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Sumnary 

I n   t h i s   c e n t e n n i a l   y e a r   o f   t h e   b i r t h   o f   A l b e r t  
E i n s t e i n ,  i t  is f i t t i n g   t o   r e v i e w   t h e   r e v o l u t i o n a r y  
and   fundamenta l   ins ights   about  time which  he  gave 
u s  i n   t he   Res t r i c t ed   Theory   o f   Re la t iv i ty   (1905)  
and i n   t h e   c o n s e q e n c e s   o f   t h e   P r i n c i p l e   o f  Equiv- 
a l e n c e  ( l ' .  . .The happiest   thought   of  my l i f e . .  .") 
which  he  developed  (1907-1915)  into h i s   t h e o r y   o f  
gravi ty   as   curved  space- t ime,   the  General   Theory  of  
R e l a t i v i t y .  

It is of p a r t i c u l a r   s i g n i f i c a n c e   t h a t   t h e  ex- 
t r a o r d i n a r y   s t a b i l i t y  of  modern a tomic   c locks   has  
recent ly   a l lowed  the   exper imenta l   S tudy   and   accur -  
a te  measurement of t h e s e   b a s i c   e f f e c t s   o f   m o t i o n  
and g r a v i t a t i o n a l   p o t e n t i a l   o n  t i m e .  Experiments 
w i t h   a i r c r a f t   f l i g h t s  and laser pulse   remote  time 
comparison  (Alley,   Cut ler ,  Reisse, Williams, e t  a l ,  
1975)  and  an  experiment  with a rocke t   p robe  
(Vessot,   Levine,  e t  a l ,  1976) are b r i e f l y   d e s -  
c r i b e d .  

Proper   understanding  and  a l lowance  for   these 
r emarkab le   e f f ec t s  i s  now necessary  for a c c u r a t e  
g l o b a l  time s y n c h r o n i z a t i o n   u s i n g   u l t r a s t a b l e  
c l o c k s ,   t r a n s p o r t e d   b y   a i r c r a f t ,  and f o r   t h e   c o r -  
r ec t   ope ra t ion   o f   nav iga t iona l   sys t ems   such  as t h e  
NAVSTAR/Global P o s i t i o n i n g  System. 

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

It i s  an   honor   to   be   asked   to  review t h e  sub- 
j e c t  of r e l a t iv i ty   and   c locks   fo r   t he   33 rd   F requen-  
cy  Control  Symposium i n   t h i s   c e n t e n n i a l   y e a r  of t h e  
b i r t h  of A lbe r t   E ins t e in   wh ich   occu r red   i n  U l m ,  
Germany on March 1 4 ,  1879. I am pleased to  a t tempt  
a b r i e f  summary o f   t h e   s u b j e c t .  

The plan  i s  t o  recall f i r s t  some o f   t he  signi- 
f i c a n t   e v e n t s   i n   E i n s t e i n ' s   i n t e l l e c t u a l   l i f e  by 
showing h i s   pho tographs  a t  va r ious   ages .  Next, t h e  
r e s t r i c t e d   ( " s p e c i a l ' ' )   t h e o r y  of r e l a t i v i t y   ( r e -  
s t r i c t e d ,   t h a t  is, t o  i n e r t i a l   f r a m e s  of r e f e r e n c e )  
w i l l  be   ske t ched ,   fo l lowed   by   t he   imp l i ca t ions   o f  
t h e   P r i n c i p l e   o f   E q u i v a l e n c e   t h a t   g r a v i t y   c u r v e s  
l i g h t  beams a n d   a f f e c t s   t h e  rate of   c locks ,   the  
c l u e s   t h a t   l e d  t o  t h e   i d e a  of g r a v i t y  as curved 
space- t ime,   the  General   Theory  of   Relat ivi ty .  Re- 
cen t   exper iments   which   have   been   ab le   to   measure  
and  study some o f   t he   e f f ec t s   o f   mo t ion   and   g rav i ty  
on time w i l l  b e   b r i e f l y   d e s c r i b e d .   F i n a l l y ,   t h e  
p r a c t i c a l  matter o f   i n c l u d i n g   r e l a t i v i t y   i n  modern 
c lock   synchroniza t ion   and   naviga t iona l   sys tems w i l l  
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be  mentioned. 

The i n t e r n a t i o n a l   t i m e k e e p i n g  community  should 
t a k e   g r e a t   p r i d e   i n   t h e   f a c t   t h a t   t h e   g r e a t   s t a b i l -  
i t y  of con t -mpora ry   a tomic   c locks   r equ i r e s   t he  
f i r s t   p r a c t i c a l   a p p l i c a t i o n s  g Eins t e in ' s   Gene ra l  
Theory of Rela t iv i ty .   This   c i rcumstance   can   be  ex- 
pected to produce a b e t t e r   u n d e r s t a n d i n g  among 
p h y s i c i s t s  and   eng inee r s   o f   t he   phys i ca l   bas i s  of 
g r a v i t y  as curved  space-time.  For  slow  motions  and 
weak g r a v i t a t i o n a l   f i e l d s ,   s u c h  as w e  normally ex- 
per ience  on t h e   e a r t h ,   t h e   p r i m a r y   c u r v a t u r e  is 
t h a t   o f  &, not   space.  A body f a l l s ,   a c c o r d i n g  
to   E ins t e in ' s   v i ew,   no t   because   o f   t he  Newtonian 
f o r c e   p u l l i n g  i t  t o   t h e   e a r t h ,   b u t   b e c a u s e   o f   t h e  
p r o p e r t i e s  of time: c locks   run   s lower  when moving 
and   run   f a s t e r   o r   s lower ,   t he   h ighe r   o r   l ower  re- 
s p e c t i v e l y   t h e y   a r e   i n   t h e   e a r t h ' s   g r a v i t y   f i e l d .  

Some E v e n t s   i n   E i n s t e i n ' s  
I n t e l l e c t u a l  Development 

F igure  1 shows E i n s t e i n   i n   h i s   s t u d y   i n   B e r l i n  
s e v e r a l   y e a r s   a f t e r   h e  had  brought  the  General  
Theory  of R e l a t i v i t y   t o  i t s  complete form i n  1915. 
H e  a lways   r ega rded   t h i s   t heo ry   a s   h i s   ma jo r  accom- 
p l i shmen t ,   a l t hough   h i s   o the r   ou t s t and ing   con t r ibu -  
t i o n s   t o   p h y s i c s  would p l a c e  him among t h e   g r e a t e s t  
p h y s i c i s t s  of th i s   cen tury   even   wi thout   the   Genera l  
Theory. H i s  s t a t u r e  as a s c i e n t i s t   a n d   h i s   c h a r a c -  
t e r  as a man a re   app ropr i a t e ly   symbol i zed   i n   t he  
cartoon  of  Herblock  which  appeared  in The Washing- 
t o n   P o s t   s h o r t l y   a f t e r   h i s   d e a t h  on A p r i l  18, 1955. 
(Figure 2 ) .  This  drawing is  inc luded   here   for   an  
add i t iona l   r ea son .  

Imagine  someone  observing  the  Earth  from  the 
p o s i t i o n  of Herb lock ' s   observer ,   t aken   to   be  a 
s p a c e   s h i p   f a r  removed from t h e   s o l a r   s y s t e m ,  
l o c a t e d  among t h e   n e a r b y   s t a r s   b u t   a t   g r e a t  d i s -  
t a n c e s  from  each  of  them,  not  moving  with  respect 
t o   t h e  Sun,  and  equipped  with  standard  cesium 
atomic  c locks  with  which  to   measure  t ime.   This  
observer  Is c lea r ly   aware   o f   E ins t e in i an  t i m e .  The 
one  hundred  years  which  have  elapsed on E a r t h   s i n c e  
E i n s t e i n ' s   b i r t h  would be   recorded  by the  Herblock 
obse rve r   t o   be   abou t  46  seconds   longer   due   to   the  
e f f e c t s   o f   g r a v i t a t i o n a l   p o t e n t i a l   d i f f e r e n c e   ( 2 9  
seconds   f rom  the   Sun ' s   po ten t ia l   and  .t2 seconds 
f rom  the   Ea r th ' s   po ten t i a l )   and   o rb i t a l   mo t ion   o f  
t he   Ea r th  (%l5 s e c o n d s ) .   I n   t h e   n e x t   s e c t i o n ,  I 
wi sh   t o   r eca l l   and   exp la in   t hese   fundamen ta l   e f -  
f e c t s  on time w h i c h   E i n s t e i n   o r i g i n a l l y   r e v e a l e d   t o  
us  by  pure  thought.  



To c o n t i n u e   w i t h   E i n s t e i n ' s   l i f e ,   F i g u r e  3 
shows h i s   e a r l i e s t  known p i c t u r e  at  t h e   a g e  of 
about   5 .   This  is when h e   f i r s t  saw a magnetic 
compass  and  began t o  wonder  about i ts behavior .  
F igu re  4 shows him i n   e l e m e n t a r y   s c h o o l   i n  Munich 
a t  the   age   o f  10. He  i s  second   f rom  the   r i gh t   i n  
t h e   f r o n t  row. F igu re  5 shows  him a t  t h e   a g e  of 
14. He had  begun to   r ead   Euc l idean  Geometry two 
y e a r s   e a r l i e r   a n d  a yea r  later was t o  become a 
h igh   school   d ropout   because   o f   d i ssa t i s fac t ion  
wi th   t he   me thods   o f   t each ing   i n   h i s  Munich gym- 
nasium. H e  spent  a happy y e a r   i n   N o r t h e r n   I t a l y  
where h is   fami ly   had  moved, t r a v e l l i n g   a n d  con- 
t i n u i n g   h i s  own s t u d i e s .  A t  the   age   o f  1 6 ,  he  
a t t e m p t e d   t o   e n r o l l   i n   t h e   S w i s s   F e d e r a l   I n s t i t u t e  
of  Technology  (Eidgenzssische  Technische 
Hochschule)   in   Zur ich ,   bu t   fa i led   the   en t rance  ex- 
aminat ion  overal l ,   a l though  he  impressed  the exami- 
n e r s   w i t h   h i s  knowledge  and a b i l i t y   i n   p h y s i c s  
and  mathematics.  These  examiners recommended t h a t  
he  spend a yea r   i n   t he   h igh   s choo l   i n   Aarau ,  
Swi tzer land ,   and   then   en ter   the  ETH, s i n c e  no  en- 
t rance   examinat ion  was required  of   graduates   of  
Swiss   secondary  schools .   Figure 6 shows t h e  16 
y e a r   o l d   A l b e r t   E i n s t e i n   ( f a r   r i g h t ,   f i r s t  row) i n  
t h e  Aarau  c lassroom  of   an  excel lent   teacher ,  D r .  
Jo s t   Win te l e r .  It was d u r i n g   t h i s   p e r i o d   t h a t  
E ins t e in   began   t o   t h ink   abou t  what a beam o f   l i g h t  
would l o o k   l i k e   i f  somehow he were a b l e   t o  move 
f a s t  enough t o  ca t ch  up w i t h  i t .  pkFrw-1  shows 
him as a s tuden t  at  t h e  ETH in   Zur ich ,   where   he  
s u c c e e d e d   i n   d i s a p p o i n t i n g   a n d   a l i e n a t i n g   h i s  
p r o f e s s o r s  by a t t e n d i n g   t h e   r e q u i r e d   c l a s s e s   o n l y  
sporadica l ly   whi le   pursu ing   independent   s tud ies .  
(He p a r t i c u l a r l y   l i k e d   t o   s p e n d  t i m e  i n   t h e   e l e c -  
t r i c i t y  and  magnet ism  laboratory  and  in   the  s tudy 
of   Maxwell ' s   Theory  of   the  e lectromagnet ic   f ie ld ,  
which w a s  no t   then   taught  a t  t h e  ETH). He  passed 
t h e  few requi red   examinat ions   on ly   wi th   the   he lp  
of h i s   f r i e n d ,   M a r c e l  Grossmann, who w a s  a model 
s t u d e n t ,   a t t e n d i n g   l e c t u r e s  and t a k i n g   c a r e f u l  
n o t e s ,   w h i c h   h e   l e n t   t o   E i n s t e i n .  The famous 
mathematician,  Hermann Minkowski, who l e c t u r e d  a t  
t h e  ETH and later c o n t r i b u t e d   t h e   g e o m e t r i c a l  
po in t   o f   v i ew  to   space - t ime   and   r e l a t iv i ty ,   s a id ,  
on l ea rn ing   o f   E ins t e in ' s   1905   pape r  on r e s t r i c t e d  
r e l a t i v i t y ,  "Oh, t ha t   E ins t e in ,   a lways   mi s s ing  
l e c t u r e s  - I r e a l l y  would not   have   be l ieved  him 
capab le  of i t!" On a n o t h e r   o c c a s i o n ,   h e   r e f e r r e d  
t o   E i n s t e i n  as "a l a z y  dog". 

Because  of   these  a t t i tudes,   which seem t o  
have  been  shared  by  other members of t h e   f a c u l t y ,  
E ins t e in   cou ld   no t   ob ta in   an   academic   pos i t i on   o r  
a permanent   job  of   any  sor t   for   about  a year  and 
a h a l f   a f t e r   h e   g r a d u a t e d .  (As a t e a c h e r   i n  a 
u n i v e r s i t y ,  I r e f l e c t   o f t e n ,  when looking a t  t h e s e  
p i c t u r e s   o f   E i n s t e i n   d u r i n g   h i s   s t u d e n t   y e a r s ,  how 
easy i t  is to  completely  misjudge a s t u d e n t ' s   t r u e  
a b i l i t i e s .   C o n v e n t i o n a l   t e a c h i n g   i n   u n i v e r s i t i e s  
has  changed l i t t l e  s i n c e   E i n s t e i n ' s   s t u d e n t   d a y s ,  
and we h a v e   y e t   t o   r e a c t   t o   h i s   c r i t i c i s m s .  A 
r e c e n t   e s s a y  by Mart in   Klein2  on  Einstein  and  the 
Academic Establ ishment  i s  p a r t i c u l a r l y   p e r t i n e n t  
a s  are E i n s t e i n ' s  own essays  on  educat ion3) .  
F i n a l l y ,   h i s  good f r i end   Marce l  Grossmann  pre- 
v a i l e d  on  Grossmann's  father who w a s  acquainted 
w i t h   t h e   d i r e c t o r   o f   t h e   S w i s s   P a t e n t   O f f i c e   i n  
Bern t o   i n t e r c e d e  and o b t a i n   a n   i n t e r v i e w   f o r  

E i n s t e i n .   T h i s   l e d   t o  employment t h e r e   f o r   s e v e n  
f r u i t f u l   y e a r s   f r o m   1 9 0 2   u n t i l   1 9 0 9 .  He had a na t -  
u r a l   a p t i t u d e   f o r   e v a l u a t i n g   t h e   f e a s i b i l i t y   o f   t h e  
pa t en t   app l i ca t ions ,   l eav ing   t ime  and  energy t o  
wonder a b o u t   p h y s i c s .   O f t e n   i n   l a t e r   l i f e  when 
asked   for   advice  by  young s c i e n t i s t s ,   h e  would rec- 
ommend, w i t h   h i s   e x p e r i e n c e   a t   t h e   p a t e n t   o f f i c e   i n  
m i n d ,   t h a t   t h e y   n o t   b e   d e p e n d e n t   f o r   t h e i r   l i v e l i -  
hood on t h e   p r o d u c t i o n   o f   s c i e n t i f i c   r e s u l t s  be- 
cause   o f   h i s   concern   wi th   the   cor rupt ing   in f luence  
o f   t he   need   t o   be   success fu l .   I n   F igu re  8, he is 
shown a t  the   age   o f  26 a t   h i s   d e s k  a t  t h e   P a t e n t  
O f f i c e   i n   t h e   y e a r   1 9 0 5  when he publ i shed   th ree  
remarkable   papers   in   the   Annalen   der   Phys ik :  One 
i n t r o d u c i n g   t h e   l i g h t  quantum i n t o   p h y s i c s ,   o n e  
d i scuss ing   t he   t heo ry  of t h e  Brownian  Motion  and 
p rov id ing   t he   c l inch ing   a rgumen t   fo r   skep t i c s   o f  
t he   ex i s t ence   o f   a toms ,   and   t he   t h i rd ,  "On t h e  
Electrodynamics  of Moving Bodies ,"   conta in ing   h i s  
r e v o l u t i o n a r y   i n s i g h t   a b o u t   t h e   r e l a t i v e   n a t u r e  of 
s imul tane i ty   and   the   non-absolu te   na ture   o f   t ime,  
t h e   f u n d a m e n t a l   k e y   t o   h i s   r e s t r i c t e d   t h e o r y  of 
r e l a t i v i t y .  About h i s   y e a r s   a t   t h e   P a t e n t   O f f i c e ,  
and  Marcel  Grossmann's  help  in  obtaining  the  posi- 
t i o n ,   h e   w r o t e   i n  a l e t t e r   o f   condo lence   t o   Gross -  
mann's widow in   1936,   " . . .This   saved  my l i f e ;   n o t  
t h a t  I would  have  died  without i t ,  bu t  I would  have 
b e e n   i n t e l l e c t u a l l y   s t u n t e d " ,   a n d ,   i n   t h e   l a s t   y e a r  
of h i s   l i f e ,  "The g rea t e s t   t h ing   t ha t   Marce l   Gross -  
mann d i d   f o r  me a s  a friend".  There  was,  however, 
a t h i r d   m a j o r   t h i n g   t h a t  Grossmann d i d   f o r  
E i n s t e i n .  When h e   n e e d e d   t o   l e a r n   d i f f e r e n t i a l  
geometry  and t h e   t e n s o r   c a l c u l u s   i n   o r d e r   t o   g i v e  
mathemat ica l   form  to   h i s   idea   o f   g rav i ty   as   curved  
space- t ime,   he   tu rned   to  Grossmann who had s p e c i a l -  
i z e d   i n   t h e   s u b j e c t   a n d  w a s  a member o f   t h e   f a c u l t y  
of  mathematics a t  t h e  same ETH i n   Z u r i c h  when 
E i n s t e i n  was a member o f   t he   phys i c s   f acu l ty   t he re  
from  1912 t o  1914.  Figure 9 shows E i n s t e i n   i n  a 
p l a y f u l  mood a t   t h e   C a l i f o r n i a   I n s t i t u t e   o f   T e c h n o l -  
ogy i n   t h e   e a r l y   1 9 3 0 ' s   w h i l e   F i g u r e  10 shows  him 
at  t h e   I n s t i t u t e   f o r  Advanced  Study i n   P r i n c e t o n  
where  he  spent   the las t  twenty-two y e a r s   o f   h i s  
l i f e .  

I f   t h e s e   t i d b i t s   h a v e   s t i m u l a t e d  you t o  want 
t o   l e a r n  more a b o u t   E i n s t e i n ' s   l i f e ,   t h e r e  is no 
b e t t e r  book t o   b e g i n   w i t h   t h a n   t h e   b r i l l i a n t   b i o -  
graphy  by  Professor  Banesh  Hoffmann,  Albert 
E i n s t e i n ,   C r e a t o r  and  Rebel.4 Many o f   t h e   f a c t s  
s t a t ed   above ,   a long   w i th  many of   the  photographs,  
were  taken  f rom  this   book.  It h a s   t h e  added v i r t u e  
o f   e x p l a i n i n g   E i n s t e i n ' s   p h y s i c s   i n  a p a r t i c u l a r l y  
c l e a r  way. Some of t he   r emarks   i n   t he   nex t   s ec -  
t i o n s   o f   t h i s   t a l k   f o l l o w   t h e   a p p r o a c h  of  Hoffmann. 

Brief  Review of   Res t r i c t ed  
("Spec ia l" )   Rela t iv i ty  

This   rev iew w i l l  be much t o o   c o n c e n t r a t e d   f o r  
those   people  who  may be   encoun te r ing   t he   i deas   fo r  
t h e   f i r s t  time. However, I s h a l l  assume t h a t  most 
peop le   i n   t h i s   aud ience   have   had  some p r i o r   c o n t a c t  
w i t h   t h e   s u b j e c t  so t h a t  we can   r eca l l   t he   funda -  
menta l   concepts   qu ick ly .  

The r e s t r i c t i o n  is to   re fe rence   sys tems  which  
move w i t h   r e s p e c t   t o   o n e   a n o t h e r   w i t h   c o n s t a n t  
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veloci ty ,   and  in   any  one  of   which a body a t  r e s t  
remains a t  rest and a f r e e l y  moving  body moves i n  
a s t r a i g h t   l i n e  - t he   so -ca l l ed   i ne r t i a l   sys t ems .  
The adjacent   diagram shows the   convent iona l   repre-  
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s e n t a t i o n  of two such   sys tems  in   re la t ive   mot ion .  
A fundamenta l   pos tu la te  is t h a t   t h e  laws of phy- 
sics, electromagnetism  and a l l  o t h e r   p a r t s   o f  
phys ics ,  as well as dynamics ,   a r e   t o   be   t he  same 
in   eve ry   i ne r t i a l   sys t em.   Th i s   has   t he   conse -  
quence  that   no  experiment   carr ied  out   within  an 
i n e r t i a l   s y s t e m   c a n   d i s t i n g u i s h  i t  from  any  other  
such  system.  This is t h e   r e s t r i c t e d   ( s p e c i a l )  
P r i n c i p l e  of R e l a t i v i t y .  

The  second  fundamental   postulate  which Ein- 
s t e i n   i d e n t i f i e d  had t o  do w i t h   t h e   v e l o c i t y  of 
l i g h t   i n  empty space .g   L igh t   t r ave l s   w i th  a d e f i -  
n i t e   s p e e d   ( c  = 3  x 10 meters per   second)   for  
eve ry   i ne r t i a l   obse rve r   wh ich   does   no t  depend  on 
the   mot ion  of i ts source.  

