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I t  a p p e a r s  l i k e l y  that eve ryone  i n  t h e  t ime  and 
f r e q u e n c y  community can a g r e e  on g o a l s  t o  be 
r e a l i z e d  th rough  t h e  e x p e n d i t u r e  of r e s o u r c e s .  
These  g o a l s  a r e  t h e  same a s  found i n  most 
f i e l d s  of t e c h n o l o g y :  lower  c o s t ,  b e t t e r  per -  
fo rmance ,  i n c r e a s e d  r e l i a b i l i t y ,  s m a l l  s i z e  and 
lower  power, T h i s  p a p e r  f o c u s e s  on r e l a t e d  
a s p e c t s  i n  t h e  p r o c e s s  of c l o c k  and f r e q u e n c y  
s t a n d a r d  development  which s e e s  government  and 
i n d u s t r y  i n  a h i g h l y  i n t e r a c t i v e  r o l e .  These  
i n t e r a c t i o n s  i n c l u d e  judgments  on c l o c k  per-  
fo rmance ,  what kind of c l o c k ,  e x p e n d i t u r e  of 
r e s o u r c e s ,  t r a n s f e r  of i d e a s  or ha rdware  con- 
c e p t s  from government  t o  i n d u s t r y ,  and c o n t r o l  
o f  p r o d u c t i o n ,  The a u t h o r  b e l i e v e s  t h a t  suc-  
c e s s f u l  c l o c k  development  and p r o d u c t  i on  
r e q u i r e s  a g o v e r n m e n t / i n d u s t r y  r e l a t i o n s h i p  
which i s  c h a r a c t e r i z e d  by long- te rm c o n t i n u i t y ,  
m u l t i -  d i s c i p l i n a r y  team work,  focused  fund ing  
and a s e p a r a t i o n  of r e l i a b i l i t y  and p r o d u c t i o n  
o r i e n t e d  t a s k s  from pe r fo rmance  improvement/  
r e s e a r c h - t y p e  e f f o r t s .  

THE CLOCK HIERARCHY 

F i g u r e  1 shows t h e  e x i s t i . n g  c l o c k  h i e r a r c h y ,  a commonly a c c e p t e d  
r a n k i n g  of c l o c k  t y p e s . l  T h i s  r a n k i n g  i s  no t  o n l y  based  on t h e  
p h y s i c a l  c h a r a c t e r i s t i c s  bu t  a l so  on t h e  t e c h n o l o g y  u s e d ;  i . e . ,  t h e  
c r y s t a l  r e s o n a t o r ,  t h e  rub id ium g a s  c e l l ,  t h e  ces ium beam t u b e  and 
t h e  hydrogen  s t o r a g e  b u l b  maser .  We mu; remember t h a t  any of t h e s e  
c o n c e p t s  o r  atoms can be used  i n  d i f f e r e n t  combina t ions  a s  we w i l l  
d i s c u s s  l a t e r .  

T h i s  r a n k i n g  of  t o d a y ' s  p r i n c i p a l  p r e c i s i o n  c l o c k s  and f r e q u e n c y  
s t a n d a r d s  i s  m e a n i n g f u l  a s  shown i n  F i g u r e  1. L i s t e d  i s  t h e  t y p i c a l  
b e s t  s t a b i l i t y  or f l i c k e r  of f r e q u e n c y  f l o o r ,  OF, as w e l l  as t h e  
t y p i c a l  Q v a l u e s .  F i g u r e  1 shows t h a t  i n c r e a s i n g  Q ' s  r a n g i n g  from 
2 m i l l i o n  w i t h  a  c r y s t a l  r e s o n a t o r  t o  1 b i l l i o n  wi th  t h e  hydrogen  



s to rage  bulb,  c o r r e l a t e '  t o  frequency s t a b i l i t y  improvements from 
1 x t o  3 x 10- l~ .  However, w e  aLso no te  t h a t  s i z e  
and cos t  correspondingly i nc rease .  Thus, we conclude t h a t  the  
ranking of today ' s  frequency s tandards  may not n e c e s s a r i l y  be based 
on a fundament a1  d i f f e r e n c e  governing the  c r y s t a l  resona tor  vs . the  
rubidium atom vs .  t h e  cesium atom vs.  the hydrogen atom but r a t h e r  
on p a r t i c u l a r  t e chn ica l  r e a l i z a t i o n s .  They lead,  on one end of the  
s c a l e ,  t o  small  acceptab ly  performing devices  a t  a f fo rdab le  c o s t s  
and,  on t he  o the r  end of the  spectrum, t o  very high performing de- 
v i c e  at s u b s t a n t i a l  s a c r i f i c e s  i n  s i z e  and c o s t .  

H i s t o r i c a l  developments have ind i ca t ed2  what would happen i f  we 
dropped t h i s  ranking and attempt t o  use t he se  e x i s t i n g  p r i n c i p l e s  t o  
r e a l i z e  e i t h e r  h igher  performance as  i n  t he  case of rubidium o r  
cesium, o r  lower s i z e  and cos t  as  i n  the  case of hydrogen s to rage .  
The bas ic  r e s u l t s  of these  e f f o r t s  a r e  shown i n  Figure 2.  The Q 
and, with i t ,  the  bes t  frequency s t a b i l i t y  o can be increased f o r  
rubidium and cesium; however, a t  increased cos t  and s i z e .  The s i z e  
and cos t  of a hydrogen device can be decreased;  however, a t  a  s a c r i -  
f i c e  i n  performance. Furthermore, Figure 3 shows t h a t  nea r ly  a l l  of 
the different atoms have been sub ected t o  the three fundamentally 4 dff f ering basic technologies ; Beam, storage vessel, and gas ce l l .  
I n  add i t i on ,  nea r ly  a l l  of the  devices  have operated as  pass ive  
r e sona to r s  se rv ing  t o  s t a b i l i z e  a  c r y s t a l  o s c i l l a t o r  o r  as a c t i v e  
o s c i l l a t o r s  of the  maser type.  Of s p e c i a l  h i s t o r i c a l  i n t e r e s t  is 
t h e  f a c t  t h a t  the  attempt t o  i n t e r r o g a t e  t he  cesium atom i n  a 
s t o r a g e  v e s s e l  led t o  the  c r e a t i o n  of the hydrogen maser ;5 a decade 
l a t e r ,  t he  idea  of pursuing the  p o s s i b i l i t y  of a  cesium maser led t o  
t h e  pass ive  hydrogen maser p r i n c i p l e  

