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ABSTRACT 

I1ydrngcr1-niaser i:.l.oc:k::; d t  t~-IF! 37-mct.cr--crliLmettlr r - ( d d i o  Le I e- 
i;cc.)pc of t h e  I!ayt;t.ack Ohservatory i n  Wes t:i'orc'i, ?Iassat:i-lusetts, 
ailti t i l e  4.3-net-eu--iiicxneLer r.ac!io te lescope  of t he  Nationa.1 
Rad io  Astronomy (1b:;crvaiory i n  Green nanlc, N u s t  Vi.1-ginia, 
were synchrnnizcci by very-Loncj-basel i ne  i n - t . c r ' f~ro~nct ry  on 
213 March 1 9 7 7  and o n  2.3 Sept-timber 1Fli7. ' T ~ I F ~  syrichroriiza- 
t i o n  was a l s o  accompiisiieci independcritly on tach of t:Ii~ts~t 

ciata, f u l l y  analyzcd 111 each case ori1.y a f t e r  t.l,i:. co~nplet.ic-i;l 
of the corrcs!jondir!cr I.'LGI I::at.a analy.c:i:.; , c:or!f i m e d  tiic VLCl 

Accuratc clock syncl i ronizat iun via very-lony-basel i n e  i n t e r  Eerometry 
(VLBI) has been poss ib l e  For s eve ra l  year..;, and has beer1 a byproduct of many 

syncl-monization r e s u l t s  havc been 1irn:ited i n  abso lu t e  accuracy by c e r t a i n  
cons t an t ,  b u t  poor ly  known, inst-rurnental de lays ,  Accuratc abso lu t e  synchrn- 

t o  measurc a l l  instrumcrital  de l ays .  kipre we report. t he  f i - r s t  &so lu t e  syn- 
chronizat-in11 r e s u l t s  from re1 ?t:i .vely i o r i ( ~ ,  645-k~r! ,  basel  i n c  cxperimeil t .~.  

The syncllroriizatior! exrierincllt:: i : i v ~ ? v c c i  the i:vdroqerl"-maser c locks  a t  

Massachusetts, and t h e  43-m-dimetel- rildlt-j ~ C ~ C S C O P C !  of the National  Radio 
Astronomy Observatory (NHAO) i n  C;ril:cr-, Hziink, West Virgin ia .  I n  the  f i r s  t- 
experhmttnt, on  2 8  M E I T C : ~  11377, t k ~ .  :yi-~ci iror: izat~i .c~~-i  v i a  VLBI  w a s  checked by 
t r anspor t iny  two C e s i u r n  cloc!:s from t::e IJS;;C i:i iiasiii n y r a n ,  D.C. , onc  t a  
each of t h e  tel.esool)es, a n d  hot:: Sack ir.c :.;ashi:-~qtor; 11-1 t i ~ i i  secorlcf cxperi-. 

Pi.yure 1 shows a block 3-iiac;r;u? rjr tile i r ; t c  r-fcrorni:tiir- t e rml r~a l s  u ~ ; e t i  i n  
t h e  expcrirnents. Ti f a s t .  r i s e  k i l l l p  (,;311 l . j ~ )  pu l se  qelicr-ator w a s  used t o  cal- 
i b r a t e  de lays  i . r l  t hc  r ecc ive r  s r l Z  recorciir-ig e1cctr~r; i i :s .  'I'hc. ca l ibra t ior l  



to t h e  te lescope  f ced ,  t o  t h e  c o n t r o l  rorm I o r  easy comparison w ~ t h  t h e  
clock which con t ro l l ed  the  VLBI rccordinq.  A hydroyc~l-maser frequency s t an -  
dard controlled both tl-lc ca l lb ra t lo r i  p u l s e  cjeneratar ~ n d  t h e  recording clock 
both a t  Haystack and a t  NRAO. 

In  our  V L B I  system t h e  dc lay  of a  s i g n a l  a r r iv ln fg  from a d i s t a n t  quas i -  
s t e l l a r  r a d i o  sourcc i s  measured using a bandwidth syn thes i s  technique ( 4 )  
i n v o l v ~ n g  the  s e q u e n t i a l  sampling of 360-kHz bands spaced over  a  much wlder 
spanned bandwidth of 100 MHz, centered  at 8441 MHz. The multiband de lay  
rncasuremcnt has a  1 microsecond ambiguity imposed by a  minimum spacing of 1 
MElz between t h e  narrow, 360-lcliz band samples. However, t h e  ambicju~ty is  
eliminated by using t h c  l e s s  p r e c i s c ,  b u t  unambiguous, de lay  measurement 
obta ined  from t h e  c r o s s c o r r e l a t r o n  of s i g n a l s  wi th in  a  s i n q l e  360-kHz band. 