These two p o s t u l a t e s   a p p e a r   t o   b e   h o p e l e s s l y  
i n   c o n f l i c t .   C o n s i d e r   t h e  two i n e r t i a l   s y s t e m s  
i l l u s t r a t e d ,   e a c h  of  which  has a l i g h t   s o u r c e  a t  

~. 

speed v 
relative 
to A 

i t s  c e n t e r .  When t h e  two l i g h t   s o u r c e s   a r e   a b r e a s t  
of each   o the r ,  let them f lash   s imul taneous ly ,   send-  
i n g   o u t   l i g h t  wave f ronts   in   the   forward   and   back  
d i r e c t i o n s   f o r   o b s e r v e r  A and f o r   o b s e r v e r  B.  
(These   could   be   ra i l road  cars, i n   E i n s t e i n ' s  own 
example, o r   s p a c e   s h i p s ,   a p p r o p r i a t e   t o   o u r  own 
epoch.   For   s implici ty ,  we a r e   l i m i t i n g   o u r s e l v e s  
to   on ly   one   d imens ion . )   In   h i s  own system, A would 
see t h e   p u l s e s   r e a c h i n g   t h e   e n d s   a t   t h e  same t ime,  
but   he  would  observe  the  backward  t ravel l ing wave 
front   reach  the  back  end of system B b e f o r e   t h e  
fo rward   t r ave l l i ng  wave f r o n t   r e a c h e s   t h e   f r o n t  
end of system B. How could   observer  B measure 
t h a t   t h e   s p e e d   o f   l i g h t  was c i n   b o t h   d i r e c t i o n s ,  
as A would surely  measure? Does t h i s   n o t   v i o l a t e  
t h e   p o s t u l a t e  of r e l a t i v i t y ,  by which A and B 
should  agree  on  the laws of  physics? 

You know w e l l  t h e   r e s o l u t i o n  of t h i s  dilemma, 
which came t o   E i n s t e i n   a f t e r  many years  of  musing 
and  bafflement. On awaking  one  morning  during 

h i s  time at t h e   P a t e n t   O f f i c e ,   h e  sat b o l t   u p r i g h t  
i n  b e d   w i t h   t h e   r e a l i z a t i o n   t h a t   t i m e  i s  not   abso l -  

i r r e c o n c i l a b l e " .  The s i m u l t a n e i t y  of s e p a r a t e d  
e v e n t s  is r e l a t i v e   t o   t h e   i n e r t i a l   o b s e r v e r .   D i f -  
f e r e n t   i n e r t i a l   o b s e r v e r s  w i l l  no t   ag ree  on whether 
two s p a t i a l l y   s e p a r a t e d   e v e n t s   a r e   s i m u l t a n e o u s .  
For some observers ,   they  may be  simultaneous,   but 
o the r   obse rve r s  w i l l  not   even  agree on which  event 
o c c u r s   b e f o r e   t h e   o t h e r .  This fundamenta l   rea l iza-  
t i on   abou t  time has  had  profound  consequences for 
_.- a l l  of   physics!  ! 

E i n s t e i n ' s   P r e s c r i p t i o n   f o r  Comparison  of Time 

- Ute. The s i t u a t i o n   d e s c r i b e d  is only   "apparent ly  

-- 

x 
The f o l l o w i n g   i l l u s t r a t i o n  shows E i n s t e i n ' s  

p rescr ip t ion   for   t ime  compar ison   and   a f fords   the  
opportunity  of  introducing  space-time  diagrams: 

L e t   t h e   v e r t i c a l   a x i s   m e a s u r e  time in  nano-seconds 
and the   ho r i zon ta l   ax i s   measu re   d i s t ance   (one  d i -  
mension) i n   f e e t  (2.30 cm).  Then t h e   p l o t  of a 
moving l i g h t   p u l s e  w i l l  make an   angle  of 45' s i n c e  
c % 1 foot  per  nano-second. The p r e s c r i p t i o n  is 
simple.  Send  out a p u l s e  at  time tl, le t  i t  be 
r e f l e c t e d  a t  t h e   d i s t a n t   e v e n t ,   a n d   r e t u r n  t o  t h e  
observer  a t  time t . One assumes  that   the   t ime  of  
r e f l e c t i o n   a s s i g n e a  by t h e   o b s e r v e r   i n  midway be- 
tween tl and t 3: 

t = t 2 = t 1 + 7 ( t 3 - t ) = t  1 1 -It +It 
1 2 1  2 3  

The same measurements  of time w i l l  a l s o   y i e l d   t h e  
d i s t a n c e   t o   t h e   e v e n t  by us ing   t he   r ada r   equa t ion :  

x = A ( t  2 3 - 

The  diagram is c a l l e d  a Minkowski  diagram a f t e r  
E i n s t e i n ' s   d i s t i n g u i s h e d   p r o f e s s o r  of Mathematics 
a t  t h e  ETH who developed   th i s   geometr ic  way of 
l ook ing   a t   space - t ime   i n   1907 .  

Modern Observers  and  Minkowski  Diagrams 

The  modern observer  w i l l  be  equipped  with:  

1. Atomic  Clocks 
2.  Shor t   Pu l se  Lasers 
3. Fas t   Pho to -de tec to r s  
4 .  Event  Timers 

6 



The &-Calculus. By sending  and  receiving 
s h o r t l i g h t   p u l s e s  and  recording  the times (epochs) 
of  such  events,   one  can  measure  the  space-time 
coord ina te s   o f   d i s t an t   even t s ,  as we h a v e   j u s t  
s e e n .   I n   a d d i t i o n ,   t h e   t e c h n i q u e   l e n d s   i t s e l f   t o  
a v e r y   c l e a r  way of   developing  the  conceptual  
s t r u c t u r e  of r e l a t i v i t y ,  as was f i r s t  done by 
Bondi .5   Consider   the  fol lowing  diagram  in   which 
the   wor ld   l i ne   o f  B is  r ep resen ted   i n   t he   space -  
time diagram  of A .  

A B 
tt 

-- d/"' 'Locus of :vents which A 
regards as stmultaneous 
with his origin  event t = O  

Observer B h a s   t h e  same equipment as A ,  i n   p a r t i -  
c u l a r  a standard  atomic  clock.  Because  of  the 
motion  of B r e l a t i v e   t o  A, l i g h t   p u l s e s   e m i t t e d  
by A w i t h  a t i m e  i n t e r v a l  T between them w i l l  be  
rece ived  by B wi th  a s t r e t c h e d  time i n t e r v a l  kT 
b e c a u s e   o f   t h e   a d d i t i o n a l   d i s t a n c e   t r a v e l l e d  by 
B between  recept ion  of   pulses .  This i s  j u s t   t h e 6  
f ami l i a r   Dopp le r   e f f ec t .  It is a n   e a s y   e x e r c i s e  
t o  show t h a t   t h e   r e l a t i v i s t i c   D o p p l e r   f a c t o r  k 
is  given by 

The locus   o f   the   events   which  A r e g a r d s   a s  
s i m u l t a n e o u s   w i t h   h i s   o r i g i n   e v e n t  t = 0 a s   d e t e r -  
mined by t h e   o p e r a t i o n  shows in   the  above  diagram, 
a p u l s e l e s s   e f f e c t  a t  t = -x/c  being  received  back 
a t  t = x f c .   T h i s   c o n s t i t u t e s  A ' s  x-ax i s .   I f  ob- 
s e r v e r  B c a r r i e s   t h r o u g h   t h e  same o p e r a t i o n ,   a s  
shown in   the   fo l lowing   d iagram,   emi t t ing  a p u l s e  
a t  t '  = - x ' / c  and r e c e i v i n g  i t  back a t  t '  = x ' / c ,  

'\Locus of Events 
which B regards 
as simultaneous 

event t ' = O  
x with his origin 

the   locus   o f  a l l  s u c h   r e f l e c t i o n   a r e   t h e   e v e n t s   h e  
regards   as   s imul taneous   wi th   h i s   o r ig in   even   to  
t '  = 0. (The same even t t o  which A assigns  t=O).  
This X'-axis makes t h e  same ang le   w i tho respec t   t o  
t he   l ocus  of l i g h t   p r o p a g a t i o n ,   t h e  45 l i n e ,  as 
t h e   t ' - a x i s .  The l i g h t   p r o p a g a t i o n   l i n e s ,  shown 
d a s h e d   i n   t h e   f i g u r e ,   a r e   t h e  same for   bo th   obser -  
vers   because  of   the  invariance  of   the  speed of 
l i g h t .  They a r e   o f t e n   c a l l e d   t h e   l i g h t   c o n e .  

The geometr izat ion of  space-time,  as  pointed 
out  by Minkowski in   1907,   amounts   to   this :   There 
i s  an  absolute  space-time,  which is " s l i c e d  up" by 
d i f f e r e n t   i n e r t i a l   o b s e r v e r s   i n   d i f f e r e n t   w a y s ,   a s  
shown in  the  fol lowing  diagram  (for   one  space d i -  
mension) 

Minkowski's  Absolute  Space-Time (1907) 

"Sliced up" in 
different  ways 
by inertial 
observers 

X 

\ -\ K'' 

'L ight  speed  same 
for all 

Some re fe rence   even t  is chosen  and a l i g h t  
cone is  a s s o c i a t e d   w i t h  i t .  I f   t h i s   r e f e r e n c e  
event  is  chosen as t h e   o r i g i n   e v e n t   f o r   s e v e r a l  
i n e r t i a l   o b s e r v e r s ,   t h e i r   t i m e  and  space  axis  are 
p l o t t e d  as shown.  Observer C is moving t o   t h e  
l e f t   w i t h   r e s p e c t   t o   o b s e r v e r  A. The d i s t a n c e   i n  
the   d iagram  a long   the  t i m e  and  space  axes  which 
c o r r e s p o n d s   t o   u n i t y  w i l l  b e   d i f f e r e n t   f o r   e a c h  
i n e r t i a l   o b s e r v e r 7 .  The coord ina tes   for   an   event  
a re   de te rmined  by p a r a l l e l   p r o j e c t i o n   o n t o   t h e  
t ime  and   space   axes   for   any   iner t ia l   observer ,   as  
shown in   the   fo l lowing   d iagram 

+\.. *. 

\ 

/ 
/ \ 

Space -Time 

7 



Minkowski showed  a very  remarkable   property:  
even  though t '  # t and x '  # x in   t he   above  d i a -  
grams,   there  is an  expression  which i s  t h e  same 
for  both  observers,   namely8 

This  is c a l l e d   t h e   s q u a r e   o f   t h e   i n v a r i a n t  inter- 
- v a l  between t h e   o r i g i n   e v e n t  (0 ,O)  and the   even t  
( t , x )  or ( t ' ,  X'). For  any two events  whose sepa- 
r a t i o n   i n   t i m e  is  A t  o r  A t '  and whose s e p a r a t i o n  
i n   s p a c e  is Ax2 o r  Ax', i t  is e a s i l y  shown t h a t  

(As)' = c (At) - (Ax)' = c (At ' )  - (Ax') (5) 2 2  2 2 2 

(As)2 = c (At) - ( A x )  - (Ay) - ( A z ) ~  
2 2  2 2 

2 2 2 
= c ( A t ' )  - (Ax') - (Ay')2 - (Az' )  

( 6 )  

a n d   c o n t i n u e s   t o   b e   i n v a r i a n t   f o r   a l l   i n e r t i a l  
observers .  

This  is an ex t remely   impor tan t   resu l t   because  
i t  p rov ided   t he   ma themat i ca l   bas i s   fo r   E ins t e in ' s  
l a t e r  development of  h i s   t h e o r y  of g r a v i t y  - a 
c u r v a t u r e   o f   t h e   f l a t   s p a c e - t i m e   t h a t  we have  been 
d i scuss ing   i n   t e rms  of the  preceding  diagrams - as 
we s h a l l   d i s c u s s   l a t e r   o n .  Minkowski c h a r a c t e r -  
ized  his   development  of the  geometry of  space- 
time dur ing   an   addres s   t o   t he   80 th  Assembly  of 
German N a t u r a l   S c i e n t i s t s  and  Physicians  in  
Cologne on t h e  21st of  September, 1908 i n   t h e  
following  famous  excerpt:  

"The views  of  Space  and T i m e  which I 
w i s h   t o   l a y   b e f o r e  you  have  sprung  from 
t h e  s o i l  of experimental   physics,   and 
t h e r e i n  l i es  t h e i r   s t r e n g t h .  Hence- 
f o r t h ,   s p a c e  by i t s e l f ,  and time by 
i t s e l f ,   a r e  doomed t o   f a d e  away i n t o  
mere  shadows,  and  only a kind of union 
of t h e  two w i l l  preserve  an  independent  
r e a l i t y . "  

He was, of c o u r s e ,   t a l k i n g   a b o u t   t h e   s l i c i n g  up of 
space-time by d i f f e r e n t   i n e r t i a l   o b s e r v e r s ,  accom- 
panied by t h e   i n v a r i a n c e  of t h e   i n t e r v a l ,  as we 
have   j u s t   d i scussed .  

The E f f e c t  of  Motion  on Clocks 

This  is most r e a d i l y   d e s c r i b e d  by  using  the 
inva r i an t   i n t e rva l .   Cons ide r   t he   fo l lowing  
Minkowski space- t ime  diagram  which  represents   the 
motion  of a c l o c k   w i t h   r e s p e c t   t o  some a r b i t r a r y  
i n e r t i a l   o b s e r v e r  whose coord ina te  time and  space 
axes   a r e   d i sp l ayed .  The world l i n e  of t h e  moving 
c lock  is just t h e   l o c u s   o f   t h e   e v e n t s   a t   w h i c h  

Reading of moving 
clock is i t s  own time. 
Proper  Time. 
Denote by T .  

i t  i s  p r e s e n t .  The curva ture  of t he   wor ld   l i ne  
shows t h a t  i t  e x p e r i e n c e s   a c c e l e r a t i o n s .  Two 
ne ighbor ing   events   a long   the   wor ld   l ine  of t h e  
c l o c k   a r e  shown rep resen t ing   " t i cks"   o f   t he   c lock  
(every  second,   or  bet ter ,  every  nanosecond).  With 
r e s p e c t   t o   t h e   i n e r t i a l   o b s e r v e r ,   t h e y   h a v e  a time 
s e p a r a t i o n  A t  and a s p a t i a l   s e p a r a t i o n  Ax. For 
t h e  moving observer   accompanying  the  c lock,   the  
t ime  separat ion  between  t icks  is  t h e   t i m e   i n t e r v a l  
ac tua l ly   r eco rded  by t h e  moving c l o c k ,  which is  
c a l l e d  its p rope r   t ime   i n t e rva l  and  given  the 
symbol A T .  The spa t i a l   s epa ra t ion   be tween   t he  
t i c k s   f o r   t h e   o b s e r v e r  moving with  ' the   c lock w i l l  
be   ze ro ,   s ince   t he   c lock  is always a t  t h e   o r i g i n  
of the  moving coordinate   system. I f  t h e  two t i c k  
e v e n t s   a r e   c l o s e   t o g e t h e r ,   t h e  moving observer   can 
b e   r e g a r d e d   a s   a n   i n e r t i a l   o b s e r v e r   s i n c e   h i s   i n -  
s t a n t a n e o u s   v e l o c i t y  v w i l l  change  very l i t t l e  
du r ing   t he   i n t e rva l   be tween   t i cks .   Then ,   deno t ing  
the  t ime  and  space  measurements  of  the moving ob- 
server   with  pr imes,  

But 

A t '  = A T  

Ax' = 0 

and 

Ax = vAt 

Equation ( 7 )  t h u s  becomes 

c 2 ( A ~ ) '  = c2(At)2  - (vAt) 2 

= ( C  - V ) (At) 2 2  2 

or 
2 

( 6 ~ ) ~  = (1 - --T ) (At) 
V 2 

L 
C 

A T  = 
C 
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r e l a t ing   t he   p rope r   t ime   i nc remen t  AT of   the  moving 
c l o c k   t o   t h e   c o o r d i n a t e  time increment A t  of   the  
i n e r t i a l   o b s e r v e r .  Note t h a t   t h i s   i m p o r t a n t   r e s u l t  
has   been   ob ta ined   wi th   very   l i t t l e   mathemat ics .  
The au tho r   has   success fu l ly   t augh t   t hese   i deas   t o  
i n t roduc to ry   phys i c s   s tuden t s ,   g iven   s eve ra l  weeks 
f o r  them to  be  absorbed  gradual ly .  

If two i d e n t i c a l   c l o c k s   a r e   s y n c h r o n i z e d   t o  
read   the  same when they   a re   toge ther ,   and   observed  
to   have   t he  same r a t e  when toge the r ,   t hey  w i l l  n o t  
e x h i b i t   t h e  same read ing   a f t e r   be ing   s epa ra t ed  and 
expe r i enc ing   d i f f e ren t   rou te s   i n   space - t ime   be fo re  
being  brought   together   again,   even  though  their  
rates w i l l  aga in   be   the  same. The s i t u a t i o n  is 
i l l u s t r a t e d   b e l o w   f o r   c l o c k s  A and B.  

(/li 

I 
I 
I 
l 

/ 

" Your time is 
not my time" 

The d i f f e rence   i n   p rope r   t imes   fo r   c locks  A and B 
w i l l  be 

T ( f i n a l )  - T ( i n i t i a l )  = 
A B 

T ( f i n a l )  - T ( i n i t i a l )  = 
B B 

a watch  dropped  on a h a r d   f l o o r  from a s u f f i c i e n t  
he ight  w i l l  probably  s top  running!  However, i t  is 
p o s s i b l e   i n   r e a l   s i t u a t i o n s   t o   k e e p   a c c e l e r a t i o n s  
smal l   enough  to   avoid   s ign i f icant   ra te   changes  by 
carefu l   packaging   to   reduce   shocks  and v i b r a t i o n s  
and by su f f i c i en t ly   s low  mot ions   o f   t he   veh ic l e  
( e . g .   a i r c r a f t )   c a r r y i n g   t h e   c l o c k .  The important  
po in t  is t h a t   t h e r e  is no  specif ic   dependence on 
t h e   i n s t a n t a n e o u s   a c c e l e r a t i o n   i n   t h e   t h e o r y   p r e -  
d i c t ing   t he   e l apsed   p rope r  time f o r  an a r b i t r a r y  
motion  of a c lock  in   space- t ime.  

E i n s t e i n ' s  1905 P r e d i c t i o n  

In   the   1905  paper ,  ''On the   Electrodynamics of 
Moving B o d i e s " ,   r e f e r r e d   t o   e a r l i e r ,   E i n s t e i n  made 
the   fo l lowing   s t a t emen t   a f t e r   deve lop ing   h i s  ideas 
about  time : 

"Thence we conclude   tha t  a balance-clock* 
a t   t h e   e q u a t o r  must  go more s lowly,  by 
a very  small   amount,   than a p r e c i s e l y  
similar c l o c k   s i t u a t e d   a t   o n e  of t h e  
poles   under   o therwise   ident ica l   condi -  
t i o n s .  

* 
Not a pendulum clock,  which is phys ica l -  
l y  a sys tem  to   which   the   ear th   be longs .  
This  case  had to be  excluded." 

The s i t u a t i o n  is  sketched  below. The e q u a t o r i a l  

*------- 

s u r f a c e   v e l o c i t y  i s  about 0.46  meters/second.  
Equat ion   (12)   eva lua ted   in   an   iner t ia l   f rame (non- 
r o t a t i n g )   w i t h   o r i g i n  a t  t h e   c e n t e r  of t h e   e a r t h  
y i e l d s ,   t o   f i r s t   o r d e r   i n   v 2 / c 2 .  

Where t r ep resen t s   t he   coo rd ina te   t ime   o f  some in- 0 

e r t i a l   obse rve r   and   vA  and   vB   a re   t he   i n s t an taneous  
v e l o c i t i e s  of A and B w i t h   r e s p e c t   t o   t h a t   i n e r t i a l  
observer .  The e lapsed   proper  time w i l l  b e   d i f f e r -  
e n t   f o r   c l o c k s  A and B s i n c e   t h e i r   h i s t o r i e s   o r  
r o u t e s   a r e   d i f f e r e n t .   T h e r e  is a route  dependence 
of   e lapsed  proper  t i m e .  C o l l o q u i a l l y ,  to  para- 
phrase a once  popular  song, "Your time is n o t  my 
time" ! 

Note i n   e q u a t i o n  ( 1 2 )  t h a t   t h e r e  is no   expl i -  
c i t  dependence   on   the   acce le ra t ion   or   h igher   der iv-  
a t i v e s  of the   mot ion   of   the   c locks ,   bu t   on ly   the  
in s t an taneous   ve loc i ty .   Th i s  is sometimes  referred 
t o   i n   t h e   l i t e r a t u r e  of r e l a t i v i t y  as the   " c lock  
hypothesis" .   There  c lear ly   must   be some acce lera-  
t i o n   f o r   t h e   c l o c k s   t o   s e p a r a t e   a n d   b e   b r o u g h t  
back   toge ther   aga in .  Any r e a l   c l o c k  w i l l  be   i n f lu -  
enced by a c c e l e r a t i o n   t o  some extent.   For  example,  

V 
2 
? t  e t -  - 

2CL 

A t  a pole ,  v = 0,  b u t   a t   t h e   e q u a t o r  v /2c = 1 . 1 8 ~  

run   s low  wi th   respec t   to   the   po lar   c lock   by   about  
102  nanoseconds. 