W e  may conclude from Figure  1 through 3 t h a t  t he re  i s  no fundamental 
r e l a t i o n s h i p  between supe r io r  performance nor cos t  nor s i z e  and the  
p a r t i c u l a r  atom o r  phys ica l  p r i n c i p l e  which i s  used, but  r a t h e r  t h a t  
t h e  combination of expendi ture  of funds i n  a  h i s t o r i c a l  cha in  of 
even t s  i s  l a r g e l y  respons ib le  f o r  today ' s  device-hierachy. 

Furthermore, i t  i s  not a foregone conclusion t h a t  very high per- 
formance i n  s m a l l  s i z e  must be c rea ted  by reducing the  s i z e  of high 
performance devices ;  it may be as  wel l  to  focus on performance en- 
hancement of devices  a l ready  small .  Therefore ,  openness of mind i s  
very  much i n  order  when judging new ideas  and proposals  t o  improve 
parameters ranging fram s t a b i l i t y  performance t o  environmental in- 
s e n s i t i v i t y  t o  s i z e  and c o s t .  It j u s t  may be t h a t  a t r u l y  new idea  
may change an old p r i n c i p l e  of a  "down-rated" atom i n t o  the  bes t  
s o l u t i o n  poss ib l e .  



IDEAS AND SELECTION CRITERIA 

New i d e a s  can f a l l  i n  t h e  a r e a s  of b a s i c  r e s e a r c h ,  a p p l i e d  r e s e a r c h  
o r  e n g i n e e r i n g .  A new i d e a  may be b a s i c ,  o r  i t  may be a s o l u t i o n  t o  
an e x i s t i n g  o r  pe rce ived  problem, o r  i t  could be t h e  r e v i v a l  of a 
once d i s c o n t i n u e d  o r  d i s c a r d e d  i d e a .  Independent of t h i s  c l a s s i f i -  
c a t i o n ,  t h e r e  a r e  f o u r  b a s i c  q u e s t i o n s  which may be asked and should  
be answered b e f o r e  r e s o u r c e s  a r e  expended. By " resources"  we mean 
e i t h e r  an approved program w i t h i n  a  government l a b o r a t o r y  o r  t h e  
fund ing  s f  a  program i n  i n d u s t r y  o r  e l sewhere .  

The fo l lowing  should  not  l ead  t h e  r e a d e r  t o  b e l i e v e  t h a t  some re- 
s e a r c h  of an u n d i r e c t e d  n a t u r e  should  not  be approved.  Such 
fund ing ,  i n  t h e  a u t h o r ' s  b e l i e f ,  i s  e s s e n t i a l ,  but  such r e s o u r c e s  
must be expended i n  a  f i e l d  of technology o r  i n  a f i e l d  of b a s i c  
s c i e n c e  w i t h  proposed r e s u l t s  r easonab ly  undef ined .  Resources spen t  
i n  t h i s  d i r e c t i o n  have proven over  t h e  l a s t  few decades  (and i n  f a c t  
throughout  human h i s t o r y )  t o  be one of the  most worthwhile i n v e s t -  
ments .  

We now r e s t r i c t  o u r s e l v e s  t o  proposed i d e a s  f o r  proposed measurable  
r e s u l t s .  They may be s u b j e c t e d  t o  t h e  f o u r  q u e s t i o n s  l i s t e d  i n  
F i g u r e  4. These q u e s t i o n s  a r e  aimed a t  a sequence of l o g i c a l  
a t t a c k  t o  de te rmine  whether t h e  i d e a  i s  worthwhile to  pursue .  One 
word of c a u t i o n  i s  i n  o r d e r ;  t h e  a u t h o r  b e l i e v e s  that t h e s e  
q u e s t i o n s  cannot always be unambigously answered; however, i f  the  
answer i s  c l e a r l y  a  "no" f o r  A o r  B ,  and a "yes" f o r  C o r  D ,  no 
r e s o u r c e s  should  be spent. An example from t h e  mid 6 0 ' s  i s  the  
t h a l l i u m  beam.4 It was pursued as  a  cu re  t o  pe rce ived  bad a s p e c t s  
of cesium. A s  we know today ,  t h e  t h a l l i u m  beam r e s e a r c h  was te rmi-  
n a t e d  a long t ime  ago and cesium beams a r e  s t i l l  around. F i g u r e  4 
g i v e s  t h e  s c e n a r i o  t o  q u e s t i o n s  A through D which could  have been 
answered b e f o r e  any e x p e n d i t u r e  of r e s o u r c e s  i n  t h i s  p a r t i c u l a r  case  
i n  t h e  e a r l y  6 0 ' s .  

