Again, t he  sideband c o o l i n g  technique was f i r s t  searched f o r  by David 
Vineland and myself, n o t  on an atomic i o n  f o r  frequency standard purposes, b u t  
i n  our  monoelectron o s c i l l a t o r  work a t  the  U n i v e r s i t y  of Washington. The goal 
of t h i s  work i s  t he  study of t he  f i n e r  s t r u c t u r e  o f  t h i s  most important  elemen- 
t a r y  p a r t i c l e ,  namely, the  e l c t r o n  and the  pos i t ron .  

I do n o t  presume t o  know what frequency standards w i t h  1 p a r t  i n  10 18 

accuracy w i l l  be good for.  However, f o r  example, nobody a1 so seems t o  know 
very  w e l l  i f  two atoms o f  the  same element w i l l  a c t u a l l y  prove t o  be i d e n t i c a l  
t o  t h a t  accuracy. And hark ing  back on p o i n t s  ra i sed  before, maybe sequels o f  
t h e  Hubble expansion o f  t he  un iverse  w i l l  become detec tab le  i n  the  l abo ra to ry .  
The important .  th ing ,  again, seems t o  be t o  b u i l d  one, and of course t h i s  i s  
what you have a1 so dedicated your  e f f o r t s  t o .  

I thank you f o r  your  a t t e n t i o n .  
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Well, I should perhaps mention t h a t  Professor Dicke r e a l l y  a l so  t r i e d  t o  
cons t ruc t  an atom. 

PROFESSOR DICKE: That was an experiment t h a t  f a i l e d .  

PROFESSOR RABI :  We1 1, an experiment t h a t  f a i l e d .  I have always thought about 
t h a t  because i t  was a b r i l l  i a n t  experiment, and I know t h a t  i n  my case, and I 
co l l abo ra ted  w i t h  people 1 i ke Norman Ramsey and Je ra l  d Zacharias and Kusch -- 
t h a t  i f  the  experiment was such t h a t  I cou ld  do it, i t  always succeeded, be- 
cause I am n o t  an experimenter and i t  had t o  be very simple, and o thers  who 
a re  b r i l l i a n t  w i l l  always add wonderful th ings  t o  it, which one deeply ap- 
prec i a tes  . 
Well, I t h i n k  i t  has been a good af ternoon i n  the sense t h a t  i t  i s  almost 2 
hours and we have l o s t  very  few customers, and the  doors were open. 

So I t h i n k  i t  has been and I hope i t  has been en te r ta in ing ,  b u t  I hope s o r t  o f  
i n s p i r a t i o n a l  o f  var ious  attempts which have been made along t h i s  d i r e c t i o n .  
Some have succeeded. Some d i d  n o t  succeed so we1 1 and haven ' t been pursued, 
b u t  t he re  i s  a very  wide f i e l d  and I t h i n k  the  r ichness o f  t he  f i e l d  has been 
demonstrated by t h e  l a s t  few speakers. Some o f  the  new f i e l d s  suggested are  
very  i n t r i g u i n g ,  1 i k e  geophysics and astrophysics.  I n  o ther  words, i t ' s  a 
g rea t  and wonderful f i e l d .  I congra tu la te  you f o r  being i n  it, and I hope 
t h i s  has been a use fu l  meeting. We thank you fo r  your a t t e n t i o n .  

I n  t he  name o f  my colleagues, I thank you, there  w i  11 be no encore and we w i l l  
go on. 