2 2  

I f  t is  one day ,   t he   equa to r i a l   c lock  would 

I f   a tomic   c locks  had e x i s t e d   i n  1905 w i t h   t h e  
s t a b i l i t y  we  have  today  (S2  ns/day) so t h a t   t h e  
pred ic t ion   could   have   been   tes ted ,  it would  have 
been  found t o  be  wrong! Why? Because   t he   e f f ec t  
o f   g rav i ty  had  not  been  included! Two y e a r s  were 
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to  go  by  before  Einstein  discovered  the  Principle 
of  Equivalence  in  1907  and  drew  the  conclusion 
about  the  influence  of  gravitational  potential  on 
time.  The  oblateness  of thespinning earth  causes 
a  decrease  in  the  gravitational  potential  as  one 
moves  from  the  equator to a  pole,  getting  nearer 
to  the  center  of  the  earth.  It  is  remarkable  that 
the  effect  of  this  change  on  clocks  is  predicted 
to  offset  exactly  the  effect  of  the  change of 
surface  velocity, so that  the  correct  prediction 
is  a  null  effect.  We  have  performed  an  experiment 
recently,  transporting  clocks  from  Washington,  D.C. 
to  Thule,  Greenland  and back,  which  supports this 
null  prediction,  and  will  describe  it  later. 

The  Principle  of  Equivalence 

(Einstein's  "Happiest  Thought") 

Let us now turn  to the  incorporation  of  gravi- 
ty  into  the  structure  of  space-time  which  in  Ein- 
stein's  hands  produced  the  General  Theory  of  Rela- 
tivity - no longer  restricted  to  inertial  frames 
of  reference.  It  is my experience  that  the  best 
way  to  understand  Einstein's  theory  of  gravity  is 
through  the  historical  route  actually  followed  by 
Einstein.  The  physical  ideas  came  before  the  full 
mathematical  formulation  of  curved  space-time  in- 
volving  the  tensor  calculus,  which  took  eight  more 
years  to  develop.  The  key  idea  came  to  Einstein 
in  1907  when  he  was  working  on  a  summary  essay  con- 
cerning  the  special  theory  of  relativity  for  the 
yearbook  for  Radioactivity  and  Electronics.  He 
described  his  train of thought  in  an  essay  written 
in  1919,  "The  Fundamental  Idea  of  General  Relativ- 
ity  in  its  Original  Form",  which  is  not  yet  pub- 
lished,  but  an  excerpt was printed  in  the New  York 
Times9  in  1972  when  the  planned  editing  and  publi- 
cation  of all  his papers was announced. 

"I tried  to  modify  Newton's  theory  of 
gravitation  in  such  a  way  that  it  would 
fit  into  the  theory.  Attempts  in  this 
direction  showed  the  possibility  of 
carrying  out  this  enterprise,  but  they 
did  not  satisfy  me  because  they  had  to 
be  supported by hypotheses  without 
physical  basis.  At  that  point,  there 
came to me the  happiest  thought  of  my 
life  [emphasis  added]  in  the  following 
form: 

Just  as in  the  case  where  an 
electric  field  is  produced  by  electro- 
magnetic  induction,  the  gravitational 
field  similarly has only  a  relative 
existence.  Thus, for  an  observer  in 
free  fall  from  the  roof of a  house 
there  exists,  during  his  fall, no 
gravitational  field - at  least  not  in 
his imediate vicinity.  If  the  obser- 
ver  releases  any  objects,  they  will 
remain,relative  to  him,  in  a  state  of 
rest,  or  in  a  state  of  uniform  motion, 
independent  of  their  particular  chem- 
ical  and  physical  nature.* The obser- 
ver is therefore  justified  in  consid- 
ering his state as one of "rest". 

The  extraordinarily  curious, 

empirical law that  all  bodies  in  the 
same  gravitational  field  fall  with 
the  same  acceleration  immediately 
took on, through  this  consideration, 
a  deep  physical  meaning.  For  if 
there  is  even  one  thing  which  falls 
differently  in  a  gravitational  field 
than  do  the  others,  the  observer 
would  discern  by  means  of  it  that he 
is  in  a  gravitational  field,  and  that 
he  is  falling  in  it.  But  if  such  a 
thing  does  not  exist - as experience 
has confirmed  with  great  precision - 
the  observer  lacks  any  objective 
ground  to  consider  himself as falling 
in  a  gravitational  field.  Rather,  he 
has  the  right  to  consider his state 
as that  of rest, and his surroundings 
(with  respect  to  gravitation) a s  field- 
free. 

that  acceleration  in  free  fall  is  in- 
dependent  of  the  material,  is  there- 
fore  a  mighty  argument  that  the  post- 
ulate  of  relativity  is  to  be  extended 
to  coordinate  systems  that  are  moving 
non-uniformly  relative  to  one  another. 

The  fact,  known  from  experience, 

* 
In  this  consideration  one  must  natu- 
rally  neglect  air  resistance." 

The following  simple  diagrams  illustrate  the 
point  made  by  Einstein  and  allow  profound  conse- 
quences  to be drawn  with  little  or  no  mathematics! 
Consider  a  laboratory  falling  freely  as  shown  be- 
low.  Objects  released  with  no  initial  velocity 

Free Fall 

No Local 
Gravltational 
Field ! 

will  remain  at  rest.  If  the  initial  velocity  is 
not  zero,  the  path  of  the  object  will  be  a  straight 
line.  This  is now very  familiar  to us from 
television  and  movies  of  the U.S. astronauts  in 
Skylab  and  the  Apollo  spacecraft,  and  the  Soviet 
cosmonauts  in  Salyut  and  the  Soyuz  spacecraft. 
freely  falling  spacecraft  constitutes  a  true 
(local)  inertial  system. If  one  imagines  the 
spacecraft  in  a  region  of  space  free  of  gravity  but 
subject  to  the  acceleration  produced  by  a  rocket 
engine,  as  shown on the  left  below  (the  "Aclab"  of 
Banesh  Hoffmann),  the  observer  inside  will  experi- 
ence  effects  similar  to  those  in  a  stationary  lab- 

'Ad&' 'Grovlab' 
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o r a t o r y  on the   sur face   o f  a body l i k e   t h e   e a r t h  
where  there is an acce le ra t ion   o f   g rav i ty  g. In  
ba th  cases, ob jec t s   r e l eased  w i l l  mve t o   t h e  

case, t h e   f l o o r   a c c e l e r a t e s   t o   t h e   r e l e a s e d   o b j e c t ,  
f loor   with  accelerated  motion.  In t h e  "Aclab" 

so t h a t  any objec t ,   regard less   o f  i ts  composition, 
w i l l  behave i n  t h e  same way. In t h e  "Gravlab" 

by Gal i leo ,  Newton, Elltvlls,  Dicke,  and  Braginsky, 
case. it h a s  been  measured  with increasing accuracy 

t h a t   a l l   b o d i e s  at the   su r f ace  of t h e   e a r t h   f a l l  
w i t h   t h  same acce lera t ion .  The l a t e s t  measure- 
ments,l' using tors ion  balance  techniques  to  cm- 
pare aluminum and  gold a t  Pr ince ton   Univers i ty  and 
t o  compare  aluminum  and  platinum at Moscow S t a t e  
IJnniversity  give 

Implications  for  Light  Propagation 

should  hold,   not  only for dynamics ,   bu t   for   a l l   o f  
Einstein  proposed  that   the  equivalence  idea 

physics,   and, i n  pa r t i cu la r ,   f o r   e l ec t romagne t i c  
phenomena, i n c l u d i n g   l i g h t .   I f   t h i s  is t h e  case. 

mathematics at a l l  as i l l u s t r a t e d  i n  the   fo l lowing  
one can draw some conclusions  without using any 

diagram. Since t h e  "Aelab" is acce le ra t ing   w i th  

' 1 1 1  ' 
"Aclob"  "Grovlob" 

would p r o p g a t e  in a s t r a i g h t  l i n e  in t h a t  system, 
r e spec t   t o  an i n e r t i a l   s y s t e m ,  and a beam of l i g h t  

t o  an observer i n  t h e  "Aclab". t h e   l i g h t  would ap- 
pear   to   fo l low a curved  path.   If   the  equivalence  to 
t h e  "Gravlab" is correct .   the   predict ion-would be 

a g r a v i t a t i o n a l   f i e l d .  In addi t ion ,  by n o t i n g   t h a t  
t h a t   l i g h t   f o l l o w s  a curved path when propagating in 

the  wave f r o n t s   a s s o c i a t e d   w i t h   t h e   l i g h t  beam must 
move l i k e   r a n k s  of s o l d i e r s  when t u rn ing ,   t he   au t e r  
s o l d i e r s  moving f a s t e r   t han   t he  inner ones, the  
conclusion  fa l lows  that   the   speed  of   l ight   should 
increase with   he ight  in a g r a v i t a t i o n a l   f i e l d ! !  

Impl ica t ions   for   the   Rate  of  Clocka 

s t r u c t i o n  t o  b e   a t   t h e   t o p  and  bottom of an "Aclab" 
Imagine two atomic  clocks  of  identical  con- 

as shown be low,   the i r   read ings  being compared  by 
modern observers   equipped  with  short   pulse   lasers ,  

e a l l i e r .  The rates can be   ca lcu la ted  using t h e  
fast   photo-detectors ,  and event timers as discussed 

"Aclab" "Graviob" 

t echniques   o f   res t r ic ted  r e l a t i v i t y   d i s c u s s e d  ear- 

a succession of i n e r t i a l  f rames  having  the  instant-  
l ier  (accelerated  motion can be  analyzed by using 

anems   ve loc i ty   o f   t he   acce le ra t ed   ob jec t ) .  The 
conclusion,  as we w i l l  show below, i s  t h a t   t h e  
high  clock w i l l  run f a s t   w i th   r e spec t   t o   t he  low 
clock.  Therefore,  by t h e   p r i n c i p l e  of equivalence,  

respec t   to   the   l aw  c lock .  A c l o c k ' s   r a t e  is pre- 
i n  t h e  "Gravlab", the   h igh   c lock  w i l l  run f a s t   w i t h  

d i c t e d   t o  depend on i t s  pos i t ion  in a g r a v i t a t i o n -  
a l   f i e l d !  ! 

Since we have   p re sen ted   ea r l i e r   a l l   t he  math- 
ematical  machinery  needed  to  draw  this  conclusion, 
l e t  us run br i e f ly   t h rough   t he   ana lys i s .  Con- 
s t r u c t  a space-time  diagram  for  the low and  high 
observers  i n  t h e  "Aclab" re fer red   to   t ime and  space 
axes of an i n e r t i a l   o b s e r v e r ,  a6 shown on t h e   l e f t  
below. The curva ture  of the  world  l ines   represents  

Comparison of clocks 8" ' ' A c i d '  

h h 

t h e i r   a c c e l e r a t i o n   w i t h   r e s p e c t   t o   t h e   o b s e r v e r  es- 
tabl ishing  the  t ime  and  space  coordinates .  They 
are separated by a v e r t i c a l   d i s t a n c e  h when t = 0. 
L e t  two successive l igh t   pu lses   be   emi t ted  by the  

clock.  The pulses  w i l l  be received by t h e  high 
low observer  separated by a t ime   i n t e rva l  T on h i s  

observer   separated by a time i n t e r v a l  kT i n  accord- 
ance with our e a r l i e r   d i s c u s s i o n  of the  Doppler 
f ac to r ,   equa t ion  ( 3 ) .  The v e l o c i t y  which  should be 

when t h e   f i r s t   p u l s e  reaches him. 
used t o   e v a l u a t e  k i n  t h a t  of the   h igh   observer  

v = a t  ahlc   (15)  

where a is t h e   a c c e l e r a t i o n  of the  "Aclab"  and the  
approximation is made t h a t   t h e   s e p a r a t i o n  is still 
h a t   t h i s   l a t e r   t i m e  so t h e   t r a n s i t   t i m e  = h l c .  

v e l o c i t y  w i l l  not  change  appreciably.  
It is f u r t h e r  assumed tha t   du r ing   t he   t ime  T the  

Then 
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k =/=~ -/- (16) 
1 - vfc 

C 

Now, by  the  Principle  of Equivalence,  a = g,  the 
acceleration  of  gravity, so k  becomes 

k=Jl+Z& 
2 

Recall  that  gh  is  just  the  Newtonian  potential  dif- 
ference $ if  h  is  small, 

$ E gh  (18) 

so that 

k = J1 +2$ 2 

By the  Principle  of  Equivalence,  the  situation 
would  be as shown  in  the  following  space-time 
diagram.  The low and  high clocks,are not  moving 

The observer  on  the  ground  at x = 0 can  estab- 
lish  the  coordinates  (t, x) of  any  event  by  sending 
out  a  light  pulse  to be reflected  back  at  the  time 
of  the  event  and  received  at  a  later  time.  The 
time  he  assigns  to  the  event  is  halfway  between  his 
emission  and  reception  events  as  described  by 
equation (1). (This  is  still  valid  even  though  the 
speed  of  light  is  not  constant  in  a  gravitational 
field;  the  time  required  for  the  light  pulse  to  go 
out  is  the  same as that  for  it  to  return).  If  the 
procedure  is  repeated  an  interval  of  coordinate 
time At later,  it  will  define  an  interval  of  proper 
time AT at  the  higher  position, as shown  in  the 
diagram.  The  essential  property  is  that 

At # AT (21) 

Time  Curvature 

It  is  possible  to  generalize  the  expression 
for  the  square  of  the  invariant  interval  in  re- 
stricted  relativity,  equations (5) and  (6),  to 
allow  for  this  effect,  and  that  is  just  what  Ein- 
stein did,  writing  now 

Low Hlgh 

For three  spatial  dimensions,  and  using  the  Newton- 
ian  potential $ to  include  non-uniform  gravitation- 
al  fields 

As2 = [l +% )c2 (At)2 - (Ax) - (Ay) - ( ~ 2 ) ’  
2 2 

C 
X 

so their  world  lines  are  straight. The light  pro- 
pagation  lines  are  curved  because  of  the  increase 
of the  speed of light  with  height. The time  in- 
terval T becomes  stretched  to kT,  where 

k =  d l + &  
2 

This  circumstance  is  what  can  be called  the “E- 
vature  of  time.”  The  elapsed  proper  time  of  a 
clock  depends  on  where  it is located  in  the  gravi- 
tational  field  and  differs  from  the  elapsed E- 

surface  of  the  earth,  for  example,  with  the  aid  of 
light  signals.  The  following  diagram  shows  the 
relation  for  vertical  distances. 

-- dinate  time  established by an  observer,  at  the 

t t  

Einstein  retained  the  interpretation  of As as mea- 
suring  the  interval  between  two  events  in  space- 
time, so for  the  interval  between  two  ticks  of  a 
clock, 

A s  = CAT ( 2 4 )  

where AT is  the  interval  of  proper  time  recorded 
by  the  clock.  If  the  clock  is  not  moving 

or 

AT = c+ At (26) 
C 

which  is  the  same as equation (19), giving  the  re- 
lation  between  increments  of  proper  time  and  coor- 
dinate  time. If the  clock  is moving, 

Ax = U At, A = U At, A2 = U At (27) 
X Y Y  
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and equat ion  (23)  becomes 
(34) 

(As)’ = ~’(AT)’  = (1 + + ) c (At)’ 2 

C 
(28) 

- I., + U  + U Z  
2 2 

Y (At)’ 

wh ich   l eads   t o  

as the   r e l a t ion   be tween   p rope r  time and coord ina te  
time inc remen t s   fo r  a c lock   in   mot ion .  

A s  Eins te in   deve loped   these   concepts   dur ing  
t h e   y e a r s  1907 - 1915 ,   and   e spec ia l ly   du r ing   t he  
collaboration  with  Marcel  crossmann  from  1912 - 
1914 ,   he   r ea l i zed   t he re  would a l s o   b e  a c u r v a t u r e  
of  space  produced  by a g r a v i t a t i o n a l   f i e l d .   T h i s  
would be   r ep resen ted  by c o e f f i c i e n t s   o f   t h e   AX)^, 
(Ay)2,  and (Az)’ terms of   t he   expres s ion   fo r   (As )2  
which  would a l s o   b e   f u n c t i o n s   o f   p o s i t i o n ,   j u s t  as 
the   coef f ic ien t   o f   the   c2(At) ’   t e rm.  The v a l u e s  
of t h e s e   c o e f f i c i e n t s  are d e t e r m i n e d   b y   h i s   f i e l d  
e q u a t i o n s   f o r  a g i v e n   d i s t r i b u t i o n   o f  matter. For 
a spherical ly   symmetr ic  mass d i s t r i b u t i o n ,   t h e  
famous S c h w a r z s c h i l d   s o l u t i o n   o f   t h e   f i e l d  equa- 
t i o n s  is 

where 

$ = -  - GM 
r 

All of  the  experiments   with  a tomic  c locks  which 
have  been  done  recently,   and  which we w i l l  d e s c r i b e  
below, a r e  a t e s t ing   o f   t he   r e l a t ionsh ip   (34 )   be -  
tween  proper t i m e  and  coordinate  time. 

Analogy  of T i m e  Curva tu re   t o   t he   Curva tu re   o f  
a Sphere 

Consider a s p h e r e ,   l i k e   t h e   e a r t h ,  whose  curved 
su r face   posses ses  a c o o r d i n a t e   s y s t e m   o f   l a t i t u d e  
and long i tude ,  as shown in   the   fo l lowing   d iagrams.  
The coord ina te s   o f   l ong i tude  a runs   th rough  the  
range 0 t o  360. 

A s  
As 

The coord ina te  of l a t i t u d e   r u n s   f r o m  -90’ t o  90’. 
R is t h e   r a d i u s   o f   t h e   s p h e r e .  What i s  t h e   d i s t a n c e  
A s  between two ne ighbor ing   po in ts   on   the   sur face   o f  
t h e   s p h e r e ,   d i f f e r i n g  by Aa and AB? It is not given 
by 

  AS)^ = (Aa)’ + (AB)* (Wrong!) (35) 

b u t   r a t h e r  by 

There are metric coefficients,   which  depend  on  posi-  
t i o n ,   m u l t i p l y i n g   t h e   s q u a r e   o f   t h e   c o o r d i n a t e   d i f -  
f e r e n t i a l s   t o   g i v e   t h e   t r u e   m e a s u r e   o f   l e n g t h ,   o r  w i th  M t h e  mass of t h e   c e n t r a l  body, r t h e   r a d i a l  

d i s t a n c e ,  a t he   l ong i tude ,   and  B t h e   l a t i t u d e .  
For  motions i n  weak g r a v i t a t i o n a l   f i e l d s   s u c h   t h a t  length will be different for different loca- rope r   l eng th ,   be tween   t he   po in t s .  The a c t u a l  

l q  < < 1, 
C 

and for   s low  mot ions ,  

2 

2 
- v < < l ,  

. .  

t i ons   on   t he   sphe re ,   even   t hough   t he   coord ina te  

Aa = 1’ and A B  = 0, as shown i n   t h e   f o l l o w i n g  ex- 
aggerated  diagram. 

(32) d i f f e r e n t i a l s   a r e   t h e  same. For  example,   consider 

(33) 

o n e   c a n   n e g l e c t   t h e   c o e f f i c i e n t s  of t h e   s p a t i a l  
increments,   and  one is l e f t   w i t h   t h e   e q u a t i o n   ( 2 3 )  
c o n t a i n i n g   o n l y   t h e   c u r v a t u r e  of  time. 

As = 78.9 km 

As = 111.7 km 
Under t h e   c o n d i t i o n s  of  low  velocity  and weak 

gravi ty   expressed  by  equat ions  (32)   and  (33) ,   one 
can  approximate  equation  (29) as A t  the   equator ;  A s  w i l l  be  111 .7  km, whi le  a t  t h e  

l a t i t u d e   o f   4 5 ,  As w i l l  b e  78.9 km. The r e l a t i o n  
between  the  proper time increment A T  and coord ina te  
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time  increment At in  curved  space-time  is  very 
closely  analogous  to  the  relation  between  the 
proper  length  increment As and  the  coordinate  of 
longitude  increment  Aa on the  curved  surface  of 
the  sphere.  The  coefficients  in  relativity  are 
also  called  metric  coefficients. For  a  network  of 
curvilinear  coordinates,  x1  and  x2,  on  an  arbitrary 
curved  surface as shown  the  proper  length As is 

expressed  as: 

(As) = gll(Axl) + 2g12(Ax1)  (Ax2) + gZ2(Ax2) (37) 2 2 2 

The  great  mathematician  Gauss  made  many  contribu- 
tions  to  the  differential  geometry  of  two-dimen- 
sional  curved  surfaces,  in  particular  showing  that 
the  curvature  can  be  calculated  from  the  variation 
of  the  metric  coefficients gi- on  the  surface  only. 
These  results  were generalizes to  an  arbitrary 
number  of  coordinates  describing  n-dimensional 
curved  space  by  Riemann.  This  Riemannian  geometry 
furnished  many  mathematical  tools  which  Einstein 
and  Grossmann  used  in  the  final  form  of  General 
Relativity. 

11 

Brief  Summary  of  the  Curved 
Space-time  Theory  of  Gravity 

In the  curved  space-time  produced  by  the 
;>resence  of  matter,2the  metric  coefficients  in  the 
2xpression  for (As) being  determined  by  the  Ein- 
stein  field  equations,  a  free  object will  move  in 
such a  way  that  if  one  imagines  it  carrying  a  clock, 
;he  path  it  follows  in  space-time  will  make  its 
:lapsed  proper  time  a  maximum. In technical  terms, 
it will  follow  a  so-called  geodesic  path  which is 
:he analog  of  a  great  circle on a  sphere.  Locally, 
:he  path  will  be as straight as possible  in  the 
:urved  space-time.  In  the  words  of  Professor  John 
heeler, 

"Matter  tells  space-time how to  curve; 
Curved  space-time  tells  objects how to 
move. 'l 

his is graphically  represented  by  the  following 
icture  and  analogy  taken from the  book  Gravitation 
y Misner,  Thorne,  and  Wheeler. l2 The curved  sur- 
ace  of  the  apple  may  be  thought  of as caused  by 
he  stem  (analog  of  mass).  The  ants  moving on the 
urved  surface  try  to  move  locally  as  straight as 
ossible  (geodesics).  The  result is that  the  ants 
Id up  moving  in  curved  paths  about  the  stem  (planet 
rbiting  the sun). 