An i d e a  which i s  a r e v i v a l  of an o l d  i d e a  i s  not n e c e s s a r i l y  bad: 
t h e  o l d  i d e a  may have been d i s c a r d e d  because  of l i m i t a t i o n s  of 
technology at i t s  t ime,  o r  t h e  r e v i v a l  of t h e  o l d  i d e a  may be worth- 
w h i l e  because o t h e r  new i d e a s  have c r e a t e d  a d i f f e r e n t  s c e n a r i o .  
However, t h e r e  seems t o  be a s e t  of i d e a s  which appear r e g u l a r l y .  
These a r e  l i s t e d  i n  F i g u r e  5 .  This  i s  not a complete l i s t  bu t  might 
s e r v e  t o  i l l u s t r a t e  f u r t h e r  t h e  q u e s t i o n s  of F igure  4 .  These i d e a s  
remain "new" because t h e  q u e s t i o n s  l i s t e d  i n  F igure  4 have seldom o r  
never  been a p p l i e d  t o  t h e s e  i d e a s .  Thc pre tense  of "new" i s  no 
r e a s o n  i n  i t s e l f  t o  expend r e s o u r c e s ,  The a u t h o r ' s  f a v o r i t e  i s  
11 s m a l l  s i z e " .  Quest ion C h e r e  i s  ve ry  a p p r o p r i a t e ;  does i t  i n t r o -  
duce  a  new problem? Using t h e  same p h y s i c a l  technology,  



r e d u c i n g  the s i z e  un i fo rmly  lowers t h e  Q.  A s  we have seen  from 
F i g u r e s  1 and 2,  t h e  Q i s  l i n k e d  to t h e  b e s t  f requency s t a b i l i t y  of 
a tomic  o r  c r y s t a l  c l o c k s .  I f  t h e  ve ry  smal l  rubidium c e l l  o r  the 
s h o r t  cesium tube  o r  t h e  s m a l l  hydrogen bu lb  lead t o  reduced Q, i t  
i s  an i l l u s i o n  t o  b e l i e v e  t h a t  t h e  s t a b i l i t y  performance of t h e  
o r i g i n a l  f u l l  s i z e  d e v i c e  can be r e t a i n e d .  

F i g u r e  6 shows t h e  h i s t o r y  of p a s s i v e  hydrogen development. T h i s  i s  
an i n t e r e s t i n g  example i n v o l v i n g  t h e  a u t h o r  i n  a  ve ry  i n t i m a t e  way. 
I n  1969, a t  t h e  N a t i o n a l  Bureau of S t a n d a r d s ,  D. Halford  asked t h e  
a u t h o r  about the p r o ' s  and c o n ' s  of a d a p t i n g  t h e  maser p r i n c i p l e  t o  
t h e  cesium beam. The r e s u l t i n g  a n a l y s i s  took s e v e r a l  months of- 
f r u i t f u l  d i s c u s s i o n  and l e d  t o  t h e  i d e a  of t h e  passive hydrogen 
r e s o n a t o r  dev ice :  t h e  l i m i t a t i o n s  of t h e  hydrogen maser i n  long- 
term were c a v i t y  p u l l i n g ;  t h i s  e f f e c t  was h i g h l y  reduced i n  a  pas- 
s i v e l y  o p e r a t i n g  d e v i c e ,  e s p e c i a l l y  i f  p a r t i c l e  i n t e r r o g a t i o n  was 

8 
used.  The a u t h o r  then  exper imented w i t h  t h e  hydrogen s t o r a g e  beam 
b u t  r a n ,  a s  d i d  t h e  pure  beam9 work of H. P e t e r s  a t  NASA, i n t o  
problems which were r e l a t e d  t o  t h e  d i f f i c u l t i e s  of e f f i c i e n t l y  de- 
t e c t i n g  hydrogen atoms. Thus, t h e  f u t u r e  of t h e  hydrogen s t o r a g e  
beam i s  c r i t i c a l l y  dependent on t h e  a v a i l a b i l i t y  of e f f i c i e n t  hydro- 
gen d e t e c t o r s .  There s t i l l  a r e  no e f f i c i e n t  hydrogen d e t e c t o r s .  
However, a s  soon as  t h i s  changes ,  a d i s c a r d e d  o l d  i d e a  may become a  
worthwhi le  new i d e a  ( ~ e f .  F i g u r e s  4 and 5 ) .  

The a u t h o r ' s  s o l u t i o n  t o  t h e  d e t e c t i o n  problem was the  concept  of 
t h e  p a s s i v e  hydrogen maser which does not  f u l l y  r e a l i z e  the advan- 
t a g e  one o b t a i n s  i n  c a v i t y  p u l l i n g  ( o r  l ack  of i t )  by d e t e c t i n g  
p a r t i c l e s  but: r e t a i n s  t h e  advantage of a  p a s s i v e  d e v i c e  over  an 
a c t i v e  d e v i c e  i n  t h i s  r e g a r d .  P i o n e e r i n g  work i n  t h e  e l e c t r o n i c  
d e s i g n  and f u r t h e r  r e f inement  of t h e  concept  by F. Walls a t  NBS t h e n  
l e a d  t o  exper imenta l  r e a l i z a t i o n s  of t h e  low cavity-Q, s m a l l ,  pas- 

10 
s i v e  hydrogen maser and t h e  f u l l  s i z e ,  p a s s i v e  hydrogen maser.  
These concepts  now have l ead  t o  s e v e r a l  government-funded p u r s u i t s  
of  r e a l i z a t i o n s  of t h e  p a s s i v e  hydrogen concept which i n c l u d e  the  
novel-cavity-mode-smallmaser,  t h e  d i e l e c t r i c - c a v i t y - s m a l l m a s e r ,  
and t h e  p o s i t i v e - f e e d b a c k - s m a l l - a c t i v e m a s e r  (a  combinat ion of t h e  
s m a l l ,  p a s s i v e  maser i d e a  wi th  an o l d  i d e a  r e a l i z e d  p r e v i o u s l y  i n  
hydrogen)  .I2 Thus ,  t h e  t ime and f requency community is  now d e a l i n g  
w i t h  a family  of s i x ,  somewhat d i f f e r e n t  s o l u t i o n s  u s i n g  t h e  p a s s i v e  
hydrogen p r i n c i p l e  and t h e  e x p e n d i t u r e  of many m i l l i o n s  of d o l l a r s  
w i t h  some of t h e  q u e s t i o n s  p r e v i o u s l y  a d d r e s s e d  not asked o r  
answered i n  f u l l .  