The d i f  f c r ence  betwcen the rcadlnqs  of t h e  independent c locks  con t ro l -  
l i n g  t h e  two in t e r f e rome te r  t e rmina l s  i s  der ived  from t h e  a n a l y s i s  of a  s e t  
of V L B I  observat ior is  of s e v e r a l  r a d i o  sources ,  by simultaneous es t imat ion  
of b a s e l l n c  vec to r s ,  r ad io  sourcc p o s i t i o n s ,  and  clock parameters  (5). T'hc 
r e s u l t s  from t h c  experiment performed on 2 8  March 1977 a r e  giver1 i n  Table 
1, where l i n e  16 shows t h e  est imated d i f f e r e n c e  bctwccn t h e  VLBI c locks  
a f t e r  correction f o r  t h e  ins t rumenta l  dc l ays ,  An ins t rumenta l  de l ay  cor rec-  
t i o n  f o r  t h e  antenna geometry ( l i n e  1) is  needed t o  c o r r e c t  f o r  t h e  differ- 
encc i n  s i g n a l  dc lay  betwccn t h e  basc l ine  vec to r  te rmina t ion  p o i n t  ( 6 )  and 
the  antennd feed po in t .  Line 2 1  shows t h e  d i f f e r e n c e  between the  V L B I  t ~ $ r -  
minal c locks  a s  est imated from t h e  t ravcl l r lq  c locks ,  a f t e r  c o r r e c t i o n  for  
t h e  linearly-interpolated r e l a t i v e  drift betwcen t h e  p o r t a b l e  c locks ,  based 
on p r e - t r l p  and p o s t - t r i p  comparisons made a t  t h e  USNO i n  Washington. 

Table 2 shows t h e  r e s u l t s  of the experimont performed o n  2 3  September 
1977. I n  t h i s  experiment, s i n c e  Haystack was v i s i t e d  by t h e  t r a v e l i n g  
c locks  approximately seven hours Later  than NRAO, i t  was necessary t o  
account f o r  t h e  es t imated  d r i f t s ,  over t h i s  i n t e r v a l ,  of t h e  t r a v e l i n q  
c locks  r e l a t i v e  t o  Fraystack's c lock.  (See l i n e  24  of T a b l e  2 . )  The l a t -  
t c r ' s  r a t e  was a l r eady  accu ra t e ly  known r e l a t i v c  t o  t h a t  of t-he USNO 

Master Clock, through long-term comparisons v i a  1,oran C. The r a t e s  of t h e  
t r a v e l i n g  c locks  w e r e  determined from d i r e c t  cr~mparisons wit:h the  Master 
Clock i n  Washinqton, before  and a f t e r  t h e  t r i p .  

The accuracy of t h e  V L R I  c lock  syncl-lronization i s  n o t  l imi t ed  by the  
unce r t a in ty  of t h e  e s t ima te  of t h e  r a d i o  s i g n a l  (group) de l ay ,  which i s  
much l e s s  than 1 nanosecond, bu t  r a t h e r  by t h e  accuracy of t h e  determina-, 
t i o n  of t h e  va r ious  ins t rumenta l  de l ays ,  The cumulative e r r o r  a r i s i n q  from 
these  e s t ima te s  of ins t rumenta l  de lays  is thought t o  be less than f 1 0  nano- 
seconds. The error of t h e  synchroniza t ion  v i a  t r a v e l i n g  c locks  i s  1imitc.d 
by clock d r i f t s  and i s  est imated t o  be under '20 nanoseconds. 





References and h'otes 

1 TI. F. Hinteregger, e t  al., Science 178, 396 (197?). - 
2. I. I, Shapiru,  e t  a l . ,  Science - 186, 920 (1974) ; - 191, 451. 

3 ,  C .  C .  Counselman, e t  a1. ,  Proc.  I E E E  6.5, 1622 (1977). - 
4 .  A .  R. Wl~llitncy, e t  a l . ,  Radio Scicncc ll, 421, (1976). 

5. I. I .  Shapiro i n  Methods o f  Experimental Phys ics ,  Vol. 12, Part C ,  

M. L .  Mceks, Editor (Academic Press ,  1976). 

6.  The baseline terminallion point a t  Haystack i s  t h e  in te r sec t fon  

o f  azimutl-i and clvvatlon axes and a t  NZ'AO i t  i s  the  in tc r scc t ion  

of the polar  axis and t h e  perpendicular plane t h a t  contains the  

dccl inat ion axis .  
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