' Misner 
Wheeler 

Thorne , 

There  is  another  way  of  looking  at  free  motion 
in  the  curved  space-time  produced  by  masses.  Re- 
call  from  Einstein's  essay  that  the  Principle  of 
Equivalence  allows  the  local  cancellation  of  the 
effects  of  gravity  by  going  to  a  freely  falling 
frame  of  reference. It can  only  be  local  because 
gravitational  fields  in  the  real  world  are  not 
uniform, as the  following  diagrams  indicate. The 
extent  of  the  local  freely  falling  frame  in  both 
time  and  space will depend on the  accuracy  with 

AcLab 

Paths of dropped 
objects we 

porallel 

Large GravLob 

Converging Paths 
o f  dropped objects 

which  measurements  are  made.  These  local  freely 
falling  frames  obviously  are  local  inertial  systems 
in  that  freely  moving  objects  will  move  in  straight 
lines as discussed  earlier.  Inertial  systems  must 
be  local  because  only  non-uniform  gravitational 
fields  exist  in  the  real  world. The inertial  sys- 
tems  of  large  extent as discussed  in  restricted 
relativity  are  a  fiction. An object  moving  freely 
in  a  non-uniform  gravitational  field  (curved  space- 
time)  can  be  thought  of as moving  in  straight  lines 
in  the  flat  space-time  of  restricted  relativity  in 
each  of  a  succession  of  local  freely  falling  systems 
which  differ  in  both  direction  and  velocity  of  mo- 
tion. It is  clear  from  equations  (12)  and  associa- 
ted  diagrams  that  such  straight  line  motion  in  an 
inertial  system  between  two  events  in  space-time 
produces  a  proper  time  difference  greater  than 
curvilinear  motion,  since  there  is  some  inertial 
system  in  which  it  would  be  at rest,  Hence, the 
conclusion  that  free  motion  in  curved  space-time 
follows  a  path  which  produceslj  maximum  proper  time 
difference.  Bertrand  Russell  has  referred  to  this 
as the  "Principle  of  Cosmic  Laziness." 

Einstein's  theory  of  gravity as curved  space- 
time  does  away  with  the  concept  of  Newtonian  gravi- 
tational  forces. A body  falls  to  the  earth  because 
it  follows  the  locally  straightest  path  in  curved 
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space-time.  We  have  seen  that  for low  velocities 
and  weak  fields, as exist  for  most  motions  on 
earth,  the  primary  curvature  is  that  of  time. 
Thus,  from  the  Einsteinian  point  of  view,  bodies 
fall  because  of  the  properties  of  time and the 
behavior  of  clocks  which we are  discussing.  The 
essential  property  is  the  relation  between  proper 
time  and  coordinate  time,  equation ( 3 4 ) .  The 
curved  world  line  of  a  falling  body  results  from 
the  elapsed  proper  time  associated  with  the  body 

-___-- 

World Line 

Falling 

r 

Curved Some-Time 

T (final) - T(initia1) = dr 

having  a  maximum  value  for  that  path as compared 
with  other  paths  between  the  same  initial  and  final 
event s . 

The  following  diagram  shows  a  plot  of  gravi- 
tational  potential  $/c2  for  the  sun as  a  function 
of  distance  from  its  center,  along  with  a  schematic 
representation  of  the  change  in  rate  of  clock as  a 
function  of  position.  This  is  one  way  of  indicat- 

7 slow fast - 
I 

c 
r 

Ear th  

Sun 1, c a : t h  

r 
ing  the  curvature  of  time.  At  the  surface  of  the 
sun  $/c2 e -2  x  Using  the  value  at  the  earth 
of  the  solar  gravitational  potential,  the  earth 
gravitational  potential  (+/c2 = -7 x 10-10 at  its 
surface)  and  the  velocity  of  the  earth  in  its  orbit 
around  the  sun ( ~ 3 0  km/s), the  additional 46 seconds 
since  Einstein's  birth as observed  by  Herblock's 
distant  cosmic  observer,  (whose  proper  time  will  be 

the  same as coordinate  time),  was  calculated  using 
equation (38) for  the  freely  falling  earth. 

In  the  popular  literature  on  general  relativ- 
ity,  the  curvature  of  space  is  referred  to  almost 
exclusively  since  it  is  somewhat  easier  to  visual- 
ize  than  the  curvature  of  time.  However,  this  is 
quite  misleading,  since  the  curvature  of  time  leads 
to  all  of  Newtonian  physics  for low speeds  and 
weak  fields  in  Einstein's  theory,  and  in  this  sense 
can  perhaps  be  regarded as the  primary  curvature. 
One  should  regard  most of these  references to  the 
curvature  of  space as shorthand  for  the  curvature 
of  space-time.  Now  that  it  is  possible  to  measure 
accurately  with modem atomic  clocks,  as  described 
in  the  next  sections,  the  remarkable  properties  of 
Einsteinian  time,and as the  properties are,  of ne- 
cessity,  used  more  and  more  in  global  timekeeping 
systems,  we  can  hope  for  more  intuitive  understand- 
ing  of  the  physics  of  general  relativity. 

Experimental  Measurements 

Introduction 

The  experiments  which  will  mainly  be  described 
are  those  of  the  author  and  his  collaborators  with 
modern  cesium  beam  atomic  clocks  in  aircraft  and 
the  experiment  with  a  hydrogen  maser  in  a  rocket 
probe  conducted  by  Vessot  and  Levine.  These  exper- 
iments  were  designed to measure  primarily  the 
effects  of  gravitational  potential,  although  the 
effects  of  motion were necessarily  present  and  were 
also  measured.  They  used  macroscopic  oscillators 
controlled  by  atomic  resonances.  Before  describing 
them,  it  is  appropriate  to  mention  for  completeness 
some  of  the  earlier  observations  using  direct  ra- 
diation  from  atoms  and  nuclei. 

Optical  Spectroscopy 

Solar  Redshift  Observations.  The  first 
tests14 of the  properties  of  time as affected  by 
gravitational  potential were sought  in  the  shift 
toward  the  red  of  the  frequency  of  optical  radia- 
tion  emitted  by  atoms  on  the  sun  and  received  and 
compared  on  earth  with  radiation  from  similar 
atoms.  The  potentia_&  difference  would  predict  a 
shift  Af/f n, 2 x 10 . It was  very  difficult  to 
establish  this  value  with  any  confidence  because 
of  lack  of  accurate  knowledge  of  pressure-induced 
frequency  shifts  in  the  sun's  atmosphere  and  the 
complications  of  Doppler  shifts due to  turbulent 
motions  of  the  emitting  gas  atoms  and  the  surface 
velocity  of  the  sun due to  its  rotation.  A  brief 
summary  with  references  of  these  older  observations 
and  the  attempts  to  interpret  them  is  given  by 
Pauli. 15 

The  choice of  atoms  whose  spectral  lines  are 
little  affected  by  pressure,  and  the  use  of  rapid 
switching  in  the  earth  laboratory  from  solar  radia 
tion  to  laboratory  sources has allowed  measurement 
with  a  believable  accuracy  of  about  5%. The exper 
iments  were  done  at  Princeton  University  by J. 
Brault  (1963)16  in France by J. Blamont  and F. 
Roddier (1965)l', and  in  the U.S.A. at  Oberlin 
College  by J. Snider (1972)18. 
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White Dwarf Redshi f t s .   These   observa t ions  
have   suf fe red   f rom  lack   of   p rec ise   knowledge   of  
t h e   s i z e   a n d  mass of   the   ob jec ts   f rom  which   to  
c a l c u l a t e   t h e   s u r f a c e   g r a v i t a t i o n a l   p o t e n t i a l .  
S i r i u s  B provides  the  comparison  most  widely 
known, a l t h o u g h   t h e r e   a r e   o t h e r s ,   s u c h   a s  40 
Er idan i  B. The  accuracy is p robab ly   no   be t t e r  
than  15 t o  20%.19,20 

Moving  Atoms.  The f i r s t   c o n t r o l l e d  measure- 
m e n t s   o f   t h e   r e l a t i v i s t i c   e f f e c t s  of  motion were 
c a r r i e d   o u t  by H.E. Ives   and G.R. S t i lwe l l   (1941) .  
They  measured the   “ t r ansve r se   Dopp le r   e f f ec t “  
( t h a t  i s ,  the   d i f f e rence   be tween   coord ina te  time 
and  proper time by examin ing   t he   l i gh t   f rom  exc i t ed  
atoms  moving i n  a co l l imated  beam, much ca re   be ing  
t a k e n   t o   a v e r a g e   o u t   t h e   f i r s t   o r d e r   D o p p l e r   e f -  
f e c t .  The accuracy  of  comparison  with  theory is 
d i f f i c u l t   t o   a s s e s s  -- perhaps 5 t o  10%. S i m i l a r  
experiments  have  been  performed by G. O t t i n g  
(1939) . 2 2  H.L.  Mandelberg  and L. Witten  (1962) 23 

quote   an   accuracy   of  5% i n   t h e i r  more recent   ver -  
s i o n  of  the  experiment.  

2 1  

Using a beam o f   h igh   ve loc i ty  Na atoms  and 
laser t e c h n i q u e s   f o r   t h e   c a n c e l l a t i o n   o f   f i r s t  
o r d e r   D o p p l e r   e f f e c t s ,   t h e   “ t i m e   d i l a t i o n ”   h a s  

Hall (1975)2x  to   0 .5%. 
been  recent1  measured  by J.J. Snyder  and J .L .  

With Helium-Neon lasers s t a b i l i z e d  by  Methane, 
t he   expec ted   sh i f t   o f   f r equency   o f   0 .542   pe r  de- 
g r e e   i n   t h e  Methane  due t o   t h e   c h a n g e  of rms 
veloc i ty   wi th   t empera ture   has   been   observed   wi th  
an   uncer ta in ty   o f  10% by S.N. Bagayev  and V.P. 
Chebotayev  (1972). 25 

Mb’ssbauer Gamma Ray Spectroscopy 

E f f e c t   o f   G r a v i t a t i o n a l   P o t e n t i a l .  The d is -  
covery  by  MBssbauer   that   the   f requency  shif t   asso-  
c i a t e d   w i t h   t h e   r e c o i l  of the   nuc leus  when emi t t i ng  
or absorb ing  a y-ray  photon  could  be  very small 
when t h e   n u c l e u s   t r a n s f e r r e d  its momentum t o   t h e  
s o l i d  of which i t  w a s  a p a r t  opened t h e  way t o  
very   h igh   reso lu t ion   y- ray   spec t roscopy.  The ap- 
p l i c a t i o n   o f   t h e   t e c h n i q u e   t o  a terrestrial 
measurement w a s  f i r s t  made by R.V. Pound  and G.A. 
Rebka (1960)26  using a 22.6 meter v e r t i c a l   p a t h   i n  
a tower a t  Harvard  Universi ty .  The p o t e n t i a l  
d i f fe rence   p roduces  a f r equency   sh i f t   Af / f  ‘L 

2.5 x which was measured  with  about  10% 
accuracy.  Later Pound and J. Snider   (1965)27 
improved the   measurements   to  an accuracy  of  about 
1%. 

Mot iona l   E f fec t s .  The  temperatures of t h e  
ma te r i a l s   hos t ing   t he   y - r ay   emi t t i ng   and   abso rb ing  
nuc le i   i n   t he   above   expe r imen t s   need   t o   be   measu red  
wi th   p rec i s ion   and   kep t   c lo se ly   equa l   t o   p reven t  
t h e   m o t i o n a l   e f f e c t s  on time o f   t h e   l a t t i c e   v i b r a -  
t i o n s   f r o m   m a s k i n g   t h e   g r a v i t a t i o n a l   e f f e c t .  
Compl i ca t ions   o f   so l id  s ta te  physics  and  tempera- 
t u r e  measurement  do not   a l low a v e r y   a c c u r a t e  
measurement,   but  the  temperature  dependence  of  the 
sh i f t   i n   r e sonan t   f r equency   p rov ides   ev idence   fo r  
t he   d i f f e rence   be tween   coord ina te   t ime   and   p rope r  
time. The  M6ssbauer  technique  has  been  used  to 
d e m o n s t r a t e   t h e   e f f e c t   o f   v e l o c i t y  on time i n  

cen t r i fuge   expe r imen t s  by H . J .  Hay, J .P .  S h i f f e r ,  
T.E. Cranshaw.  and P.A. Egelstaff   (1960);2g  by W .  
Kiindig  (196  and a l s o  by K.C. Turner  and H.A. 
H i l l  (1964)”;while   s tudying  other   aspects   of   re la-  
t i v i t y .  The cent r i fuge   t echnique   has-produced   an  
accuracy  of  comparison  with  theory  of  about 1%. 

The   ve ry   l a rge   acce le ra t ions   a s soc ia t ed   w i th  
t h e s e   m o t i o n a l   e f f e c t s ,   a s   w e l l   a s   t h e   a c c e l e r a t i o n  
of   the  muons in   s to rage   r i ngs   d i scussed   be low,have  
no i n t r i n s i c   e f f e c t  on the   r e l a t ion   be tween   p rope r  
t ime  and  coordinate  t ime as g i v e n   i n   e q u a t i o n  (11). 

Astronomical  Observations  from  the Moving Ea r th  

The a n a l y s i s   o f  many types  of   observat ions  in-  
volves   the  t ransformation  f rom a reference  system 
“a t tached”  to the   center   of   mass  of t h e   s o l a r   s y s t e m  
i n  wh ich   ca l cu la t ions   a r e  more e a s i l y   d o n e ,   t o   t h e  
r e fe rence   sys t em  a s soc ia t ed   w i th   t he   ea r th .  Such 
observat ions  include  the  measurement  of changing 
p u l s a r   p e r i o d s ,   v e r y   l o n g   b a s e l i n e   i n t e r f e r o m e t r y ,  
l una r   l a se r   r ang ing ,   deep   space   t r ack ing   o f   space -  
c r a f t ,  and p l ane ta ry   r ang ing .  A l l  i nvo lve   t he   u se  
o f   s t ab le   a tomic   c locks  on t h e   e a r t h .   T h e   d i f f e r -  
ence  between  proper   t ime  on  the  ear th   and  coordinate  
time i n   t h e   s o l a r   s y s t e m  is t h e r e f o r e   e s s e n t i a l   i n  
t h e   a n a l y s i s   o f   t h e   r e s u l t s  of  t he   obse rva t ions .  
A p a r t i c u l a r l y   c l e a r   d i s c u s s i o n  of tsf transforma- 
t i o n  is given  by J . B .  Thomas (1976). 

High  Energy  Physics 

Charged  Pion  Lifetime.  This  has  been  measured 
by A . J .  Greenberg, e t  a l ,  (1969>32 i n  a beam from 
the  Lawrence  Radiation  Laboratory’s  184-inch  cyclo- 
t r o n   w h e r e   t h e   f a c t o r  (1 - v2/c2)-$  had  the  value 
2.4.   The  accuracy  of   the  l i fe t ime  determinat ion 
compared with  the  previously  measured  value  of  26 
n a n o s e c o n d s   f o r   t h e   l i f e t i m e  a t  rest ag rees   w i th  
t h e   r e l a t i v i s t i c   p r e d i c t i o n   t o  0.4%.  

Moving  Muons. The d i f fe rence   be tween  coord i -  
n a t e  time i n t e r v a l s  and   proper   t ime  in te rva ls   has  
been  measured  using  the  decay  of muons.  The l i f e -  
time o f   r a p i d l y  moving muons inc reased  by t h e  
f a c t o r   ( 1  - v2/c2)-4.  The  most  accurate  measure- 
ment,  about 2%,  has   been made i n  a s t o r a g e   r i n g  a t  

Fa r l ey ,  e t  a l ,   (1966) .  ’’ The f a c t o r  ( 1  - v2/c2)-’ 
Center  f o r  Nuclear Res a rch  (CERN) i n  Geneva  by 

had a va lue   o f   12 .   Ea r l i e r ,   bu t  much less accura t e ,  
measurements  had  been made as e a r l y  as 1941 by Rossi  
and ~ a 1 1 3 ~  by s tudy ing  as a f u n c t i o n   o f   a l t i t u d e   t h e  
s u r v i v a l   o f  muons produced  by  cosmic  rays   in   the 
upper   par t   o f   the   ear th’s   a tmosphere .  They would 
n o t   s u r v i v e   t o  sea l e v e l   e x c e p t   f o r   t h e   r e l a t i v i s t i c  
e f f e c t   s i n c e   t h e i r   l i f e  time a t  rest is only  about  
2 microseconds. 

R e l a t i v i s t i c  Dynamics.  The d e s i g n   o f   p a r t i c l e  
acce le ra to r s   and   t he   ana lys i s   o f   h igh   ene rgy   expe r -  
i m e n t s   u s e s   c o n c e p t s   o f   r e l a t i v i s t i c   e n e r g y   a n d  
mmentum  which a r e   b a s e d   s q u a r e l y  on the   i nva r i ance  
of   the  interval ,   equat ion  (6)   above.   Thus,   h igh 
energy  physics  makes cont inuing   use   o f   the   E ins te in-  
i an   concep t  of t ime.  



- Atomic   Clocks   Car r ied   in   Comerc ia l   Ai rcraf t   on  
Around t h e  World F l i g h t s  

In  October  of  1971, J.C. Hafele  and R.E. 
Keating35 f i r s t   d e m o n s t r a t e d   t h e   r e l a t i v i s t i c   e f -  
f e c t s  on time for   macroscopic   a tomic  c locks by 
car ry ing   an   ensemble   o f   four   comerc ia l   ces ium 
beam clocks  (Hewlett-Packard Model No. 5061) 
b e l o n g i n g   t o   t h e  U.S. Naval  Observatory  around  the 
w o r l d   o n   s c h e d u l e d   a i r l i n e   f l i g h t s ,   f i r s t   i n   t h e  
eas tward   d i r ec t ion ,  and s i x   d a y s   l a t e r   i n   t h e   w e s t -  
ward d i r e c t i o n .  The combina t ion   of   the   sur face  
v e l o c i t y  of t h e   e a r t h   d u e   t o  i ts r o t a t i o n   w i t h   t h e  
v e l o c i t y  of t h e   j e t   a i r c r a f t   l e a d s   t o   t h e   p r e d i c -  
t i on   o f   an  asymmetry i n   t h e   r e l a t i v i s t i c   e f f e c t s  
f o r   t h e   d i f f e r e n t   c i r c u m n a v i g a t i o n   s e n s e s .  The 
g r a v i t a t i o n a l   p o t e n t i a l   e f f e c t   d u e   t o   t h e   a l t i t u d e  
of t h e   a i r c r a f t  
i n g   t a b l e   g i v e s  
d i c t e d   e f f e c t s :  

E f f e c t  

P o t e n t i a l  
Ve loc i ty  
Net 

needs   t o   be   i nc luded .  The  follow- 
the i r   publ i shed   va lues   o f   the   p re-  

Eastward  Westward 

144 ? 14 n s  179 i 18 n s  
-184 ? 18 n s  96 +_ 10  ns  
- 40 k 23  ns  275 ? 21  ns  

Tr ip   du ra t ion   65 .4   h r s .  80.3 h r s .  

The u n c e r t a i n t i e s  are from a l a c k   o f   s u f f i c i e n t l y  
d e t a i l e d  knowledge of t h e   v e l o c i t y ,   a l t i t u d e ,  and 
p o s i t i o n   o f   t h e   a i r p l a n e s   d u r i n g   t h e   f l i g h t s .  

The ensemble  of  clocks  were  intercompared  to 
1 n s   o n c e   a n   h o u r   i n   o r d e r   t o   i d e n t i f y  any rate 
changes   o f   i nd iv idua l   c locks   w i th   r e spec t   t o   t he  
average .   Severa l   such  rate changes   were   ident i f ied  
and c o r r e c t e d   f o r   i n   a r r i v i n g  a t  the  measured re- 
s u l t s .  The s y s t e m a t i c   e r r o r   i n   t h i s   p r o c e d u r e  is 
g i v e n   a s  k30 ns .   Cor rec t ions   fo r   t empera tu re  and 
pressure  changes  were  not  made. The  measured 
va lues   o f   the   average  time d i f f e r e n c e   w i t h   r e s p e c t  
t o   t h e  stay-at-home  clocks a t   t h e  U.S. Naval  Obser- 
va to ry   a r e   g iven  as: 

Eastward -59 n s  
Westward  ?273 n s  

The compar ison   wi th   the   p red ic t ions   seems  to  show 
an   unce r t a in ty  of  about 13% for   the   wes tward   d i rec-  
t i o n ,   b u t  much w o r s e   f o r   t h e   e a s t w a r d   d i r e c t i o n .  
It i s  d i f f i c u l t   t o   a s s i g n   a n   u n c e r t a i n t y   f o r   t h e  
compar ison   of   the   ind iv idua l   po ten t ia l   and   ve loc i ty  
e f f e c t s ,   b u t   t h e i r   e x i s t e n c e  is  c e r t a i n l y  demon- 
s t r a t e d .  