THE PROBLEM OF TRANSFER TO INDUSTRY 

T r a n s f e r  t o  i n d u s t r y  f o r  t h e  pu rpose  of commercial  o r  government-  
n e e d - o r i e n t e d  p r o d u c t i o n  a p p e a r s  t o  be t h e  u l t i m a t e  g o a l  of most 
government  funded  e f f o r t s ,  I n  f a c t ,  mos t  r e s e a r c h e r s  and e n g i n e e r s  
w i l l  a g r e e  t h a t  a  s u c c e s s f u l  t r a n s f e r  t o  i n d u s t r y  would be t h e  u l t i -  
ma te  g o a l  o f  t h e i r  a g e n c i e s  a s  w e l l  a s  an i m p o r t a n t  i n g r e d i e n t  i n  
t h e i r  p e r s o n a l  and p r o f e s s i o n a l  m o t i v a t i o n .  T h i s  q u e s t i o n  can be 
a d d r e s s e d  from v a r i o u s  a n g l e s .  The f i r s t  i s  d e p i c t e d  i n  ~ i g u r e  7 
which i l l u s t r a t e s  t h e  r o l e  of t h e  c l o c k  e x p e r t .  The c l o c k  e x p e r t  i s  
t y p i c a l l y  an i n d i v i d u a l  w i t h  p r i v i l e g e d  knowledge o r  background o r  
e x p e r i e n c e  i n  r e l a t i o n  t o  what i s  i m p o r t a n t  i n  c l o c k s .  Thus ,  t h e  
c l o c k  e x p e r t  can  be c h a r a c t e r i z e d  as h a v i n g  s p e c i a l  knowledge i n  
c o n n e c t i o n  w i t h  t h e  p h y s i c s  package  ( c r y s t a l  r e s o n a t o r ,  r ub id ium 
o p t i c a l  package ,  ce s ium beam t u b e  or  hydrogen  mase r )  and w i t h  t h e  
p rob lems  o f  t e s t i n g ,  m e a s u r i n g  and c h a r a c t e r i z i n g  t h e  comple t e  
s y s t e m .  F r e q u e n t l y  t h e  c l o c k  e x p e r t  a l s o  p l a y s  an i m p o r t a n t  r o l e  i n  
t h e  i n t e r f a c e  between t h e  p h y s i c s  package  and t h e  e l e c t r o n i c s  sys t em 
of t h e  c l o c k  o r  f r e q u e n c y  s t a n d a r d .  

I n  F i g u r e  8 we l i s t  o r g a n i z a t i o n a l  modes and p r o b a b l e  r e s u l t s .  L i k e  
a l l  o t h e r  t e c h n o l o g y ,  t h e  making of c l o c k s  and f r e q u e n c y  s t a n d a r d s  
i n v o l v e s  e n g i n e e r i n g ,  q u a l i t y  a s s u r a n c e ,  m a n u f a c t u r i n g  and t e s t i n g .  
I f  an o r g a n i z a t i o n  h a s  t h e s e  f o u r  f u n c t i o n s ,  such a s  they a r e  
p r e s e n t  i n  most i n d u s t r i e s ,  w e  have  t h e  p o t e n t i a l  of m a n u f a c t u r i n g ;  
however ,  due  t o  t h e  c o m p l e x i t y  of c r y s t a l  and a tomic  c l o c k s ,  t h e  
a b s e n c e  of a c l o c k  e x p e r t  may l e a d  t o  t h e  m a n u f a c t u r e  of c l o c k s  

I which  a r e  b e s e t  by fundamental.  p rob lems .  I f  a c l o c k  e x p e r t  is  
I i n s e r t e d  i n t o  t h e  c l o c k  making p r o c e s s  d i r e c t l y  c o n t r i b u t i n g  t o  t h e  

c r e a t i o n  of h a r d w a r e ,  t h e  c l o c k  e x p e r t  w i l l  m o s t l y  be found i n  
e i t h e r  o r  b o t h  of t h e  f o l l o w i n g :  e n g i n e e r i n g  and t e s t i n g  (based  on 

1 t h e  s p e c i a l t i e s  of  t h e  c l o c k  e x p e r t  a s  shown i n  F i g u r e  7 ) .  I n  t h i s  
r o l e ,  t h e  c l o c k  e x p e r t  can  a s s u r e  t h a t  working  c l o c k s  a r e  produced 
b u t  t h e  l i n k s  t o  q u a l i t y  a s s u r a n c e  and m a n u f a c t u r i n g  a r e  not  p rope r -  
l y  e s t a b l i s h e d ;  t h u s ,  t h e r e  i s  t h e  p o t e n t i a l  of working  c l o c k s ,  b u t  
o n l y  one a t  a t i m e , p l u s  p o t e n t i a l  sho r t comings  i n  r e l i a b i l i t y  and 
s e r v i c e a b i l i t y .  I n  government l a b o r a t o r i e s  which a r e  not  o r i e n t e d  
towards  m a n u f a c t u r i n g ,  q u a l i t y  a s s u r a n c e  and m a n u f a c t u r i n g  a s  ope ra -  
t i o n a l  e n t i t i e s  t y p i c a l l y  do no t  e x i s t ;  t h u s ,  t h i s  example a l s o  
c h a r a c t e r i z e s  government  l a b o r a t o r i e s :  They can  t e a c h  ou t  and pro-  
d u c e  p r o t o t y p e  d e v i c e s  b u t  canno t  a c t u a l l y  produce  c l o c k s .  The 
d e s i r a b l e  and i d e a l  s i t u a t i o n  i s  approached  by t h e  t h i r d  p a r t  of 
F i g u r e  8 where  t h e  c l o c k  e x p e r t  i s  p l a c e d  w i t h i n  management o r  i n  a 
t e c h n i c a l / c o n s u l t i n g  r o l e  f o c u s s i n g  not  o n l y  on t h e  f o u r  p a r t s  of 
t h e  m a n u f a c t u r i n g  p r o c e s s  b u t  on t h e  i n t e r f a c e s  between t h e s e  f o u r  
p r o c e s s e s .  Such an o r g a n i z a t i o n  o f f e r s  t h e  p o t e n t i a l  of making not  
o n l y  good working  c l o c k s ,  b u t  p r o d u c i n g  t h e s e  c l o c k s  i n  q u a n t i t y  
w i t h  r e l i a b i l i t y .  