Atomic  Clocks  Carried  in  an  Aircraft   on  Local 
F l igh ts   wi th   Radar   Tracking   and   Laser   Pulse  T i m e  
Comparison 

P a r t i c i p a n t s .  These experiments were conduct- 
ed36  by  the  author  and L.S.  C u t l e r ,  R.A. Reisse, 
R.E. Williams, J . D .  Rayner, C.A. Steggerda,  J.  
Mullendore, S. Davis,  L. Small  and B. D u v a l l   ( a l l  
a t  t h e   U n i v e r s i t y  of Maryland  except L.S. C u t l e r ,  
who is a t  Hewlet t -Packard)   during  the  per iod  f rom 
May, 1975  through  January,   1976  with  the  support  
of t h e  U.S. Navy,37 e s p e c i a l l y   t h e  Time S e r v i c e s  
Div i s ion   o f   t he  U.S. Naval  Observatory  and its 
D i r e c t o r ,  G.M.R. Winkler.  The  Hewlett-Packard 

Model 5061  High  Performance  (Option 004) cesium 
atomic  clocks  used were provided  by  the  observatory.  
They were modi f ied   to   improve   the i r   per formance  
under   the  guidance  of  L.S. C u t l e r , 3 8  who had  been 
r e s p o n s i b l e   f o r   t h e   o r i g i n a l   d e s i g n  a t  H e w l e t t -  
Packard.  We were   k ind ly   l en t  two hydrogen masers 
for   the   g round  c lock  set made by H. P e t e r s  by t h e  
Goddard  Space F l igh t   Cen te r ,39   wh ich   a l so   l en t  u s  
t h e  trailer used   in   the   exper iments .   Three   rub id ium 
o p t i c a l l y  pumped f requ=?r>  s tandards  made by Efratom 
were inc luded   i n   each   c lock   s e t  .40 

T h e o r e t i c a l  Framework. Our experiments mea- 
su red   t he   d i f f e rence   i n   p rope r  t i m e  recorded by 
t h e   a i r c r a f t   c l o c k  set, T ~ ,  and the   p roper  t i m e  
recorded by the   g round  c lock  se t ,  T The p r e d i c t i o n  
o f   g e n e r a l   r e l a t i v i t y  is G '  

T 
T = 1 ( 1  + @A/c2 - VG/2c ) d t  2 2  

G 
0 

0 

We u s e d   s h o r t   p u l s e s   o f   l a s e r   l i g h t   t o   c a r r y   o u t  
the  comparison  of  clock  readings  between  the  ground 
and t h e   a i r p l a n e   a s   p r e s c r i b e d  by Einstein,   equa-  
t i o n  (1) above .   The   appropr ia te   space t ime  d iagrac~ 
f o r   t h e  laser p u l s e  time comparison is shown below. 

Ground 

z 

The i n e r t i a l   s y s t e m   i n   w h i c h   t h e   i n t e g r a l  (41) i,- 
t o   b e   e v a l u a t e d  i s  cen te red  on t h e   f r e e l y   f a l l i n : ,  
ea r th   and  i s  n o n - r o t a t i n g   w i t h   r e s p e c t   t o   d i s t a n t  
matter, a s  shown in   t he   fo l lowing   d i ag ram.  

& 8-latitude m v E = w r c o s 8  
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The v e c t o r   v e l o c i t y  v i n   t h e   i n e r t i a l   s y s t e m  is 
given by 

+ 

A 

+ + *  -+ + 
v =  A vA + w x r  ( 4 2 )  

+ *  
whose  vA is  t h e   v e l o c i t y   o f   t h e   a i r c r 3 f t   y i t h   r e -  
s p e c t   t o   t h e   s u r f a c e   o f   t h e   e a r t h   a n d  W x r is  t h e  
s u r f a c e   v e l o c i t y + o f   t h e   r o t a t i n g   e a r t h  whose  angu- 
l a r   v e l o c i t y  is  W. The   f ad ius   ves to r   t o   t he   l oca -  
t i o n  o f   t h e   a i r c r a f t  is r. When v is  s q u a r e d   t o  
i n s e r t   i n   e q u a t i o n   ( 4 1 ) ,   o n e   o b t a i n s  

v2 = v + 2 v  - ( w x r ) +   ( w x r )  
*2 +* + +  + + 2  

A A A 
(43) 

The under l ined  term i n   t h e  above+e ua t ion  is j u s t  
twice  the  eastward  component  of v) m u l t i p l i e d  by 
t h e   e a s t w a r d   s u r f a c e   v e l o c i t y  v = W r cos  B, where 
0 i s  t h e   l a t i t u d e .  I t  is  t h i s  Eerm w h i c h   l e a d s   t o  
t h e  asymmetry in   t he   a round   t he   wor ld   f l i gh t s   des -  
cr ibed  above,   s ince i t  is p o s i t i v e   f o r   e a s t w a r d  
f l i g h t s  and   nega t ive   fo r   wes tward   f l i gh t s .  I n  our  
l o c a l   f l i g h t s ,  its i n t e g r a l  was t o o   s m a l l   t o   b e  
measured. 

Airborne  Equipment. A schematic  diagram  of 
the  experiment  is  given  below. The a i r c r a f t  was a 
Navy  P3C an t i - submar ine   pa t ro l   p l ane ,   capab le   o f  
f l i g h t s   o f  15 t o  16 hours   durat ion a t  a l t i t u d e s  up 
t o  35,000 f e e t .   F i g u r e  11 is a p i c t u r e  of  our air- 
c r a f t ,  P3C 912, i n   f l i g h t .  On board   the   p lane  was 
an  ensemble  of  three  Hewlett-Packard  cesium  clocks 

carefu l ly   packaged   to   p rovide  a very  w e l l  c o n t r o l l e d  
envi ronment   a long   wi th   an   envi ronmenta l ly   cont ro l led  
set of t h ree   E f ra tom  rub id ium  c locks ,   t he   en t i r e  
col lect ion  of   c locks  and  environmental   package  being 
c a l l e d  a "clock  box."  This is shown i n   F i g u r e  12 
i n   p o s i t i o n  on t h e   a i r c r a f t .  Also on  board  were  an 
event  timer, capable  of  measuring  the  epoch  of  an 
event   wi th  a prec is ion   of   0 .1   nanosecond,  a NOVA 2 
minicomputer  and  associated LINC magnet ic   t ape   un i t ,  

a s t r i p   c h a r t   r e c o r d e r   f o r   v i s u a l   m o n i t o r i n g   o f  
clock  phases  and  temperatures,  a d r y   n i t r o g e n   t a n k  
fo r   t he   p re s su re   con t ro l   sys t em,   and  a non-environ- 
m e n t a l l y   c o n t r o l l e d   t r a v e l i n g   c l o c k .  This equipment 
is shown i n   F i g u r e  13. In te rcompar ison   of   the  
epochs  of   the  zero-crossings  of   the  5 MHz c lock   ou t -  
pu t s  was made every  200 seconds.  The r e f l e c t i o n  of 
l a s e r   l i g h t   p u l s e s  f r o m   t h e   a i r c r a f t  was accom- 
p l i shed  by p l a c i n g   a n   o p t i c a l   c o r n e r   r e f l e c t o r   o f  

periment4' bes ide  t h e  forward  observing window on 
t he   t ype  eveloped f o r  t h e   l u n a r   l a s e r  ranging  ex- 

t h e   a i r c r a f t  as shown i n   F i g u r e  1 4 .  A photomulti- 
p l i e r   e q u i p p e d   w i t h   n e u t r a l   d e n s i t y   f i l t e r s   a n d  a 
100 Angstrom  band  pass f i l t e r  w a s  housed as shown 
i n   F i g u r e  15 so t h a t  i t  could  be  pointed  by  hand 
f rom  ins ide   the   forward   observ ing  window toward  the 
l a s e r   t r a n s m i t t e r  on the  ground.  The epoch  of  the 
r e c e i v e d   l a s e r   p u l s e s  on t h e   p l a n e  was measured  by 
t h e   e v e n t  timer i n   t h e   p r o p e r  t i m e  of   the   plane  and 
s to red   i n   t he   compute r   where  i t  could  be  read  out  
and  communicated to   t he   g round  by v o i c e   r a d i o   l i n k .  

Ground  Equipment. On the  ground at  t h e  
Patuxent  Naval Air Tes t   Center ,  a t railer contained 
a n   i d e n t i c a l   c l o c k   b o x   ( F i g u r e  1 6 ) ;  event  timer and 
NOVA 2 minicomputer   with  s tandard  magnet ic   tape,  
d i sk ,   and   t ek t ron ix   g raph ic s   t e rmina l   fo r   ana lyz ing  
and d i sp lay ing   t he   da t a   (F igu re  x); and two hydro- 
gen masers (Figure  1 8 ) .  F igure  19 Shows t h e   a i r -  
c r a f t   p a r k e d   a l o n g s i d e   t h e  t ra i le r  f o r   d i r e c t  com- 
pa r i son  by c o a x i a l   c a b l e  of t h e   a i r c r a f t  and  ground 
c lock  sets b e f o r e   a n d   a f t e r   f l i g h t s .  Between 
f l i g h t s   i n   t h e   a b s e n c e   o f   t h e   a i r c r a f t ,   b o t h   c l o c k  
boxes   and   t he   a i rbo rne   e l ec t ron ic s   were   housed   i n  
t h e   t r a i l e r .  On t h e   f i v e   s e p a r a t e   f i f t e e n   h o u r  
f l i g h t s ,   o n e  box  was  flown t h r e e  times and   t he   o the r  
twice.   Figure 20 shows D r .  Williams  and D r .  Reisse 
p r e p a r i n g   t o   t r a n s f e r  a c l o c k   b o x   t o   t h e   p l a n e ,  
in to   which  i t  had t o  be  inser ted  through  the  narrow 
ha tch  shown i n   F i g u r e  21.  The i n s t a l l a t i o n  of t h e  
e l ec t ron ic s   and   c lock   box   i n   t he  P3C a i r c r a f t   t y p i -  
c a l l y   r e q u i r e d  a day  and a h a l f .  

Laser Light  Pulse T i m e  Comparison.  The laser 
t ransmi t t ing   and   rece iv ing   equipment  was l o c a t e d   i n  
t h e  van at  the   co rne r   o f   t he   hanga r   i n   F igu re   19 .  
The beam d i r e c t i n g   o p t i c s  is  p i c t u r e d   i n   F i g u r e  22  
and   i l l u s t r a t ed   s chemat i ca l ly   i n   t he   above   d i ag ram.  
Underneath  the laser w a s  l oca t ed  a 7 . 5  i n c h   t e l e -  
scope42  which w a s  used  with a beam s p l i t t e r   b o t h   t o  
d e t e c t   t h e   r e f l e c t e d   l a s e r   l i g h t   w i t h  a photomulti- 
p l i e r   t u b e   a n d   t o   t r a c k   t h e   p l a n e   w i t h   c l o s e d   c i r -  
c u i t   t e l e v i s i o n .   T h i s   e q u i p m e n t   i n   t h e   v a n  is  shown 
i n   F i g u r e  23 .  The l a s e r  is a frequency  doubled 
neodymium YAG s y s t e m   u t i l i z i n g  a mode-locked o s c i l -  
l a t o r   w i t h   p u l s e   e x t r a c t i o n   a n d   s u b s e q u e n t   a m p l i f i -  
c a t i o n ,   e m i t t i n g  a p u l s e  10 t imes a second  with 
energy  of 0.5 m i l l i j o u l e s  and  durat ion  of  100 
p icoseconds .   The   a i r c ra f t  was flown  mainly a t  n i g h t  
w i th  its l a n d i n g   l i g h t s  on t o   e n h a n c e   t h e   c o n t r a s t  
fo r   acqu i r ing   and   t r ack ing  i t  v i s u a l l y .  The f l i g h t s  
approx ima ted   t he   pa th   i n  a clockwise  sense shown i n  
the fo l lowing  map. The  cone  shows the   acceptance  
a n g l e   f o r   t h e   l a s e r   l i g h t   p u l s e   t o  b e  r e f l e c t e d  
back   by   t he   comer   r e f l ec to r .  The time comparisons 
were made on t h e   n e a r   s i d e   o f   e a c h   c i r c u i t ,   w i t h  
occasional   gaps  due  to   c loud  cover   or   equipment  
d i f f i c u l t i e s .  The a i r c r a f t  was   acqui red   op t ica l ly  
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rPATUXENT  NAVAL AIR  TEST  CENTER 
shown i n   F i g u r e s  27 and 9. 

Clock  Performance.  Typical  tomic  clock 
s t a b i l i t i e s  of 2 t o  3 p a r t s  in 10'' for   an   averagi r  
time of  one  day were achieved  with  commercial 
Hewlett-Packard  5061  high  performance  standards by 
making s e v e r a l   m o d i f i c a t i o n s   t o  them  and by main- 
t a i n i n g  a r igorous ly   cont ro l led   envi ronment .  A 
p lo t   o f   the   exper imenta l ly   measured   Al lan   var iance  
U (2 ;  T) f o r   f i v e   s e p a r a t e   s t a n d a r d s  compared w i t h  
t h e   s i x t h  is given  below.  The  modifications con- 
s i s t e d  of a p ropr i e t a ry   change   i n   t he  beam tube  

0 = THEODOLITE  STATION IO UlLES 

SCALE 

s h o r t l y   b e f o r e   t h e  laser time comparison by point-  
i n g   i n   t h e   d i r e c t i o n  communicated by the  Chesapeake 
Test Range   which   t racked   the   a i rc raf t   cont inuous ly  
wi th   radar .  The laser beam had a divergence  of 
about   0 .5   mi l l i rad ians ,   which   i l lumina ted   about  
o n e - h a l f   t h e   l e n g t h   o f   t h e   a i r c r a f t  a t  t h e   s l a n t  
range  of  about  twelve miles. The requ i r ed   p rec i -  
s i o n   p o i n t i n g  was provided  by  Steve  Davis  working 
wi th   coa r se   and   f i ne   Hea th   k i t  model a i r p l a n e  
c o n t r o l l e r s   s e t t i n g   e l e v a t i o n  and  azimuth rates 
f o r   t h e  beam d i r e c t i n g   o p t i c s .  The c o n t r o l l e r s  
a n d   c l o s e d   c i r c u i t  TV d i s p l a y  are shown in   F igu re  

seen  on t h e  TV screen .  When t h e  laser p u l s e  w a s  
h i t t i n g   t h e   c o r n e r   r e f l e c t o r ,   t h e   r e t u r n   f l a s h e s  
were seen  on the   s c reen   and   cou ld   a l so   be   s een  by 
t h e   e y e   i f   o n e   s t o o d   n e x t   t o   t h e  laser beam. A t  
t h e   p l a n e ,   t h e  laser l i g h t  w a s  ve ry   b r igh t   (bu t  
considerably  below  eye damage l e v e l s ) ,   a c t u a l l y  
c a s t i n g  shadows i n   t h e   d a r k e n e d   i n t e r i o r   o f   t h e  
p lane .  An inadequate   view  of   the laser t r a n s m i t t e r  
and  runways as seen   f rom  the   p lane  at t w i l i g h t  is 
shown i n   F i g u r e  26. (This  is one  frame  from a 
co lo r   mo t ion   p i c tu re   f i lm .  It can  be  seen,   a long 
w i t h   o t h e r   p a r t s   o f   t h e   e x p e r i m e n t s ,   i n   t h e  BBC TV 
program,  "Einstein 's   Universe ,"   presented on p u b l i c  
t e l e v i s i o n   a s   p a r t   o f   t h e   E i n s t e i n   C e n t e n n i a l   a c t i -  
v i  t i e s )  . 

- 24, whi le   F igu re  25 d i s p l a y s   t h e   l a n d i n g   l i g h t s  as 

Radar  Tracking. An e s s e n t i a l   p a r t   o f   t h e  ex- 
periment was the   con t inuous  measurement  of t h e   a i r -  
c r a f t   a l t i t u d e   a n d   v e l o c i t y   d u r i n g   f l i g h t  by r a d a r s  
a t  the  Chesapeake Test Range loca ted   abou t  two 
miles from  the  ground  c lock set. A t  i n t e r v a l s  
dur ing   f l igh ts ,   the   angular   measurements   o f   the  
r a d a r s  were c a l i b r a t e d  by o p t i c a l   t h e o d o l i t i e s .  
The r a d a r   d a t a  was used t o  compute t h e   r e l a t i v i s t i c  
time integra l ,   equa t ion   (411 ,   wi th   an   accuracy  
c o n s i d e r a b l y   b e t t e r   t h a n   t h a t   o f   t h e   a t o m i c   c l o c k  
measurements  themselves, so t h a t   t h e   c l o c k   p e r f o n n -  
ance   i t s e l f   de t e rmined   t he   accu racy   o f   t he  compari- 
s o n   w i t h   g e n e r a l   r e l a t i v i t y .  The  Chesapeake Test 
Range  and a closeup  of   one of the   an tennas  are 

Number of pmnts of somple 

C o n f ~ a e n c e  
437 216  106 51 23 12 5 

4% 6% 8% 12% 18% 26% 41% 

\ 

I 
2040 4080 8160  16320 32640 65280 130560 

Seconds 

which is now s tandard  on a l l  HP5061 h igh   per for -  
mance u n i t s ;   t h e   a d d i t i o n   o f   a n   a d d i t i o n a l   i n t e -  
g r a t i o n   i n   t h e   q u a r t z   c r y s t a l   c o n t r o l   l o o p   t o  
r e d u c e   f r e q u e n c y   o f f s e t   d u e   t o   s t e p s   o r  ramps i n  
t h e   c r y s t a l   f r e q u e n c y ,  (now a v a i l a b l e  as an  opt ion 
from  Hewlet t -Packard);   and  the  increase  of   the  
beam c u r r e n t  by a f a c t o r   o f   a b o u t  two  by r a i s i n g  
the   oven   t empera tu re   ( a l so   ava i l ab le  as an  opt ion 
from  Hewlet t -Packard) ,   which  increases   short  term 
f r e q u e n c y   s t a b i l i t y  a t  the   expense   o f   t ube   l i f e -  
time. A s imple   b lock   d iagram  of   the   s tandard  is 
given  below  showing  the  extra   integrat ion  and 
a d d i t i o n a l   b u f f e r   a m p l i f i c a t i o n   t o   a i d   i n   t h e  
in te rcompar ison   of   the   c locks .  The modif ica t ions  
were c a r r i e d   o u t  a t  Maryland  with  the  supervis ion 
a n d   a c t i v e   p a r t i c i p a t i o n   o f  L.S. Cu t l e r .   F igu re  
29 shows hirm tuning  up the  ensemble  of   c locks 
be fo re   t hey  were i n s e r t e d   i n t o   t h e   c l o c k   b o x e s .  
- 
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BLGCK  DIAGRAM OF HP5061 CESIUM  BEAM ATOMIC CLOCK 
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Clock  Packaging  for  Environmental   Control.  
Carefu l   envi ronmenta l   cont ro l  was m a i n t a i n e d   t o  
keep small any  changes in   t empera tu re ,   p re s su re ,  
m a g n e t i c   f i e l d s ,   o r   s u p p l y   v o l t a g e s .   I s o l a t i o n  
from  vibrat ions  and  shocks w a s  provided.  These 
controls   were  accomplished by mounting  each  set  
o f   t h r e e   c l o c k s   i n  a clock  box, shown opened i n  
Figure  30. The o b j e c t i v e  was t o   c o n t r o l   t h e  
environment so tha t   any   changes   would   a f fec t   the  
c l o c k   s t a b i l i t y  by less than The c locks  
were mounted v e r t i c a l l y   i n   i n d i v i d u a l   m a g n e t i c  
s h i e l d s   o f  60 m i l  t h i c k  MO-Permalloy. A f t e r   t h e  
magnetic l i d  was put on (See   F igure   31) ,   ind iv idua l  
c locks  were degaussed. To remove h e a t  from t h e  
c l o c k s ,   a n d   t o   c o n t r o l   t h e i r   t e m p e r a t u r e ,  a i r  was 
c i r c u l a t e d  by an   ind iv idua l   fan   th rough  each   of  
t h e   m a g n e t i c   s h i e l d s ,   e n t e r i n g  a t  the   t op   t h rough  
the hoses  shown i n   F i g u r e s  31 and 32 a f t e r   p a s s i n g  
a h e a t e r   c o n t r o l l e d  by feedback  from a d i s t r i b u t e d  
a r r ay   o f   t he rmis to r s   w i th in   t he   magne t i c   sh i e ld .  
The air  e x i t e d  a sh ie ld   t h rough   ho le s  a t  its bottom 
and  f lowed  a long  the  inter ior   bot tom  of   the  pres-  
s u r e   c o n t r o l l e d  aluminum c lock   box ,   l o s ing   hea t   t o  
the   ou ts ide   th rough  conduct ion .   Var iab le   speed  
f a n s   c o n t r o l l e d   t h e   f l o w   o f   e x t e r n a l  a i r  over   the  
bottom of the   c lock   box ,   t he  rate be ing   con t ro l l ed  
a u t o m a t i c a l l y  by the   ex te rna l   t empera tu re .  (We 
are i n d e b t e d   t o  D r .  J .P .   Richard   o f   the   Univers i ty  
o f   Mary land   fo r   t h i s   and   o the r   adv ice   conce rn ing  
the   t empera tu re   con t ro l ) .  The temperature  a t  in-  
d i v i d u a l   p o i n t s   i n   t h e   c l o c k s  was kep t   cons t an t   t o  
about 0.060'K. The temperature   of   the  a i r  changed 
by about loo i n   f l a r i n g   t h r o u g h  a magnet ic   sh ie ld .  

The clock  box was n e a r l y   h e r m e t i c a l l y   s e a l e d  
when t h e   l i d  was a t t a c h e d  and e i t h e r   d r y   n i t r o g e n  
o r   d r y  a i r  was f e d   t o  it from a G r a n v i l l e - P h i l l i p s  
f eedback   con t ro l l ed   va lue   t o   keep  the p r e s s u r e  
c o n s t a n t   t o  less than  1 T o r r  at  a v a l u e   s l i g h t l y  
above sea l eve l   a tmosphe r i c   p re s su re .  To al low 
f o r   p o s s i b l e   d e c o m p r e s s i o n   o f   t h e   a i r c r a f t   c a b i n  
p r e s s u r e  at h i g h   a l t i t u d e s ,   t h e   c l o c k   b o x  was  made 
v e r y   s t r o n g   w i t h  walls of 4 i n c h   t h i c k  aluminum. 
T h i s   a l s o   i s o l a t e d   t h e   c l o c k s  from a c o u s t i c   n o i s e .  

The i s o l a t i o n   a g a i n s t   v i b r a t i o n   a n d   s h o c k  was 
achieved by mounting  the  box  on  four  pneumatic 
Barry  mounts  which  gave a resonant  frequency  of 
about  3 Hz. Almost c r i t i c a l  damping was achieved 
by us ing   expans ion   cy l inders   fo l lowing   an   ad jus ta -  
b l e   o r i f i c e ,   w h i c h   l e d   t o   a n   i n c r e a s e   o f   i s o l a t i o n  
of 12  db per   oc tave .  The c h a r a c t e r i s t i c   f r e q u e n c i e s  
o f   t h e   a i r c r a f t  were around 80 Hz. Sway o f   t h e  box 
i n   t h e   a i r c r a f t  w a s  r e s t r a i n e d  by a cushioned re- 
t a i n e r   r i n g   a c t i n g   o n  a v e r t i c a l   p o s t   e x t e n d e d  up- 
ward  from t h e  box .   S t rong   f lex ib le   cab les  were 
f a s t e n e d   a r o u n d   t h e   p n e u m a t i c   i s o l a t e r s   t o   r e s t r a i n  
t h e  1000 lb .  box in   t he   even t   o f   an   acc iden t .  

The clock  box l i d   c a r r i e d   t h e   v o l t a g e   r e g u l a -  
t ion   and   pressure   cont ro l   equipment  as w e l l  as t h e  
envi ronmenta l   cont ro l  box for   the   Ef ra tom  rubid ium 
clocks,   which  can  be  seen on t h e   l e f t   i n   F i g u r e  33. 
S imi l a r   con t ro l   p rocedures  were fo l lowed   fo r   t hese  
clocks,   but   they  proved much more s u s c e p t i b l e   t h a n  
the   ce s ium  s t anda rds   t o   t he   shocks   o f   l and ing  and 
take-off ,   those  events   producing  ra te   changes.   For  
th i s   r ea son ,   t he   rub id ium  da t a  is n o t   v e r y   u s e f u l  
f o r   r e l a t i v i t y  measurements  and w i l l  not  b e  present-  
ed  here.  

S i g n i f i c a n t   F e a t u r e s .  Some o f   t h e   s i g n i f i c a n t  
f ea tu re s   o f   t he   expe r imen t s  are l i s t e d  below: 

*Ensembles  of  Clocks on Ground and i n   A i r c r a f t  

Clocks in   each  ensemble  intercompared 
among themselves  every 200 seconds.  

*Careful   Environmental   Control  

-Tempera tu re   s t ab i l i t y  AT < 0.060'K (rms) 
- P r e s s u r e   s t a b i l i t y  AP 1 Torr  
-Magnet ic   shielding 
-Vibrat ion  and  shock  isolat ion 
-Vo l t age   r egu la t ion  

E f f e c t   o n   c l o c k   s t a b i l i t y  < 
No need   fo r   sys t ema t i c   co r rec t ions  

*Return  of  Clocks f o r  P o s t   F l i g h t  Comparison 

No rate changes  observed  for  cesium 
s t a n d a r d s  beyond s t a t i s t i c a l   e x p e c t a t i o n  
f o r   s t a t i o n a r y   c l o c k s .  

*Repeated  Measurements 

-Clock BOX 1: 3 f l i g h t s  
-Clock BOX 2: 2 f l i g h t s  
-5 Test f l i g h t s  of G? hours   du ra t ion   each  

to  study  and  improve  performance  of 
experiment. 

*Laser Light   Pulse  Time Comparison  During 
F l i g h t s  

-No Doppler   Effect   Complicat ions 
-Technique  of   value  for   future   space ex- 

p e r i m e n t s   s i n c e   o p t i c a l   p u l s e s  are 
l i t t l e  a f f e c t e d  by the ionosphere  and 

- F i r s t   r e a l i z a t i o n   o f   E i n s t e i n ' s  1905 pre- 
so l a r   co rona .  

s c r ip t ion   fo r   compar ing   s epa ra t ed  
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c locks   w i th   l i gh t   pu l se s .  

*Flying  Clocks  Experience Ig of  Most of 
Time 

-No re l axa t ion   o f  stresses as o c c u r s   i n  
f r e e   f a l l .  

-Pe r iods   o f   s t eady   acce le ra t ion   l imi t ed  
t o   t a k e - o f f  and  landing. 

- P l a n e ' s   r o t a t i o n s  made s lowly   to   avoid  
C o r i o l i s   e f f e c t s  on cesium  beams. 

Experimental   Results.   Although much d e t a i l e d  
data e x i s t s  f r o m   t h e   f i v e   1 5   h o u r   f l i g h t s ,   o n l y  a 
representat ive  sampling  can  be  given  here ,   which is 
taken   f rom  the   f l igh t   o f  November 22 ,  1975. Shown 
below is  a p l o t   o f   t h e   p r e d i c t e d   e f f e c t   o f   g r a v i -  
t a t i o n a l   p o t e n t i a l   a n d   o f   v e l o c i t y  on t h e   r a t e  of 
t h e   a i r c r a f t   c l o c k  set w i t h   r e s p e c t   t o   t h e   g r o u n d  
c l o c k   s e t   c a l c u l a t e d  from t h e   r a d a r   t r a c k i n g   d a t a .  

r: A W C 2  

d e v e l o p   d u r i n g   t h e   f l i g h t   f o r   t h e   g r a v i t a t i o n a l   a n d  
v e l o c i t y   e f f e c t s   s e p a r a t e l y   a n d   f o r   t h e   n e t   e f f e c t .  
The p l o t t e d   p o i n t s   w i t h   e r r o r   b a r s  (2 2. 0 . 3  ns) a r e  
the   l a se r   l i gh t   pu l se   compar i sons .  

The direct   comparison  measurements   of   the  5 
MHz c lock   phases   be fo re   and   a f t e r   t he   f l i gh t   a r e  
shown i n   t h e   f o l l o w i n g   p l o t   a l o n g   w i t h   t h e   l a s e r  
pulse  comparisons  which were made when t h e   p l a n e  
was on the  ground as w e l l  a s   i n   t h e  a i r .  The s o l i d  
l ines   are   the  comparison  of   the  "paper   c locks,"  

I -  

47.1 f 0.25ns 1 
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I l I I I l 
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HOURS 

t h a t  i s  the   ave rages   o f   t he   t h ree   ce s ium  c locks   i n  
each   c lock  set. The i r r e g u l a r   f o r m  is due t o  t h e  
i n t r i n s i c   c l o c k  time f l u c t u a t i o n s .  In t h i s   p l o t ,  
t h e   d i f f e r e n c e   i n   r a t e s   b e t w e e n   t h e   c l o c k  sets 
e s t a b l i s h e d   b e f o r e   t h e   f l i g h t   h a s   b e e n   s u b t r a c t e d  
o u t .  The a c t u a l  rates a r e  shown i n   t h e   f o l l o w i n g  
p l o t   o f   t h e  laser time  comparison. 

30 35 I I 
I %  

25 _r I - -3Onslday 

The upper  curve i s  a p l o t  f ( 4  - $,)/c2  which is 
seen   to   average   about  10-l'. d e  s t e p s   i n   t h i s  
q u a n t i t y  are caused by t h e   n e e d   o f   t h e   a i r c r a f t   t o  
remain a t  25,000 f e e t   f o r  5 hours   while   burning I 

another  5 hour s ,   be fo re   be ing   l i gh t  enough t o  climb IO - 
to  3 5 , 0 0 0   f e e t   f o r   t h e   f i n a l  5 hours .  The lower 
curve is a plo t   o f   VA*2/2c2 ,   the   ve loc i ty   e f fec t  5 -  
due t o  mot ion   o f   t he   p l ane   w i th   r e spec t   t o   t he  1; f 
ground at  the  Chesapeake Test Range. The o s c i l l a -  I I I l J 

t i o n s  are due t o   t h e   e f f e c t  of  winds as t h e   p l a n e  
c i r c l e s .  The av r a g e   v a l u e   o f   t h i s   e f f e c t  is seen  HOURS 
to   be   about   cor responding   to  an average 
speed  of 138 m f s .  The second  and  thjrd terys of 
equat ion  (43)  are n o t   p l o t t e g   s i g c s  VA* * ( W  x r )  
w i l l  i n t e g r a t e   t o   z e r o   a n d  ( W  x r )  w i l l  be   nea r ly  
cance l led  by a similar term f o r  the ground  clocks.  
The  lower p l o t s  are t h e   i n t e g r a l s  of the  upper  
curves   over   the  15 hour   f l i gh t ,   showing   t he  time 
d i f f e r e n c e  AT = T* - T~ as i t  was p r e d i c t e d   t o  
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o f f   f u e l   t o   e n a b l e  it t o   c l i m b   t o  30,006 f e e t   f o r  z f 
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The gap i n   t h e   p r e f l i g h t   d a t a  w a s  caused by t h e  
need  of  the laser o p e r a t o r   t o   s l e e p   b e f o r e   t h e  
f l i g h t .  The e f f e c t   o f   t h e   s t e p s   i n   a l t i t u d e  on 
t h e   f l y i n g   c l o c k  rates can  be  seen by p l o t t i n g   t h e  
laser comparisons  during  f l ight  in an  expanded 
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s c a l e  as is done  below.  The  only 

Steps In Clock Rote 
Produced by Steps  in Altltude 

change  the  clocks 

6o r 

I I I 

25 30 35 40 
HOURS 

experienced was t h e   c h a n g e   i n   g r a v i t a t i o n a l   p o t e n -  
t ial .  

It is a l s o   o f   i n t e r e s t   t h a t   t h e   f l y i n g   c l o c k s  
con t inued   t o   behave   w i th   r e spec t   t o   one   ano the r  
e x a c t l y   t h e  same d u r i n g   t h e   f l i g h t s  as b e f o r e  and 
a f t e r .   T h i s  is i l l u s t r a t e d  by t h e   f o l l o w i n g   p l o t  
o f   the  time of   f l y ing   c lock  13 w i t h   r e s p e c t   t o   t h e  
a v e r a g e   o f   t h e   t h r e e   f l y i n g   c l o c k s .   S i m i l a r   d a t a  
e x i s t s   f o r   e a c h   c l o c k  on e a c h   f l i g h t .  When COP 
pared   to   the   g round  paper   c lock ,   however ,   f ly ing  
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c lock  # 3  showed a s t e p  as s e e n   i n   t h e   n e x t   p l o t .  
(The  black  marks  fusing  into a t h i c k   b a r  are re- 
corded when a d a t a   p o i n t  is  a b s e n t   f o r   t h e   d i r e c t  
comparison  of  the 5 MHz phases ,  as was t h e   c a s e  
d u r i n g   t h e   f l i g h t ) .  The s t e p   i n  rA - is ,  of 
c o u r s e ,   t h e   r e s u l t  of t h e   r e l a t i v i s t i c T g f f e c t s  
d u r i n g   t h e   f l i g h t .  

I f   o n e  treats each cesium clock  on  each  of  
the f i v e   f l i g h t s  as an individual   measurement ,  

Flying Clock Y 3  versus  Ground  Paper Clock 
Flight of November 22,1975 

-40 l 
- 60 
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Fractional Days 

t h e r e  is some s c a t t e r .  Below is p l o t t e d  a his togram 
f o r   t h e   r a t i o   o f   t h e   m e a s u r e d  time d i f f e r e n c e   t o  
t h a t   c a l c u l a t e d  f rom  Genera l   Rela t iv i ty   us ing   the  
r ada r   da t a .  The p red ic t ions   had   an   unce r t a in ty  no 

0.987 f 0.011 - f0.016 
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more than k 0.5%. The  formal   s tandard  deviat ion of 
t h e  mean was  0.011. To a l l o w   f o r   p o s s i b l e   s y s t e m -  
a t i c   e f f o r t s ,  we a r e   c u r r e n t l y   e s t i m a t i n g   ( c o n s e r -  
v a t i v e l y )  an unce r t a in ty   o f  f 0.016.  The r e s u l t  
is : 

Measured E f f e c t  = 0.987 ? 0.016 
Ca lcu la t ed   E f fec t   (Gene ra l   Re la t iv i ty )  

The measured  behavior  of  macroscopic  clocks  in air- 
c r a f t   f l i g h t s  - a "human scale" type  of s i t u a t i o n  - 
e x h i b i t s   t h e   r e m a r k a b l e   p r o p e r t i e s   o f   E i n s t e i n i a n  
time within  the  accuracy  of   measurement   of   about l%! 

Atomic  Clocks  Carried i n  an A i r c r a f t  on Global 
F l i g h t s  With I n e r t i a l   N a v i g a t i o n   a n d  Radar A l t i -  
metry. 

P a r t i c i p a n t s .  The f l i g h t s  were conducted 
in June and July,   1977 by t h e  same group  (from 
the  Universi ty   of   Maryland  and  Hewlet t -Packard)  
w h i c h   c o n d u c t e d   t h e   l o c a l   f l i g h t s   d e s c r i b e d  4 3  
above  with  similar  equipment.  The Air Force 
j o i n e d   t h e  Navy in   support ing  the  experiments   by 
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providing a C 1 4 1  l ong   r ange   t r anspor t   a i r c ra f t   f rom 
the   Wr igh t   Pa t t e r son  Air Force   Base ,   ass i s tance   in  
reconfiguring  the  equipment,   and  ground  support  
f a c i l i t i e s  a t  t h e  Andrews A i r  Force   Base   in  Mary- 
land  near  Washington, D.C. 

Purpose.  The p u r p o s e   o f   t h e   f l i g h t s  was t o  
s tudy   expe r imen ta l ly   t he   imp l i ca t ions  of  General 
Re la t iv i ty   fo r   t he   e l apse   o f   p rope r  time a t  d i f -  
e r e n t   l a t i t u d e s  on t h e   s p i n n i n g   e a r t h ,   f r e e l y   f a l l -  
ing  towards  the  sun as i t  moves i n  its o r b i t .  
Clear unders tanding   of   these   impl ica t ions  is of 
g rea t   p rac t i ca l   impor t ance   fo r   wor ldwide  time 
keeping,  and w i l l  b e   d i s c u s s e d   l a t e r .   C l a r i f i c a -  
t i on   o f   t he   concep t s  by means of   s imple  experiments  
a ids   i n   t he   deve lopmen t   o f   phys i ca l   i n tu i t i on .  

Null  Change of  Proper Time w i t h   L a t i t u d e .  On 
t h e   s p i n n i n g   e a r t h ,   g e n e r a l   r e l a t i v i t y   p r e d i c t s  a 
n u l l   e f f e c t  on proper  time as one moves a clock 
f r o m   t h e   e q u a t o r   t o   t h e   p o l e   a l o n g   t h e  mean ocean 
s u r f a c e .   T h i s  w a s  d i s c u s s e d   e a r l i e r   i n   t h e   s e c t i o n s  
on  theory i n   r e l a t i o n   t o   E i n s t e i n ' s   d i s c o v e r y   o f  
t h e   e f f e c t   o f   g r a v i t y  on t i m e .  H i s  1905   p red ic t ion  
t h a t  a c lock  at  t h e   e q u a t o r  would run  s low  with 
r e s p e c t   t o   o n e  at t h e   p o l e   i g n o r e s   t h e   i n f l u e n c e   o f  
g r a v i t a t i o n a l   p o t e n t i a l   s i n c e   h e   d i d   n o t   d i s c o v e r  
i t  u n t i l  1907. I f   t h e   e a r t h   w e r e  a homogeneous 
pe r fec t   sphe re  as shown, t h e   g r a v i t a t i o n a l   p o t e n -  
t i a l  would  be  the same everywhere  on  the  ear th 's  

m 4- Surface velocity = o 
o t  pole 

- - - -c--  Surface velocity maximum 
a t  equator 

I 

su r face   and   t he   1905   p red ic t ion  would  be  correct.  
However, t h e   e a r t h   h a s   t h e   s h a p e ,   t o   f i r s t   o r d e r ,  
o f   an   ob la t e   e l l i p so id   due   t o  i t s  s p i n ,  as shown 
in   exagge ra t ed   fo rm  in   t he   fo l lowing   ske tch .  The 
g r a v i t a t i o n a l   p o t e n t i a l  $I a t   t h e   p o l e  is less po le '  

#pole +eq 

t h a n   t h a t   o f   t h e   e q u a t o r ,  Q , s i n c e   t h e   p o l e  is 
c l o s e r   t o   t h e   c e n t e r   o f   t h e e & r t h .  The su r face   o f  
the   oceans   o f   the   ear  h is determined by t h e  
"geopotent ia l ,"  @ - Vs/2, 5 where V is  t h e   s u r f a c e  

speed   o f   t he   ro t a t ing   ea r th .  Vs/2 is  the   " cen t r i -  
f u g a 1   p o t e n t i a l ,  and Q is the   g rav i t a t iona l   po ten -  
t i a l ,  bo th   o f   which   change   wi th   l a t i tude   such   tha t  
the  combinat ion  has  a cons tan t   va lue   independent   o f  
l a t i t u d e ,  

2 

9 - + = constant   (44)  

a long   the   ocean   sur face .  From t h e   e a r l i e r   d i s c u s -  
s i o n  of t h e   t h e o r y ,  i t  w i l l  b e   r e c a l l e d   t h a t   t h e  
re la t ion   be tween a proper   t ime  increment  A T  and a 
coord ina te  time increment A t  is  

2 
A T  = ( 1  + - -!$I A t  (45) 

c2  2c 

f o r   t h e  weak g r a v i t y  and  slow  velocit ies  which  ex- 
ist  a t   t h e   e a r t h ' s   s u r f a c e .   T h u s ,   a l o n g  a s u r f a c e  
o f   c o n s t a n t   g e o p o t e n t i a l ,   t h e   r e l a t i o n   o f   p r o p e r  
t i m e  t o   c o o r d i n a t e  t i m e  i s  

and a l l   s t a n d a r d   c l o c k s   a t  mean s e a   l e v e l   a r e   p r e -  
d i c t e d   t o   r u n  a t  t h e  same ra te   independent   o f  
l a t i t u d e .  

Expe r imen ta l   Resu l t s   fo r   F l igh t   t o   Thu le .  To 
c h e c k   t h i s   n u l l   p r e d i c t i o n ,  a c lock   box   conta in ing  
three   ces ium  s tandards  was t r a n s p o r t e d   i n   a n  A i r  
Force C141 from  Washington, D.C. t o   T h u l e  A i r  Force 
Base in  Greenland as shown i n   t h e   p o l a r   p h o t o g r a p h  
of a g l o b e   i n   F i g u r e   3 4 ,   t h i s   b e i n g   t h e   l a r g e s t  
c o n v e n i e n t l y   a c c e s s i b l e   l a t i t u d e   c h a n g e   i n   o n e  
hemisphere.  The l a t i t ude   o f   Thu le  is 76' 32'  and 
that  of  Washington is  38' 49 ' .   Af t e r  a number of 
l o c a l  test f l i gh t s   w i th   t he   r econf igu red   equ ipmen t  
i n   t h e  C141 a i r c r a f t ,   t h e   f l i g h t   t o   T h u l e  w a s  under- 
taken   on   June   23 ,   1977,   a f te r   severa l   days   o f  
problem-free  comparison  with  the  ground  clocks,  as 
a combina t ion   o f   l ong   t e s t   f l i gh t  and g loba l  mea- 
surement.  The p l ane  was kept  on  the  ground a t  
Thule   for   four   days  and  re turned  on  June 27. 
A l t h o u g h   t h e   r a d a r   a l t i m e t e r   f a i l e d   a b o u t  2 hours  
b e f o r e   a r r i v a l  at  Thule   and   had   to   be   rep laced  by 
one  flown i n  on a r e g u l a r  A i r  F o r c e   f l i g h t ,   t h e  
experiment w a s  gene ra l ly   success fu l .   Us ing   t he  
i n e r t i a l   n a v i g a t i o n   d a t a  and radar   and   pressure  
altimeters t o   e v a l u a t e   t h e   r e l a t i v i s t i c   i n t e g r a l ,  
equa t ion   (41 ) ,   and   mak ing   d i r ec t   e l ec t r i ca l  compar- 
i sons   o f   t he   a i r c ra f t   and   g round   c lock  sets b e f o r e  
and a f t e r   t h e   f l i g h t  as had  been  done  for   the  local  
f l i gh t s   f rom  the   Pa tuxen t   Nava l  Air Tes t   Center ,  
b u t   w i t h   p r e  and p o s t   f l i g h t   p e r i o d s   o f   s e v e r a l  
days,   the   fol lowing  comparison was ob ta ined .  

Measured: T~ - T~ = 38 n s  5 5 n s  

Calculated:  T~ - T~ = 35   n s  i 5 n s  
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The time d i f f e rence   measu red   ag rees   w i th in   e r ro r s  
w i t h   t h a t   p r e d i c t e d   f o r   t h e   f l i g h t s   t o   a n d   f r o m  
Thule.  There is no  evidence  for  any  anomalous 
l a t i t u d e   e f f e c t .  The "Einsiein  Error"  of  1905 - 
n o t   i n c l u d i n g   t h e   g r a v i t a t i o n a l   e f f e c t s  - would 
have   p red ic t ed  a t i m e  d i f f e r e n c e   o f   a n   a d d i t i o n a l  
56 ns   pe r   day ,   o r  a t o t a l  of 224 n s   f o r   t h e   f o u r  
day  dwell time! Because   t he   a i r c ra f t   had   t o   be  
used   fo r   o the r   pu rposes   s t a r t i ng  August 1, i t  was 
n o t   p o s s i b l e   t o   r e p e a t   t h e   T h u l e   f l i g h t   o r   t o  make 
f l i g h t s  from  Washington t o  Panama t o  check   fur ther  
t h e   n u l l   p r e d i c t i o n .  I t  was deemed more important  
t o   u se   t he   r ema in ing   t ime   t o   t r anspor t   t he   c locks  
to   Chr is t   Church ,  New Zealand. 