W e  a r e  now ready t o  answer t h e  q u e s t i o n :  When i s  t h e  best t iming 
f o r  t r a n s f e r  from government t o  i n d u s t r y ?  An a t t empt  t o  g ive  an 
answer i s  F igure  9 .  The f i g u r e  d e p i c t s  t h e  sequence from t h e  
o r i g i n a l  i d e a  t o  p roduc t ion  i n  seven s t e p s :  The i d e a ,  t h e  e x p e r i -  
menta l  v e r i f i c a t i o n  of t h e  i d e a ,  demons t ra t ing  f e a s i b i l i t y  i n  a  
l a b o r a t o r y  o r  bread-board s e t t i n g ,  t h e  demons t ra t ion  model which 
does  not  have s i z e ,  weight o r  power c o n s t r a i n t s  bu t  shows a l l  
a s p e c t s  of performance,  t h e  e n g i n e e r i n g  development model (EDM), t h e  
pre-product i o n  model (PPM) and t h e  product  i o n .  S ince  i n d u s t r y  con- 
t r i b u t e s  o r i g i n a l  i d e a s  as  w e l l ,  we l i s t  t h i s  as an a l t e r n a t e  idea-  
s t a r t .  The i d e a  i s  c a r r i e d  through exper imenta l  v e r i f i c a t i o n  and 
t h e  demons t ra t ion  of f e a s i b i l i t y .  A t  t h i s  p o i n t  t h e  c r i t i c a l  t iming 
f o r  t r a n s f e r  from goverment t o  i n d u s t r y  a r i s e s .  The reason  f o r  t h i s  
l i e s  i n  t h e  r e s u l t s  d i s c u s s e d  i n  F i g u r e s  7 and 8. At t h i s  p o i n t ,  
t h e  f u l l  c i r c l e  of a  manufactur ing o p e r a t i o n  comes i n t o  focus :  
Engineer ing ,  Q u a l i t y  Assurance,  T e s t i n g  and Manufactur ing become a  
planned p r o c e s s ,  d i s p l a y i n g  a  h igh  degree  of coherence which i s  
phased i n  t i m e .  I f  government work p r o g r e s s e s  beyond t h i s  s t a g e ;  
i . e . ,  through t h e  demons t ra t ion  model, o r  even t o  t h e  EDM or  PPM 
phase ,  t h i s  work becomes i n c r e a s i n g l y  a l i e n  t o  t h e  coherence of t h e  
i n d u s t r i a l  manufactur ing p rocess .  I n  o t h e r  words, r e s o u r c e s  s p e n t ,  
i n  a  government l a b o r a t o r y ,  beyond t h e  s t a g e  of demons t ra t ing  f e a s i -  
b i l i t y  a r e  probably  wasted because  i n d u s t r y  w i l l  not  be a b l e  t o  t a k e  
advantage of i t  because a s p e c t s  of q u a l i t y  assurance ,  p r o d u c i b i l i t y ,  
c o s t ,  e t c .  a r e  not p r o p e r l y  accounted f o r .  

The i s s u e  i n  r e l a t i o n  t o  F i g u r e  9 i s  not that of funding per se; we 
assume t h a t  funding i s  a v a i l a b l e  and can be channe l led  a t  t h e  r i g h t  
t ime  i n  t h e  r i g h t  d i r e c t i o n .  The problem, r a t h e r ,  i s  t h a t  a mis- 
u n d e r s t a n d i n g  may p e r s i s t :  As viewed from the government s i d e ,  i t  
appears  t h a t  t h e  government has  spen t  s i g n i f i c a n t  r e s o u r c e s  and has  
come up wi th  an almost p roduc ib le  c lock  o r  f requency s t a n d a r d ;  i n  
c o n t r a s t ,  i n d u s t r y  must r e q u e s t  s u b s t a n t i a l  a d d i t i o n a l  r e s o u r c e s  t o  
go "back t o  t h e  drawing board" f o r  reasons  of q u a l i t y  assurance ,  
r e l i a b i l i t y ,  p r o d u c i b i l i t y ,  e t c .  To t h e  government t h i s  looks l i k e  
unnecessa ry  d u p l i c a t i o n ,  t o  i n d u s t r y  it looks l i k e  an unaccep tab le  
c o n s t r a i n t .  T h e r e f o r e ,  we have t h e  phenomena of r e l u c t a n c e  to  fund 
such work on t h e  government s i d e ,  r e l u c t a n c e  t o  accep t  such work 
from t h e  i n d u s t r y  s i d e  i n  a d d i t i o n  t o  i s s u e s  of p r o f e s s i o n a l i s m  and 
r e c o g n i t i o n  of c o n t r i b u t i o n s .  Recogni t ion  of the c r i t i c a l  t iming  
f o r  t r a n s f e r  i s  t h e  more i m p o r t a n t ,  i f  one r e a l i z e s  t h a t  t h e  
m a j o r i t y  of funds a r e  expended a f t e r  the demons t ra t ion  of f e a s i -  
b i l i t y  wi th  t h e  consequence of i n c r e a s e d  i r r e v e r s i b i l i t y  of t h e  
p r o c e s s  once carried too fa r .  



CONSTRAINTS OF INDUSTRY 

H i s t o r y  h a s  t augh t  us t h a t  c l o c k  and f requency s t a n d a r d  development,  
because  of t h e  complexi ty  and state-of-the-art nature of the de- 
v i c e s ,  may span many y e a r s  o r  even a  decade from i d e a  t o  p roduc t ion .  
I n d u s t r y  has  s e v e r a l  concerns  i n  t h e  p rocess  of a c c e p t i n g ,  coun te r -  
p r o p o s i n g ,  o r  even r e j e c t i n g  government-funded work. A most s e r i o u s  
and o f t e n  over looked a s p e c t  i s  the  e n g i n e e r i n g  c o n t e n t  v e r s u s  t h e  
manufac tu r ing  c o n t e n t  of government-funded work. F i g u r e  10 i s  an 
a t t e m p t  t o  d e p i c t  t h i s  p red icament .  P l o t t e d  i s  the e f f o r t  l e v e l  
( fund ing  l e v e l )  a s  a f u n c t i o n  of t ime.  The pre-EDM phase i n c l u d e s  
a l l  s t a g e s  from i d e a  t o  demons t ra t ing  f e a s i b i l i t y  i n c l u d i n g  t h e  
demons t ra t ion  model. The e f f o r t  l e v e l  i s  compara t ive ly  low and 
c a l l s  almost  e x c l u s i v e l y  on the  r e s e a r c h  and e n g i n e e r i n g  t a l e n t  of 
t h e  o r g a n i z a t i o n .  The e f f o r t  l e v e l  i s  s u b s t a n t i a l l y  i n c r e a s e d  (up 
t o  a f a c t o r  of t e n )  bu t  r e t a i n s  i t s  l a r g e l y  e n g i n e e r i n g  c o n t e n t  wi th  
t h e  e n g i n e e r i n g  development model. It i s  important  t o  h i g h l i g h t  
t h i s  jump i n  e f f o r t  l e v e l  because  t h i s  of ten-over looked f a c t  
a - p r i o r i  r u l e s  out  t h a t  a l l  (even worthwhi le)  pre-EDM e f f o r t s  can 
r e a c h  p roduc t ion  m a t u r i t y .  There s imply a r e  not enough r e s o u r c e s  
a v a i l a b l e  f o r  product r e a l i z a t i o n  of a l l  good i d e a s ,  For example, 
t h e  N a t i o n a l  Bureau of S tandards  f requency s t a n d a r d s  e f f o r t  o p e r a t e s  
a t  about the  m i l l i o n  d o l l a r  l e v e l .  If - a l l  of the  i d e a s  and concep t s  
developed t h e r e  would meet a l l  of our  c r i t e r i a  and lead t o  f u l l  

I s c a l e  i n d u s t r i a l  e f f o r t s ,  t h e  r e q u i r e d  funding l e v e l  i s  about t en  
t imes  h i g h e r .  That  means we would have t o  have r e s o u r c e s  at approx- 
i m a t e l y  t h e  10 m i l l i o n  d o l l a r  per  yea r  l e v e l  j u s t  t o  execu te  a l l  of 
t h e  NBS i d e a s  i n  i n d u s t r y  and NBS i s  on ly  one of s e v e r a l  such 
l a b o r a t o r i e s .  

A f t e r  t h e  EDM s t a g e ,  t h e  f i r s t  s i g n i f i c a n t  change of e f f o r t l n i x  
o c c u r s :  Manufactur ing b e g i n s ,  c a u s i n g  a  drop i n  t h e  e n g i n e e r i n g  
c o n t e n t  of t h e  t o t a l  e f f o r t  l e v e l  whi le  t h e  t o t a l  e f f o r t  l e v e l  
c o n t i n u e s .  The PPM s t a g e  i s  followed by the  p roduc t ion  s t a g e  which 
may be a t  t h e  same l e v e l ,  a t  a h i g h e r  or lower l e v e l  depending on 
t h e  v a l u e  of the  product and the  r a t e  of p roduc t ion .  Important  i s  
t h e  f a c t  t h a t  t h e  t o t a l  e f f o r t  l e v e l  remains s u b s t a n t i a l  whi le  the  
e n g i n e e r i n g  c o n t e n t  i s  reduced t o  a v e r y  smal l  l e v e l  s e r v i n g  on ly  a s  
p r o d u c t i o n  suppor t  and t r o u b l e  s h o o t i n g .  Th i s  f a c t  p u t s  i n d u s t r y  i n  
a predicament ;  a s  shown i n  F igure  1 0 ,  a  s u b s t a n t i a l  team of engi-  
n e e r s  and s c i e n t i s t s  i s  needed t o  execu te  the  EDM and t h e  fo l lowing  
PPM phase bu t  only  few b a s i c  r e s o u r c e s  a r e  r e q u i r e d  b e f o r e  and a f t e r  
t h i s  phase.  



How s h a l l  i n d u s t r y  gear-up i t s  e n g i n e e r i n g  s t a f f  from t h e  pre-E1)M 
phase  t o  t h e  EDM and PPM phase and what: should  t h i s  s t a f f  do a f t e r  
p r o d u c t i o n  h a s  s t a r t e d ?  The hard-nosed answer t o  t h i s  i s  t o  h i r e  
and then  reduce s t a f f  aga in .  It i s  t h e  a u t h o r ' s  b e l i e f  t h a t  c l o c k  
e f f o r t s  which a r e  based on a qu ick  h i r i n g  p rocess  wi th  t h e  p o t e n t i a l  
o f  s u b s t a n t i a l  r e - o r i e n t a t i o n  o r  loss-of- job a f t e r  a r e l a t i v e l y  
s h o r t  t ime w i l l  not  l ead  t o  s u c c e s s  i n  t h e  complex c h a l l e n g e s  of 
c l o c k  making. Thus i t  i s  incumbent upon the  government t o  i n s u r e  
c o n t i n u i t y  i n  t h o s e  e f f o r t s  which e x i s t  s o l e l y  because  of a govern- 
ment mandate. C o n t i n u i t y  can be provided by s u c c e s s i v e  upgrading of 
t h e  product  through c o n s e c u t i v e  EDM and PPM phases time-phased w i t h  
p r o d u c t i o n  of t h e  p rev ious  p roduc t .  Another a l t e r n a t i v e  i s  funding 
o f  r e l a t e d  o r  complementary e f f o r t s  a f t e r  t h e  e n g i n e e r i n g  and pre- 
p r o d u c t i o n  of t h e  main product  have been consumed. 