Reconfigured  Equipment  for C141 A i r c r a f t .  
Before   descr ib ing   the   purpose   and   resu l t s   o f   the  
no r the rn   t o   sou the rn   hemisphe re   f l i gh t s ,   t he   r econ-  
figured  equipment  and  the  ground  base  at   the 
Andrews A i r  Force  Base w i l l  b e   b r i e f l y   d i s c u s s e d .  
Fipure 35 shows a front  view  of  the  equipment  being 
assembled on an   a luminut4f rame  in   the   shop   of   the  
University  of  Maryland. The clock  box,  seen on 
t h e   l e f t ,  was r e w i r e d   t o  meet r igo rous  A i r  Force 
requirements.  It was also  mounted,on  improved 
pneumatic  supports a t  t h e   h e i g h t  of i ts c e n t e r  of 
mass t o   r e d u c e   t h e  sway encountered   wi th   the   former  
bottom  mounting.  The  minicomputer,  event timer, 
t ape   r eco rde r ,   cha r t   r eco rde r ,  and o t h e r   e l e c t r o n -  
ics  were  mounted i n   a n  A i r  Force  furnished  rack 
which  included some v i b r a t i o n   a n d   s h o c k   i s o l a t i o n  
be tween   t he   i nne r   s t ruc tu re   and   t he   ou te r   s t ruc tu re  
which was b o l t e d   t o   t h e  main  frame. 

Figure 36 is a rear view  of  the  frame  and 
equipment. A s p e c i a l   r e g u l a t e d  power supply  capa- 
b le   o f   working   f rom  e i ther  6OHz o r  400Hz w a s  con- 
s t r u c t e d   t o  power the  c locks  and  other   equipment .  
It inc luded  enough S e a r s  Die Hard b a t t e r i e s   i n  a 
s p e c i a l   v e n t e d   c o n t a i n e r   t o   o p e r a t e   t h e   c l o c k s   f o r  
at  l e a s t  1 2  h o u r s   i n   t h e   e v e n t   o f   f a i l u r e   o f   o t h e r  
sou rces .   Th i s   appa ra tus  is seen on t h e   l e f t ,   b e i n g  
worked  on  by  technician Lyndon Small. 

The e n t i r e   f r a m e  was  surrounded by double wall 
plywood p a n e l s   c o n t a i n i n g   i n s u l a t i o n  and was  mount- 
ed on a s t anda rd  Air Force 7 f o o t  by 9 foot   cargo  
p a l l e t .   F i g u r e  2 is a p i c t u r e  of the  complete  
assembly i n  a p r e f a b r i c a t e d   g a r a g e   s t r u c t u r e   b u i l t  
a t  t h e  Andrews A i r  Force Base t o   c o n t a i n   t h e   e q u i p -  
ment be tween  f l igh ts .   The   hoses   on   the   back   pane l  
c i r c u l a t e   t e m p e r a t u r e   c o n t r o l l e d  a i r  in to   and   ou t  
of t h e   l a r g e   i n s u l a t e d   e n c l o s u r e .  Two Sear s  window 
a i r  cond i t ione r s   p rov ide   coo l ing .  Heaters i n   t h e  
f l a t  plenum  on t h e   l e f t  were u s e d   f o r   f i n e  temper- 
a tu re   con t ro l   wh ich   cou ld   be   ma in ta ined   t o  a few 
degrees .   This   enc losure   so lved   one   o f   the   major  
problems -- t h e   l a r g e   v a r i a t i o n   w i t h  time of t h e  
t e m p e r a t u r e   w i t h i n   t h e   a i r c r a f t   d u r i n g   f l i g h t s ,  
and  on  the  ground.  The  mounting on t h e   c a r g o  
pa l l e t   a l l owed   t he   equ ipmen t   t o   be   p l aced   on   t he  
C141 o r  removed  from it  i n   a b o u t  10 minutes compared 
with  about  one  and a h a l f   d a y s   f o r   t h e   e a r l i e r  ex- 
per iments   wi th  the Navy P3C a i r c r a f t .   F i g u r e  38 
shows t h e  C141, garage,  t ra i ler  housing  the  ground 
clocks,   and  van  containing  the  ground  computer 
equipment.  Figure  39  shows  the ta i l  assembly  of 
t h e  C141 w i t h   t h e   p e t a l  doors which  can  open t o  

r e c e i v e   t h e   p a l l e t   w i t h  i t s  clock  equipment.  The 
f i r s t   t r a n s f e r   o f   t h e  equipment  (without its f r o n t  
insu la t ing   pane l )   f rom  the   garage  t o  t h e   p l a n e  is 
shown i n   F i g u r e s  40 through 4, The i n s t a l l e d  
equipment  with Len C u t l e r   s t a n d i n g   i n   f r o n t  is seen  
in   F igure   45 .   Dur ing   an   ac tua l   f l igh t ,   the   equip-  
ment is shown f rom  the   f ront   in   F igure  46  and  from 
t h e   r e a r   i n   F i o u r e  4 7 .  Enough seats were i n s t a l l e d  
t o  accommodate t h e   e i g h t   U n i v e r s i t y  of  Maryland 
people   and  fourteen A i r  Force  personnel who went on 
e a c h   f l i g h t .   I n   a d d i t i o n   t o   t h e  crew f o r   o p e r a t i n g  
t h e   p l a n e ,   t h e r e  were t e c h n i c i a n s   t o   o p e r a t e   a n d  
ma in ta in   t he   gaso l ine   powered   po r t ab le   e l ec t r i ca l  
g e n e r a t o r s ,   p o r t a b l e   a i r   c o n d i t i o n e r s ,   a n d   p o r t a b l e  
hea te r s   needed   t o  power t h e   p l a n e  and  provide t e m -  
p e r a t u r e   c o n t r o l   o f  i ts i n t e r i o r   d u r i n g   d w e l l  times 
on the  ground a t  the  remote si tes and at  Andrews 
A i r  Force  Base  before  and after f l i g h t s .  The trans- 
por t a t ion   o f   t h i s   equ ipmen t ,  some of i t  i n   d u p l i -  
c a t e ,   r e q u i r e d   t h e   l a r g e   s t o r a g e   c a p a c i t y   o f   t h e  
a i r c r a f t .  It was e s s e n t i a l   i n   m a i n t a i n i n g   c o n t i n u -  
ous opera t ion   of   the   c locks   in   an   adequate   envi ron-  
ment i n   t h e   i n t e r i o r   o f   t h e   p l a n e  a t  the  remote 
si tes,  and d u r i n g   t h e  12 hour   layovers   in   Hawaii  
on C h r i s t  Church f l i g h t s .  

Two Carousel  IV i n e r t i a l   n a v i g a t i o n   s y s t e m s ,  
a r a d a r   a l t i m e t e r ,  and a p r e s s u r e   a l t i m e t e r   w e r e  
i n s t a l l e d  on t h e   a i r c r a f t   t o   p r o v i d e   a c c u r a t e  
measurements   of   la t i tude and l o n g i t u d e ,   v e l o c i t y  
w i t h   r e s p e c t   t o   t h e   g r o u n d ,  and a l t i t u d e   a b o v e   t h e  
ground.  This  information was recorded   au tomat ica l ly  
i n   d i g i t a l  form  every 0.6 second  on  magnetic  tape 
r e c o r d e r s .   I n   a d d i t i o n ,  there w a s  p r o v i s i o n   f o r  
manual  readout  which w a s  logged  every 15 minutes.  
Th i s   l og  was used   wi th  a Hewlett-Packard 97  ca l cu -  
l a t o r   t o  compute a r u n n i n g   i n t e g r a l  of t h e   d i f f e r -  
ence   be tween   t he   p rope r   t ime   on   t he   a i r c ra f t   and  
t h e   p r o p e r  time at  t h e  Andrews A i r  Force Base as 
the   f l i gh t s   p roceeded .  The recording  and  readout  
equipment is s e e n   i n   F i g u r e  48 .  A t  Thule it w a s  
p o s s i b l e   t o   p l a c e   t h e   a i r c r a f t   i n  a hangar,  shown 
in   F igu re   49 .  

The midnight  sun was v e r y   h i g h   i n   t h e   s k y  a t  
Thu le   s ince  w e  were   there   on ly  a few d a y s   a f t e r  
t h e   s u m e r   s o l s t i c e .   F i g u r e  50  showing t h e  C141 
which  brought   our   replacement   radar  altimeter was 
t aken   j u s t   be fo re   midn igh t .  The r e l a t i v e l y   s h o r t  
shadows c a s t  by the   sun  at midnight are shown i n  
F igu re  51. The  23O.5 t i l t  of t h e   e a r t h ' s   s p i n  
axis which   causes   th i s  summer s o l s t i c e  on t h e   2 1 s t  
o f   June   each   year   in   the   nor thern   hemisphere  made 
poss ib le   another   exper iment   which   requi red   f ly ing  
t h e   c l o c k   f r o m   t h e   n o r t h e r n   t o   t h e   s o u t h e r n  hemi- 
sphe re .  
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Does t h e   G r a v i t a t i o n a l   P o t e n t i a l   o f   t h e  Sun 
Affect   Proper  T i m e  on t h e   F r e e l y   F a l l i n g   E a r t h ?  
The  following  diagram shows t h a t   a t   t h e  time of  
t h e  summer s o l s t i c e   t h e   N o r t h   P o l e   a n d   p o i n t s   i n  

.~ 

I 
I v_r 23?5 at time of summer solstice 

t h e   n o r t h e r n   h e m i s p h e r e   a r e   c l o s e r   t o   t h e   s u n   o n  
the   ave rage   (due   t o   t he   sp in   o f   t he   ea r th )   t han   t he  
South  Pole   and  points   in   the  southern  hemisphere.  
S i n c e   t h e   e a r t h  is f a l l i n g   f r e e l y   t o w a r d s   t h e   s u n  
a s  i t  moves i n  its yea r ly   o rb i t   a round   t he   sun ,  
t he   nea r ly   f i xed   d i r ec t ion   o f   t he   sp in   ax i s   a f fo rds  
the   oppor tun i ty   o f   conduc t ing   expe r imen t s   i n  a 
f r e e l y   f a l l i n g   l a b o r a t o r y  -- t h e   e a r t h  as E i n s t e i n ' s  
f r e e l y   f a l l i n g   e l e v a t o r .  A t  the   t ime  of   the  Summer 
So l s t i ce ,   t he   no r the rn   hemisphe re  is the   " f loo r"  
and  the  southern  hemisphere is t h e   " c e i l i n g , "   w i t h  
t h e   p o s i t i o n s   r e v e r s e d  at t h e   W i n t e r   S o l s t i c e .  

R e c a l l i n g   t h e   e a r l i e r   d i s c u s s i o n   a b o u t  
E i n s t e i n ' s   P r i n c i p l e   o f   E q u i v a l e n c e ,   o n e   c a n   a s k :  
is  t h e   g r a v i t a t i o n a l   f i e l d   o f   t h e   s u n   t r a n s f o r m e d  
away f o r   e x p e r i m e n t s   o n   t h e   f r e e l y   f a l l i n g   e a r t h ?  
I n   p a r t i c u l a r ,  w i l l  c l o c k s   o n   t h e   " f l o o r "   r u n   a t  
t h e  same r a t e  as clocks  on  the  "cei l ing"  even 
though  they   a re  at  d i f f e r e n t   d i s t a n c e s  from t h e  
sun?  Here w e  are t a k i n g   f o r   g r a n t e d   t h e   e f f e c t   o f  
g r a v i t a t i o n a l   p o t e n t i a l   d i f f e r e n c e  on  c lock rates 
as es t ab l i shed   by   o the r   expe r imen t s .  The ques t ion  
can  be  answered  experimental ly   by  t ransport ing 
clocks  f rom  the  northern  to   the  southern  hemisphere 
near  the  epoch  of a s o l s t i c e ,   l e t t i n g  them  dwell 
f o r  a while ,   and  then  re turning  them  for   comparison 
with  the  s tay-at-home  c locks.  From t h e   t h e o r e t i c a l  
po in t   o f   v i ew,   t he   P r inc ip l e   o f   Equ iva lence  seems 
t o   p r o v i d e  a c lear   answer:  on t h e   f r e e l y   f a l l i n g  
e a r t h   ( S t r i c t l y ,   t h e  earth-moon  system,  but we 
i g n o r e   t h i s   c o m p l i c a t i o n   s i n c e  its e f f e c t s   a r e  
s m a l l )   t h e   g r a v i t a t i o n a l   e f f e c t s   o f   t h e   s u n  are 
n o t   e x p e r i e n c e d ,   t o   f i r s t   o r d e r ,   j u s t   a s   i n   t h e  
f r e e l y   f a l l i n g   S k y l a b   i n   o r b i t   a b o u t   t h e   e a r t h   t h e  
a s t r o n a u t s   e x p e r i e n c e d   n o   e f f e c t s   o f   t h e   g r a v i t y  
f i e l d   o f   t h e   e a r t h ,   t o   f i r s t   o r d e r .   M a t h e m a t i c a l l y ,  
t h i s  means t h a t   i n   t h e   p l o t   o f   g r a v i t a t i o n a l   p o t e n -  
t i a l  C$ as a func t ion   of   d i s tance   f rom  the   sun ,   as  
shown i n   t h e   s k e t c h   b e l o w ,   t h e   s l o p e ,   o r   l i n e a r  
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term i n   t h e   T a y l o r ' s   S e r i e s   e x p a n s i o n   o f  C$ about  
t h e   c e n t e r   o f   t h e   e a r t h  is S t r a c t e d  away, l eav ing  
m l y   t h e   s e c o n d   o r d e r  terms." These terms produce 
t h e   t i d e s ,   b u t   t h e   d i f f e r e n c e   i n  $ which  they  yield 
a c r o s s   t h e   e a r t h ' s   d i a m e t e r  would  produce a r a t e  
d i f f e r e n c e   i n   p r o p e r  times of   only 7  x 10-17 o r  
0.62  picoseconds  per  day. However, t h e   l i n e a r  
term, i f  i t  a f f e c t e d  phenomena  on e a r t h ,  would  pro- 
duce a d a y   t o   n i g h t   s h i f t   i n   c l o c k   r a t e s   o f   a b o u t  
8 x o r   a b o u t  75 ns   per   day .   This   ques t ion  
was s t u d i e d   c a r e f u l l y  by Professor  Banesh Hoffmann 
( au tho r   o f   t he   b iog raphy   o f   E ins t e in  recommended 
i n   t h e   f i r s t   s e c t i o n  of t h i s   pape r4 )   i n   1957 .45  
He p r e d i c t e d   t h a t  no s u c h   e f f e c t  would  be  measured 
i n   t h e   r e f e r e n c e   f r a m e   o f   t h e   e a r t h ,   b u t   c a l l e d   f o r  
expe r imen t s   t o   check   t he   p red ic t ion  when clocks  of  
s u f f i c i e n t   a c c u r a c y  became a v a i l a b l e .  

I n  1976 the  que$&ion w a s  examined  again  by 
P ro fes so r  Roman Sex l  who was seeking  an  explana-  
t i o n   f o r   a n   e r r o n e o u s   r e p o r t   o f  a dependence  of 
a tomic  c lock rates on l a t i t u d e . 4 7  He concluded 
t h a t   t h e r e   s h o u l d   b e  a seasona l   e f f ec t   caused  by 
t h e  t i l t  i n   t h e   e a r t h ' s   s p i n   a x i s ,   d e s c r i b e d  by t h e  
equat ion  

d t  
dT1 dr2 - 14.8{s in  0 - s i n  0 1 - 

d t  2 1 
(47) 

cos  [ t - 2 1  June] ns/day 
365 

where TI and '2 a r e   t h e   p r o p e r   t i m e s  at  l a t i t u d e s  
01  and 02 ( sou the rn   l a t i t udes   be ing   t aken  as nega- 
t i ve ) .   Th i s   equa t ion   r e su l t s   f rom  the   i nco r rec t  
r e t en t ion   o f   t he   l i nea r   t e rm  in   t he   expans ion   o f  
t h e   s u n ' s   p o t e n t i a l   a s   j u s t   d i s c u s s e d .  It would  be 
cor rec t   for   observa t ions   conducted   f rom a frame  of 
r e f e r e n c e   a t t a c h e d   t o   t h e   s u n ,   b u t  is  wrong f o r  
obse rva t ions   ca r r i ed   ou t   on   t he   ea r th .   P ro fes so r  
Sex l  now acknowledges   h i s   e r ror .48  

E x p e r i m e n t a l   R e s u l t s   f o r   F l i g h t s   t o   C h r i s t  
Church.  Figure 52 shows  on a g l o b e   t i l t e d   a t  23O.5 
the   pa th   t aken  by ou r  C141 i n   t r a n s p o r t i n g   t h e  
c logks   to   Chr is t   Church ,  New Z e a l a n d   ( l a t i t t d e  
- 4 3  29 ' )  from  Washington, D . C I  ( l a t i t u d e  38 4 8 ' )  
and t h e   d i f f e r e n t   a v e r a g e   d i s t a n c e s   o f   t h e s e   l o c a -  
t i o n s  from the   sun .  The f i r s t   t r i p  w a s  made from 
J u l y  10 t o   J u l y   1 7   a n d  a second   t r i p   f rom  Ju ly   23  
t o   J u l y  30. Three   days   were   requi red   for   the  
t r ave l   ou t   and   back ,   i nc lud ing   %l2   hour   s topove r s  
i n  Hawaii  each way and a 2 hour   s topover  a t  t h e  
Trav i s  Air Force Base i n   C a l i f o r n i a  on the  westward 
journey .   This   a l lowed a dwel l  t i m e  i n   C h r i s t  
Church  of four   days .   F igure  12 shows t h e   a i r c r a f t  
on  the  ground a t  the   Opera t ion  Deep F r e e z e   A n t a r c t i c  
s u p p o r t   b a s e   i n   C h r i s t  Church  surrounded by some of 
t h e   p o r t a b l e   e l e c t r i c a l   g e n e r a t i n g   a n d   h e a t i n g  
equipment ( i t  was w i n t e r   i n  New Zealand) i t  had 
c a r r i e d   w i t h  i t .  

The   da t a   fo r   t he  time d i f f e r e n c e s  rA - a r e  
d i s p l a y e d   i n   t h e   f o l l o w i n g   t a b l e :  
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Measured  Calculated  Alleged 
Value  (ns)  Value (ns)  Effec t   o f  

Sun (ns)  

F l i g h t  1 115 f 8 129 5 5 80 f 5 

F l i g h t  2 131 2 8 118 f 5 70 f 5 

The d a t a  is st i l l  b e i n g   a n a l y z e d   t o   c o r r e c t   t h e  
readings   o f   the   radar  altimeter ove r   t he   va ry ing  
topography  of   the   cont inenta l  U.S.  to  g i v e   a l t i t u d e  
above t h e   e l l i p s o i d   r a t h e r   t h a n  above t h e   l o c a l  
topography,  but  the  changes  in  the  above  numbers 
w i l l  no t   be   l a rge .   The re  is no  evidence,   wi th  a 
d e t e c t i o n   s e n s i t i v i t y   o f   a b o u t   1 0 %  when the  measured 
a n d   c a l c u l a t e d   e f f e c t s  are compared,   of   the   a l leged 
e f f e c t   o f   t h e   s u n .  

Hydrogen Maser Carr ied  on Suborbi ta l   Rocket   F l igh t  
With  Doppler  Cancellation  Tracking 

In   June   1976,  a hydrogen  maser was c a r r i e d   a s  
pay load   i n  a s u b o r b i t a l   f l i g h t  by a Scout   rocket  
launched  from  the  Wallops  Test  Center  of NASA i n  
an experiment  designed  and  conducred  by R.F.C. 
Vessot ,  M. Levine  and  others  of  the  Harvard/Smith- 
s o n i a n   C e n t e r   f o r   A s t r o p h y s i ~ s . ~ ~  The  purpose w a s  
t o  measure  with  high  accuracy by ground  t racking 
the   l a rge   change   in   f requency   of   the   maser   caused  
by t h e   l a r g e   c h a n g e   i n   g r a v i t a t i o n a l   p o t e n t i a l   a s  
i t  a scended   t o   an   a l t i t ude   o f   abou t   one   and  a h a l f  
e a r t h   r a d i i  above t h e   e a r t h ' s   s u r f a c e  and f e l l  
b a c k   i n t o   t h e   A t l a n t i c  Ocean i n  a f l i g h t   l a s t i n g  
j u s t   u n d e r  two hours .  A s k e t c h   o f   t h e   t r a j e c t o r y  
is given  below.  The  ground  path of t h e   f l i g h t  is 
shown i n   t h e   f o l l o w i n g  map. Ground t r a c k i n g   w i t h  
microwave  frequencies was c a r r i e d   o u t   f r o m   s t a t i o n s  

' l  \ 

GEOMETRY OF ACCELERATIONS, 
VELOCITY  AND  SIGNAL 
PROPAGATION  VECTORS 
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a t  Wallops  Is land,  Bermuda and  Flor ida  equipped 
with  hydrogen  masers. In  terms of r e l a t i v i s t i c  
frequency  changes,  i t  is  r e a d i l y  shown t h a t   t h e y  
are e x p r e s s i b l e  as t h e   i n t e g r a n d  of equat ion  

fProbe - fGround = g = 'Probe - 'Ground 

Ground 
f 2 

2 2 
'Probe - 'Ground - 

I n   t h i s   c a s e ,   t h e   g r a v i t a t i o n a l   p o t e n t i a l   d i f f e r -  
ence   causes   the   f requency   of   the   p robe   maser   to   be  
sh i f t ed   t o   h ighe r   va lues   t han   t he   r e f e rence   mase r s  
on  the  ground -- a v i o l e t   s h i f t   r a t h e r   t h a n  a red  
s h i f t ,   b u t  i t  is st i l l  convenient   to   speak   of   the  
e f f e c t   a s   " r e d s h i f t . "  The va lue   o f   t he   g rav i t a t ion -  
a l  s h i f t  as a func t ion   o f   he igh t   above   t he   ea r th  
is plotted  below.  The  received  microwave  frequency 
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w i l l  b e   s t r o n g l y   a f f e c t e d  by the   o rd inary   Doppler  
e f f ec t   wh ich  is j u s t   t h e  rate of  change  of s l a n t  
range   d iv ided  by the   speed   o f   l i gh t .   Fo r  a t y p i c a l  
p l a n n e d   t r a j e c t o r y ,   t h e  Dop l e r   s h i f t   i n   f r e q u e n c y  
could   be  as h igh  as 2 x a s  shown i n   t h e   f o l l o w -  
i n g   p l o t .   S i n c e   t h e   g r a v i t a t i o n a l   r e l a t i v i s t i c  
e f f e c t  would  be  about 4 x 10-l' and the   expec ted  
s t a b f i i t y  of the  hydrogen maser was hoped t o   b e  
%lo- , ext raord inary   measures   had   to   be   t aken   to  
measu re   o r   cance l   t he   Dopp le r   sh i f t .  Also, t h e  
l a r g e   a n d   v a r i a b l e   e f f e c t s   o f   t h e   e a r t h ' s   i o n o -  
sphe re   caus ing   phase   sh i f t s   i n   t he   p ropaga ted  
microwave signals had t o  be  considered.  