CONCLUSIONS 

I n  t h e  d e c i s i o n  making p rocess  on a  new produc t ,  many though t s  and 
c o n d i t i o n s  have t o  be c o n s i d e r e d .  F i g u r e  11 d e p i c t s  what may be 
c a l l e d  t h e  d e c i s i o n  t r e e  f o r  product  development.  Th i s  d e c i s i o n  
t r e e  s t a r t s  wi th  an i d e a ;  t h i s  i d e a  may come from government o r  from 
i n d u s t r y  i n  t h e  form of a  p roposa l  o r  a  r e q u e s t  f o r  a p r o p o s a l .  
I n d u s t r y  w i l l  f i r s t  ana lyze  t h i s  f o r  b a s i c  v a l i d i t y  a s  a  s o l u t i o n  t o  
a n  e x i s t i n g  problem o r  v a l i d i t y  a s  a  new product o r  c a p a b i l i t y .  The  
f i r s t  s t e p s  axe t h e  c o n s i d e r a t i o n s  on performance improvement and 
d e g r a d a t i o n  (comp. F i g u r e  4) .  I f  the  answer t o  t h e  f i r s t  q u e s t i o n  
i s  no ,  t h e r e  w i l l  be no f u r t h e r  c o n s i d e r a t i o n .  I f  t h e  answer t o  t h e  
second q u e s t i o n  i s  yes  t h e r e  s t i l l  may be a v a l i d  i d e a  i f  the  per-  
formance d e g r a d a t i o n  i s  a c c e p t a b l e .  The next s t e p  i s  an a n a l y s i s  of 
t h e  e n g i n e e r i n g  c o s t s ;  a r e  they  a c c e p t a b l e ?  With e n g i n e e r i n g  c o s t s  
i t  i s  not on ly  the amount of monetary r e s o u r c e s  a t  s t a k e ,  b u t  a l s o  
t h e  q u e s t i o n  of human r e s o u r c e s  a s  d i s c u s s e d  above; a l s o ,  one must 
a s k  whether t h e  needed e n g i n e e r s  could  produce o t h e r  t h i n g s  of h igh-  
e r  v a l u e  than  t h e  one i n  q u e s t i o n  (concep t  of foregone b e n e f i t s ) .  
I f  t h e  answer is  ' n o ' ,  government funding must be a v a i l a b l e  t o  
o f f s e t  t h e  c o s t s  of e n g i n e e r i n g .  These c o s t s ,  of  c o u r s e ,  r e l a t e  t o  
t h e  market  s i z e  i n  t h e  sense  of r e t u r n  on inves tment .  I f  t h e  market 
s i z e  i s  u n a c c e p t a b l e ,  t h e  government may be t h e  s o l e  customer and 
must b e a r  t h e  product  funding a s  w e l l .  Manufactur ing i n d u s t r y  w i l l  
b e ,  i n  g e n e r a l ,  r e l u c t a n t  t o  pursue  an e n g i n e e r i n g  development 
e f f o r t  w i t h  no p rospec t  f o r  p roduc t ion .  I f  government funding i s  
a v a i l a b l e  a n d l o r  t h e  e n g i n e e r i n g  cos t s  are a c c e p t a b l e ,  and/or  t h e  
market  s i z e  i s  a c c e p t a b l e ,  t h e  r e q u i r e d  c a p i t a l  equipment inves tment  
i s  ana lyzed .  I f  t h e  work i s  govenment-funded, i n v a r i a b l y  t h e  need 



for government funds for capital investment arises. Substantial 
capital investment needs must be offset by government furnished 
equipment or the funding of equipment purchases which then become 
property of the government. 

Finally, the question whether the targeted product competes with the 
present product line of the company must be addressed. There will 
be general reluctance to develop and create a product if such a pro- 
duct competes within the existing market and does not serve to 
enlarge the market expansion. Other considerations, however, may 
enter here; thus the decision on this question is not clear-cut. 
However, a go-ahead is almost universally given if the new product 
opens new markets adding to sales and enhancing capabilities . 
It appears proper to conclude with some thoughts about reliability. 
It is self-evident, that reliability is probably the most important 
issue in clock technology because of the very nature of the clocks 
principal function: time-keeping. Reliability must have proper 
attention in the engineering phase (reliability engineering), it 
must be addressed with high priority in the manufacturing process 
(quality control and quality assurance), but, most importantly, it 
must benefit from field-feedback. This latter element requires 
long-term continuity of the clock development, production and 
application scenario, which is characterized by stability of the 
organizations involved, by business commitments between government 
and industry, and by maximizing quantities of products while mini- 
mizing engineering changes outside of performance or reliability 
mandated actions. 



REFERENCES 

1. H.  Hel lwig,  "Microwave Time and Frequency Standards1' ,  Radio 
Science 14,  Pg. 561, 1979. 

2 .  H. Hel lwig,  "Atomic Frequency S tandards ,  A Survey1', P roc .  IEEE 
63, Pg. 212, 1975. 

3. W. Hellwig,  "Areas of Promise f o r  t h e  Development of Fu ture  
Primary Frequency Standards" ,  Met ro log ia  6 ,  Pg .  118,  1970. 

4. A.  0. McCoubrey, "A Survey of Atomic Frequency Standards"  Proc.  
IEEE  54, Pg. 116, 1966. 

5 .  D. Kleppner ,  N. F. Ramsey and P. F j e l s t a d t ,  Phys.  Rev. L e t t e r s  
1, Pg. 232, 1958 and H. M. Goldenberg,  D. Kleppner and N. F. 
Ramsey, Phys. Rev. 123, Pg. 530, 1961. 

6 .  D. Halford  and H. Hel lwig ,  " P r i v a t e  Discuss ions" ,  1969. 

7.  H.  Hellwig,  "The Hydrogen S t o r a g e  Beam Tube, a Proposa l  f o r  a 
New Frequency Standard" ,  Met ro log ia  6 ,  Pg.  56, 1970. 

8. H. Hellwig and H.  B e l l ,  "Experimental  r e s u l t s  wi th  atomic 
hydrogen s t o r a g e  beam systems",  P roc  . 26th Annual Frequency 
Cont ro l  Symposium, Pg. 242, 1972. 