2CL 
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TIME IN 1000 SEC UNITS 

A very  ingeneous  arrangement  of  three  micro- 
wave l i n k s   a t   d i f f e r e n t   f r e q u e n c i e s  as shown i n   t h e  
s implif ied  block  diagram  below  solved  these  prob-  
lems. 

r -  
I 
I 
I 
I 
I 
I 
I 

It was p o s s i b l e   t o   a c h i e v e  real time c a n c e l l a t i o n  
so t h a t   t h e   r e d s h i f t  was e v i d e n t   d u r i n g   t h e   f l i g h t  
as shown by the   fo l lowing   qu ick   look   bea t   f requency  
d a t a .  The b r e a k   i n   t h e   d a t a   j u s t   b e f o r e   t h e   e n d  
o f   t h e   f l i g h t  is due   t o   t r ack ing   s t a t ion   p rob lems  
and i n t e r r u p t e d   t h e   p h a s e   c o n t i n u i t y .  It cou ld   no t  
subsequent ly   be  recovered,  so t he   r ema in ing   da t a  is 
n o t   u s e f u l   f o r   a n a l y s i s .  The  combination  of  poten- 
t i a l  and ve loc i ty   e f fec ts   p roduced   zero   bea ts   dur -  
i ng   bo th   a scen t  and  descent .   The  ascent   zero  beat  
d a t a  is shown i n   F i g u r e  5 4 .  The ro t a t ion   and  
n u t a t i o n   o f   t h e   s p i n n i n g   p a y l o a d   c a n   b e   c l e a r l y  
d i s t ingu i shed .   F igu re   55  shows the   envi ronmenta l ly  
controlled  hydrogen  maser  package  which w a s  flown 
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(and  not  recovered!)  being  held by i t s  makers, Bob 
Vessot  (on  the  r ight)   and  Marty  Levine.   Figure 56 
is  a p i c t u r e  of  the  rocket   during  launch.  

C a r e f u l   a n a l y s i s   o f   t h e  ground t r a c k i n g   d a t a  
t o   d e t e r m i n e   t h e   a c t u a l   r o c k e t   t r a j e c t o r y  and com- 
par i son   of   the   measured   f requency   sh i f t  as a func- 
t i o n  of time w i t h   t h a t   p r e d i c t e d  by gene ra l   r e l a -  
t i v i t y   h a s   y i e l d e d   t h e   f o l l o w i n g   v a l u e 5 0   f o r   t h e  
g r a v i t a t i o n a l   f r e q u e n c y   s h i f t   ( t h e   v e l o c i t y   e f f e c t s  
were assumed  given) 

_ -  A f  f - {l + (5 2 126) x lod6} % 
C 

(49) 

This  i s  t h e  most a c c u r a t e  measurement of t h e  
r e l a t i v i s t i c   e f f e c t s  on  frequency. A p l o t  of t h e  
r e s i d u a l s  a t  t h e   e a r l y   s t a g e   o f   t h e   a n a l y s i s  i s  
g iven   i n   F igu re   57 .  

Other  Atomic  Clock  Measurements 

Mountain to   Val ley  Experiments .  The f i r s t  
such  measurement was made i n  1975 i n   I t a l y  between 
Torino  and a cosmic   ray   l abora tory   a t   F la teau  Rosa 
3250 m h i g h e r  by L. Br i a to re   and  S. L e s c h i u t t a  51 
using  one  cesium beam clock a t  each   l oca t ion .  Com- 
p a r i s o n  w a s  achieved by r e c e i v i n g   t h e  same TV s i g -  
n a l   a t  each s i t e  and  by d i rec t   compar ison   before  
and a f t e r   t h e  66  day  dwell time at  P l a t e a u  Rosa. 
Al though  no   s t r ingent   envi ronmenta l   cont ro l  w a s  
a t tempted ,   nor   were   sys temat ic   cor rec t ions  made f o r  
environmental   changes,  a 15%  measurement was 
a c h i e v e d ,   a g r e e i n g   w i t h   t h e   g e n e r a l   r e l a t i v i s t i c  
c a l c u l a t i o n   w i t h i n   t h a t   u n c e r t a i n t y .  

The second  measurement w a s  made i n   J a p a n   i n  
June  and  July,   1977 by S. Iijima and K. Fujiwara5' 
o f   t he  Tokyo Astronomical  Observatory.  One H e w l e t t -  
Packard  5061  High  Performance  standard was t r a n s -  
por ted   f rom  the  Tokyo O b s e r v a t o r y   ( a l t i t u d e  58 m 
above   s ea   l eve l )   t o   t he   Nor iku ra  Corona S t a t i o n  
( a l t i t u d e  2876 m above  sea  level)   on two success ive  
o c c a s i o n s   a n d   l e f t   t o   o p e r a t e   f o r   o n e  week. Before 
and a f t e r   t h o s e   t r i p s ,   o n e  week comparisons were 
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made wi th  a s i m i l a r   c l o c k   a t   t h e   o b s e r v a t o r y .  
S y s t e m a t i c   c o r r e c t i o n s  were made f o r   t h e   e f f e c t   o f  
d i f f e r e n t   e n v i r o n m e n t a l   c o n d i t i o n s   a t   t h e   d i f f e r e n t  
s i t e s  on   t he   r a t e   o f   t he   c lock .  They a l s o   p a i d  
c l o s e   a t t e n t i o n   t o   t h e   p l a c e m e n t   o f   t h e   c l o c k s   i n  
t h e   l o c a l   m a g n e t i c   f i e l d   a n d   t o o k   g r e a t   p a i n s   t o  
keep  environmental   control   dur ing  the 8 hour 
t r a n s p o r t  time i n  a cushioned  and a i r  condi t ioned 
van .   The i r   r e su l t s   were  

Measured Ef fec t  
Calcu la ted   Ef fec t  = 0.94 ? 0.05, 

(50) 

a v e r i f i c a t i o n  a t  the   5%  l eve l .  

These   exper iments   measured   pure ly   the   e f fec t  
o f   g r a v i t a t i o n a l   p o t e n t i a l   d i f f e r e n c e .  

Comparison of Absolute  Frequency  Determina- 
t i o n s .   S i n c e   t h e   e a r l y  1970's, t he   Na t iona l  
Bureau   of   S tandards   in   Boulder ,   Colorado ,   a t   an  
a l t i t u d e   o f   a b o u t  6000 f ee t   above  sea l e v e l ,   h a s  
b e e n   i n c l u d i n g   t h e   g r a v i t a t i o n a l   e f f e c t  A4/c2 'L 

2 x i n   t h e   d e t e r m i n a t i o n  of. t h e   a b s o l u t e  
cesium  frequency  with i t s  l a b o r a t o r y  beam tubes .  
O t h e r   s t a n d a r d s   l a b o r a t o r i e s   a r e  a t  much lower 
a l t i t u d e s  so t h e   e f f e c t  is n o t   y e t   s i g n i f i c a n t  i.n 
terms of   ach ievab le   accu rac i e s   fo r  them.  However, 
t h e   i n t e r n a t i o n a l   d e f i n i t i o n   o f   t h e   s e c o n d  is 
based  on  the  value  of   the  cesium  ground s ta te  
h y p e r f i n e   t r a n s i t i o n   s e a   l e v e l ,  s o  t h e   g r a v i t a -  
t i o n a l   s h i f t  of  1.09 x 10;16=meter must be 
included  in   any  absolute   measurement .   Inclusion 
o f   t h e   e f f e c t   i n   t h e  NBS measurements   does  resul t  
i n  smaller d i f f e r e n c e s   i n   c u r r e n t   i n t e r n a t i o n a l  
comparisons. 

P r a c t i c a l   A p p l i c a t i o n s  

Global  Timekeeping 

A t  t h e   l e v e l  of 0 . 1  mic rosecond ,   t he   r e l a t iv -  
i s t i c   e f f e c t s   o f   c l o c k   t r a n s p o r t  by a i r c r a f t   a r e  
q u i t e   s i g n i f i c a n t .  ' For  example, i n   t h e   g l o b a l  
measurements   involv ing   t r ips   to   Chr i s t   Church ,  N e w  
Zealand  from  Washington, D.C. and  back,   the  rela- 
t i v i s t i c  time di f fe rence   p roduced  w a s  2.120 nano- 
seconds. It is i n t e r e s t i n g   t o   g i v e  a breakdown  of 
t h e   c a l c u l a t e d   r e l a t i v i s t i c   e f f e c t   f o r   e a c h   l e g :  

Washington t o   C a l i f o r n i a :  +29 n s  

C a l i f o r n i a   t o  Hawaii : +31 n s  

H a w a i i  t o  New Zealand : +52 ns l E* 

New Zea land   t o  Hawaii : +l6   n s  } W-tE 
Hawaii t o  Washington : - 6 n s  

The asymmetry  between E N  and W+E is  very   apparent .  
It is c l e a r   t h a t   e v e n   f o r   s h o r t   f l i g h t s ,   t h e   e f -  
f e c t s  are impor tan t   a t   the   t en ' s   o f   nanoseconds  
l e v e l .  The U.S. Naval  Observatory is now us ing   an  
a l g o r i t h m   t o   e s t i m a t e   t h e s e   e f f e c t s   f o r  i t s  t r ans -  

p o r t a b l e   c l o c k   t r i p s .  

NAVSTARjGlobal Posi t ioning  System 5 3  

This  is a new navigation  system  under  develop- 
ment  by the  United  States  Department  of  Defense.  
I t  is  shown i n  ar t is t ' s  concept ion ,   toge ther   wi th  
some f a c t s   a b o u t  i t  in   F igu res   and  2. There 
w i l l  be 24 satel l i tes  p laced   i n   12   hour   pe r iod  
c i r c u l a r   o r b i t s ,  8 in   each   o f  3 o r b i t a l   p l a n e s   i n -  
c l ined  a t  63' to   the  equator   and  equal ly   spaced 
around i t .  Each  of t h e s e   s a t e l l i t e s  w i l l  c a r r y  a 
ve ry   s t ab le   a tomic   c lock   (w i th   s eve ra l   spa res )   and  
w i l l  t r ansmi t  a pseudo-random noise   code   wi th  a b i t  
r epe t i t i on   f r equency   con t ro l l ed  by the   a tomic  
c lock .   In fo rma t ion   abou t   t he   o rb i t   o f   t he  satel- 
l i t e  is a l s o   t r a n s m i t t e d .  User equipment w i l l  re- 
c e i v e   s i g n a l s   f r o m   f o u r   o r  more GPS s a t e l l i t e s  
s i m u l t a n e o u s l y ,   o r   s e q u e n t i a l l y ,   l o c k i n g   o n   t o   t h e  
t ransmi t ted   code  by s h i f t i n g  a loca l   c lock   wh ich  
s t e p s   t h e  same  pseudo-random n o i s e   c o d e   i n   t h e  re- 
c e i v e r .   L a r g e   s c a l e   i n t e g r a t e d   s o l i d   s t a t e   e l e c -  
t r o n i c   c i r c u i t s   i n   t h e   r e c e i v e r   p a c k a g e   c a n   t h e n  
c a l c u l a t e   t h e   p o s i t i o n ,   v e l o c i t y ,   a n d  time f o r  any 
u s e r .  

The s t a b l e   a t o m i c   c l o c k s   i n   o r b i t   a r e   t h e  
h e a r t  of the  system. I n  o r d e r   f o r  a l l  of  them t o  
remain   synchronized   wi th   each   o ther   and   wi th   the  
g r o u n d   c l o c k s   a t   t h e  U.S. Naval  Observatory  which 
sets time  worldwide  for  the  Defense  Department,  
t h e   e f f e c t s  of g e n e r a l   r e l a t i v i t y  must  be  included. 
When p l a c e d   i n   s u c h   a n   o r b i t ,  a s tandard   c lock  w i l l  
r u n   f a s t   w i t h   r e s p e c t   t o   a n   i d e n t i c a l   o n e   o n   t h e  
ground by 44,000  nanoseconds  per  day!  This  effect  
was first measured  with  the NTS-2 sa te l l i t e  car ry-  
i n g  a cesium  atomic  clock.54  The  clocks  must  be 
ad jus t ed   t o   run   s low by t h a t  amount be fo re   be ing  
p l a c e d   i n   o r b i t   i n   o r d e r   t o   k e e p   i n   s y n c h r o n i z a -  
t i on   w i th   a tomic   c locks  on t h e   e a r t h ' s   s u r f a c e .  
Fur thermore ,   per iodic   change   in   d i s tance   f rom  the  
c e n t e r   o f   t h e   e a r t h   f o r  a s a t e l l i t e   i n  a s l i g h t l y  
e l l i p t i c   o r b i t   c a n   l e a d   t o   s i g n i f i c a n t   e f f e c t s .  
Fo r   an   eccen t r i c i ty   o f  0.005, t he   peak   t o   peak  time 
d i f f e r e n c e  w i l l  be 24  nanoseconds.  This translates 
i n t o  a range   uncer ta in ty   o f  24 f ee t   wh ich  is very  
s i g n i f i c a n t   i n  a system  whose  present   design  goal  
is 10 meters ,   and  must   be  included  in   the  system 
ope ra t ion .  

The f a c t   t h a t   s t a n d a r d   c l o c k   r a t e s  are con- 
s t a n t   a t  mean s e a   l e v e l  on t h e   e l l i p s o i d a l   s u r f a c e  
of t h e   s p i n n i n g   e a r t h  as d iscussed  earlier a l lows  
the   e s t ab l i shmen t   o f  a coord ina te  time f o r   t h e  
Global  Posit ioning  System  which  can  be made t h e  
same as   Un ive r sa l  Time  on t h e   s u r f a c e  of t h e   e a r t h .  
The   s tandard   a tomic   c locks   in   o rb i t  w i l l  k e e p   t h i s  
GPS time when t h e y   a r e   o f f s e t  by t h e   ~ 4 4 , 0 0 0   n s l d a y  
d i scussed   above   and   co r rec t ed   fo r   t he   r e l a t iv i s t i c  
e f f e c t s   o f   t h e   e l l i p t i c   o r b i t .   S t a t i o n a r y   s t a n d a r d  
c locks   on   the   g round  must   have   the i r   ra tes  compen- 
sated,   depending  on  their   d is tance  above  or   below 
t h e  mean o c e a n   s u r f a c e   e l l i p s o i d  by * 1.09 x 
p e r  meter i n   o r d e r   t o   k e e p  GPS coord ina te  time. 

S ign i f i cance  

The  two a p p l i c a t i o n s   d i s c u s s e d   b r i e f l y   a b o v e  
are among t h e   f i r s t   n o n - s c i e n t i f i c   u s e s   o f   E i n s t e i n -  
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i a n  T ime .  That  the  remarkable  behavior  of  clocks 
as p red ic t ed  by   Genera l   Rela t iv i ty  is now requ i r ed  
t o   b e   i n c l u d e d   i n   p r a c t i c a l   a p p l i c a t i o n s  is an  in- 
t e l l e c t u a l   m i l e s t o n e ,  made p o s s i b l e  by t h e   e x t r a -  
o r d i n a r y   s t a b i l i t y   o f  modern a tomic   c locks .  

References  and  Notes 

X =  - ( k  T - T ) =  -(k - 1 ) T  
c 2   c 2  
2 2 

and   the  time of t h i s   r e c e p t i o n   e v e n t  by B accord- 
i n g   t o  A is 

t =  - (T + k T) = - (k2 + 1 )  T 2 1 
2 
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1 ,B;Lher.tLinstein. .in his. ..study. in Berlin, 
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. .  
i . ? 

, 2 .  Herblock drawing  i n  the Washington Post a f t e r  3.  
Einstein%  death i n  1955. 

4,. Einstein i n  elementary  school i n  Munich a t   t he  age 
of l 0  (Second  from r i g h t ,  f i r s t  row). 

6. The classroom o f  Dr. Jost  Winteler i n  Aarau. 
Einstein a t  age 16 i s  a t   r i g h t .  

- 

The e a r l i e s t  known picture o f  Einstein F age around 
5 years,  

5. Einstein a t  the age of 14,  

7 .  Einstein  as a student a t  the ETH i n  Zurich, 

8, Einstein a t  hi? desk i n  the Swiss Patent  office i n _  
Bern a t  age 26, 
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9: Einstein  in  a  playful mood a t  the California  Lnsti- 
tu te  of Technology i n  the   ear ly  1930%. 



12,. Clock Box instal led on a i r c ra f t .  

1 1 ,  Navy P3C Orion Aircraft 912 used in  the  experi- 
ments, 

13.  Electronic  racks  installed on a i r c ra f t .  

1 4 .  ODtical corner  reflector on the  a i rcraf t  of the type 15. Housing o f  photo-multiplier  for  detection of laser  
uked f o r  the Apollo Lunar. Laser Ranging Retro-Reflec-  7-Tght  pulses on the   a i rc raf t ,  
to rs ,  

16. Clock Box i n  t r a i l e r  on ground. 17. Ground computer system,  event  timer 
chart  monitoring  displays i n  t r a i l e  
Williams, l e f t  and R . A .  Reisse), 

Ind s t r i p  
(R.E.  
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18. Two hydrogen masers made by  Harry  Peters on loan 
from  the Goddard Space F l igh t   Center .  

20. Clock Box being removed f r o m   t r a i l e r .  

19. A i r c r a f t  on  ground  near t r a i l e r   c o n t a i n i n g  
atomic  clocks and van conta in ing  laser   equipr  
men t . 

21. Narrow h a t c h   o f   a i r c r a f t .  

22. Laser Beam d i r e c t i n g  and rece iv ing   op t i cs .  23. Laser  equipment and r e c e i v i n g   o p t i c s   i n  van. 

24. Closed c i r c u i t  TV d isp lay  w i t h  coarse and f i n e  
j o y s t i c k s   f o r   a i r c r a f t   t r a c k i n g .  

25. Landing l i g h t s  o f  plane on TV d i sp lay   du r ing  
t rack ing.  
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27. Chesapeake Test Range. 

28. Ground tracking  antenna a t  the Chesapeake Test 
Ranae. 

29, L.S .  Cutler  adjusting ensemble o f  modified 
Hewlett-Packard 5061A atomic  clocks. 

30. In te r ior  o f  Clock Box. 31.  Clock inserted i n  i t s  magnetic shield,. 

32. Air flow hoses for controlling  temperatures and 
removing heat from clocks. 

-33. . L i d  carrying Efratom rubid ium atomic clocks 
and voltage and pressure regulation equipment, 
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34\  Polar photograph o f  globe showing distances of 
Washtngton and Tfiule  from the Earth's s p i n  a x i s  

35. Airborne equipment  being reconfigured  for C141 
b .  cargo pallet  (Front View). 

36. Airborne equipment  bein reconfigured  for C14 
cargo pal l e t  (Back Viewy (Technician Lyndon S 
a t  l e f t ) .  

1 37. Airborne equipment on cargo pa l le t  housed  i n  
mal 1 pre-fabricated  garage of Andrews Air Force 

Base. 

38, Air Force C141 S ta r l i f t e r   A i rc ra f t  779 a t  
Andrews Air force Base next to   garage,   t ra i ler  
and  van. 

w * e , m - - *  

40,  Preparing  to  transfer equipment from garage. 
- - 

39. Tail of C341 w i t h  petal doors throughzhich 
3 equipment was loaded, 

41,  Front l i f t  carrying pal l e t   t o   a i r c r a f t ,  
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42! Petal door open to  receive  pallet:  43. Matching of pal le t   to   a i rcraf t   rol ler   t racks.  

44: ~ o l l t n g   p a l l e t   t o  forward p a r t  of a i r c r a f t ,  45, Len Cutler  beside  installed  pallet  on a i r c r a f t .  

46.  Clock Box AsseTbly d u r i n g  f l i g h t .  (Seen from 47.  Clock Box Assembly during f l i g h t ,  (Seen from 
rear n f  a l a n e l .  f ront  of plane), 

48, Recording and readout equipment for   iner t ia l  49. Preparing t o  place  aircraft   in hangar  a t  the 
navigation  units and a l t imeters ,  Thule  Air  Force  Base, 
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50. A C141 a t  Thule j us t   be fo re   m idn igh t  on  June 25. 

52. Globe t i l t e d   a t  23$5 showing r e l a t i o n  between 
Washington and C h r i s t  Church a t   t i m e  o f  SUmmer 
s o l s t i c e  (Sun t o   r i g h t ) .  

~. ,*- 

54. Zero  beat  during  ascent of  hydrogen maser  on 
rocket  probe, 

51. Midnight  shadows cast  by sun a t   Thu le  on 
25. 

53. C141 779 on ground a t   C h r i s t  Church surrounded 
by  support  equipment. 

55. Environmental ly packaged  hydrogen maser ,to be 
carr ied  by  Scout   rocket   be inq  he ld  by R ,  'F, C,, 
Vessot ( r i g h t )  and M .  Levine. 
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-57. Residuals d u r i n g  an early  stage o f  the  analysis 58. Artis t ' s  drawing of NAVSTAR/Global Positioning 
o f  the hydrogen  maser rocket probe data,. System, 

59. Major segments of the NAVSTAR system, 
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