9. H. P e t e r s ,  "Hydrogen as an Atomic Standard" ,  P roc  . 26th Annual 
Frequency Cont ro l  Symposium, Pg. 230, 1972. 

10. F. L.  Walls and H. Hel lwig,  "A New Kind o f  P a s s i v e l y  Opera t ing  
Hydrogen Frequency Standard",  Proc.  3 0 t h  Annual Frequency 
C o n t r o l  Symposium, Pg. 473, 1976. 

11.  Papers  by Mat t i son  e t  a l ,  Howe e t  a l ,  Walls e t  a l ,  Wang e t  a l ,  
Vessot et a l ,  Busca e t  a l ,  White and P e t e r s  i n  t h e  Proceed ings  
of t h e  33rd and 34th  Annual Frequency Control  Symposia, (1979, 
1980) and t h e  Proceedings  of t h e  11th  and 12th  P T T I ,  (1979, 
1980).  

12.  H.  ellw wig and E .  Pannac i ,  " ~ a s e r  O s c i l l a t i o n s  w i t h  E x t e r n a l  
Gain", J.  Appl. Phys.  39 P .  5496, 1968. 





CLOCK H I  ERARCHY 

( S  IZE/COST EQUALIZED) 

FIGURE 2 

REALIZATION 
--- -- 

a 

QUARTZ CRYSTAL 
RESONATOR 

RUBIDIUM 
GAS CELL 

SOME l o a  1 Q I 
I 

i 

1 

SMALL P A S S I V E  MASER 

10-14 

CES I UM 
BEAM 

NOT YET TRIED MASER 

SOME l o 8  1 SOME lo8 
i 

I I 

ATOMIC HYDROGEr? 
STORAGE BULB 

PR I M  ARY STANDARD 
- - ----- - - --- 

10-14 
- * ----- - 

10-14 
--------- 



(1) T H I S  I D E A  C9EATED THE A C T I V E  k!-MASER 

(2)  T H I S  IDEA CREATED THE PASSIVE H-MASER 

. 

*H 
- 

RB 

M A T R I X  OF CLOCK PRI?!CIPLES 

FIGURE 3 

A C T I V E  

YES 
- 

YES 

BEAN STORAGE VESSEL i GAS CELL 
1 / PASSIVE 

- 

YES YES 
I 

( 2  > 
A 

Cs i YES ' (1 > YES 
- .- 

YES j YES YET 
- -- -- - ---- ---- ---- ---C -. - 

YES 

KO 

YES 

YES 
-- ---- 

ATOrl X YES 
I 

YES YES 
I - - - -  - 







H-MASER I f I D E A :  

HAVE A C s  MASER! 
! 

5 
P A S S I V E  ti-RES NANCE D E V I C E  P 

H -BEAN PASSIVE' H-IIASER H-STORAGE BEAM/ 

 ow-a CAVITY FULL SIZE PASSIVE 
SMALL P A S S I V E  H-IF4ASER tl -MASER 1 

D I ELECTR I C  CAVHTY \t SMALL, P A S S I V E  H-!I SEP 4 & 
NOVEL CAV ITY-MODE 
SMALL, PASS I V E  

H -MASER 

P O S I T I V E  FEETISACK 
SMALL, A C T I V E  !]-MASER 

PASS I V E  H-MASER FAM I L Y  TXEE 





RESULT ORGANIZATION 

POTENTIAL OF 
! MANY BAD CLOCKS 1 
1 
i 

ENGINEERING 

/ \ 
L,, 

\ 

i 

TEST 

MANUFACTURING 
I 

i 
I 
I 

CLOCK EXPERT 
I 
t 

EN6 I PIEER I NG 

POTENTIAL OF I 
\ 

FEW, WORKING CLOCKS i 
i QA CLOCK EXPERT TEST1 NG 

ENGINEERING 
! 
I 

\ 

POTENTIAL OF I 3 
! 

MANY GOOD CLOCKS : 
CLOCK 

Q A EXPERT TEST I NG 

CLOCK PRODUCTION ASPECTS 

FIGURE 8 





TOTAL AND ENGI!'IEERING EFFORT-LEVEL 

F I G U R E  10 

EFFORT 
LEVEL /\ 

h, 

PRODUCTION LEVEL D E P E N D E N T  
- - - -  

k 
\ 

ON PRODUCT VALUE x RATE 
\---,, - t 

I 
I TOTAL EFFORT 
I 

L 4 

I 

N 
I 
I 

I I 
L- - - -  -A, ,, 

-- -- -. 
ENG I NEER I NG CONTENT 

PRE-EDPI - 1  R ~ N  ' 1 PPPI PRODUCTION - -  V~TI I IE 





OUESTIONS AND ANSWERS 

DR. WINKLER: 

I think your excellent speech has focused on many interesting 
aspects; two of which are particularly important. The first one, 
the danger of a government laboratory trying to produce a product 
in mass production. I have several examples of that mistake, I am 
deeply concerned about it and I don't know what to do to convince 
the various incumbents that it is a major mistake. 

It is not only contrary to our national policy to keep govern- 
ment out of production as much as possible (beyond the feasibility 
models and technology studies) but it is also a major mistake for 
the laboratory to absorb your creative engineering potential solving 
production problems. Your most precious human resource could be put 
much better to use on new studies, advanced concepts, and specifi- 
cations, which I think are the most difficult things in the world. 

Now, the second point, is that you have a bewildering array of 
combinations of beam lasers and active and passive and greater Q 
and less Q -- kind of reminds me of a very similar discussion which 
we had about six years ago. I hope you don't remember it. 

DR. HELLWIG: 

Because I will give the same example. Here in America since our 
major industrial achievement is the automobile, there is no better 
example than the automobile. There are certain engineering combi- 
nations which can be played upon. You can have the engine in front 
with rear-drive, engine in front with front-drive, engine in rear 
with rear-drive, but one that has never been tried is the engine in 
rear with front-drive. 

In automatically controlled oscillators, all combinations 
have been tried, however. 


