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ABS I M C T  

A t l i r e e  p a r t  c x p e r i n ~ e n t  w a s  conduc.tcd t o  d e v e l o p  and corripare 
t i m e  t r a n s £  e r  tcc l - in iques .  I'hc experiment c o n s i s t e d  of : I. a 
VLBI be tween  Maryland P o i n t  C)bserva tory  a t  K i v e r s i d c ,  Mary- 
l a n d  and N M O  a t  (:rcc?n Bank, West V i r g i n i n ;  T T .  a  l l igh  p r e -  
c i s i o n  p o r t a b l e  cl.ock t i m c  t r a n s f e r  s y s t e m  be tween t h c  t w o  
s i t e s  c o o r d i n a t e d  by t h c  1'. S .  Kaval. O b s e r v a t o r y  in Wasll- 
i n g t o n ,  D .  C . ;  and TTT, a t e l e v i s i o n  t i m c  t-r iznsfer  h c t w e e n  
t h e  I!. S .  Naval. Ol)sersratc)r>- 2nd t t lc  Yilrylant-l P o i n t  Obser -  
v a t o r y  u s i n g  a  l o c a l  l i a s l ~ i n g t o n ,  ll. I:. television s t . a t i o n ,  
W'I'TC: . 
A cornpar i sc~n ul: t he  VJ.RI and t r i l v e l i i l g  c l o c k  s l ~ n w s  e a c h  
t e c l l n i q u e  c a n  p e r f  orin s a t i s f a c t - o r i  l y  a t  t h e  f i v e  I lsec 1 e v e 1  . 
T h e r e  w a s  a  s y s t e n l a t i c  o f f s e t  of 59 n s e c  between t h c  two 
m e t h o d s ,  wh ich  we a t t r i b u t e d  t o  a  d i f  f c r e n c e  i n  epoc-hs 
he tween V L B 1  f v r r n a t t e r  ailcl s t a t i o n  c l o c k .  

The VLBI method had an  i n t e r n a l  rarldorrl e r r o r  of  one n s e c  a t  
t h e  t h r e e - s i g m a  l e v e l  f o r  a two-day p e r i o d .  Thus, t h e  Mark 
I1 s y s t e m  perfc:)rn~eti we1 1, 2nd L'LHI sl-lows prom.ise o f  1)cing an 
a c c u r a t e  method oi t i m e  t r a n s f e r .  

'The T V  s y s t e m ,  which  had t e c h n i c a l  p r o h l e n ~ s  d u r i n g  t h e  
e x p c r i m e n t  , t r a n s f e r r e d  t i m c -  wi tli R random e r r o r  of a b o u t  50 
n s e c .  

An c x p e r i r r l e ~ ~ t a l  t i m c  t r a r i s f c r  was c o n d r ~ c t e d  between t h e  1-iydrogen mase r  
c 1 o c . k ~  a t  t h c  Maryl.and P o i n t  Ohscr \ ra t .o ry  of t i ic  Xaval R e s e a r c h  Labora t -o ry  
( N K L )  and t h e  N a t  i u r l a l  Kadio ,\strvnorny (:)bserv;-itoryk (SKAO) , a n d  t h e  11. S.  

- - - -. - - - * - - .- - - . . . - . - A -- 
*'l'he N a t i o i l a l  i i ad io  Astronomy ( I h s e r v a t o r y  i s  o p e r a t e d  1iy Assot:iatc.d 
L l n i v e r s i t i e s  , incorporated , u n d e r  con t r a c t  wit11 t h e  Sat i o n a l  S c i c n c e  
F o u n d a t i o n .  

--  -A - ---- 
Nava l  ~ b s c r v a t o r y ' s  m a s t e r  c l o c k  t o  t lcvc lop  and c o ~ v p a r e  t i m c  t r a n s £  e r  



t e c h n i q u e s .  The exper iment  c o n s i s t e d  of t h r e e  p a r t s :  i )  a  v e r y  long  
b a s e l i n e  i n t e r f e r o m e t e r  (VLBI) between t h e  Maryland P o i n t  Observatory 
a t  R i v e r s i d e ,  Maryland and NKAO a t  Green Rank, West V i r g i n i a ;  i i )  a  
h i g h  p r e c i s i o n  p o r t a b l e  c l o c k  system t ime t r a n s f e r  between the  t h r e e  
s i t e s ;  and i i i )  a  t e l e v i s i o n  t ime t r a n s f e r  between t h e  U, S .  Naval 
Observa to ry  and the Maryland P o i n t  Observatory u s i n g  t e l e v i s i o n  
channe l  5 i n  Washington, 1). C . ,  WTTC:. The purpose  of t h e  exper iment  
was t o  compare each method of t ime t r a n s f e r ;  t o  e v a l u a t e  t h e  e r r o r s ,  
i n t e r n a l  and s y s t e m a t i c ,  of each  method; and t o  i s o l a t e  problem a r e a s  
i n  t h e  VT,BI t e c h n i q u e ,  a t ime t r a n s f e r  t c c h n i q u e  t h a t  i s  n o t  f u l l y  
deve loped ,  b u t  has  t h e  most promisc.  

I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  w h i l e  one method t r a n s p o r t s  h i g h  
p r e c i s i o n  a tomic  c l o c k s  betweesl s i t e s ,  t h e  o t h e r  two methods have "no 
moving partls". E l e c t r o n i c  equipment remains  s t a t i o n a r y  i n  c o n t r o l l e d  
e n v i r o n ~ n e n t s .  These two methods r e f e r e n c e  t o  e x t e r n a l  r a d i o  s i g n a l s ,  
one l o c a l  and man made, t h e  o t h e r  a c e l e s t i a l  r a d i o  g a l a x y  o r  q u a s a r .  
Thc TV sys tem,  w h i l e  s i m p l i e r ,  h a s  a  f i x e d  f requency and t h e r e f o r e  
cannot  overcome p r o p a g a t i o n  d e l a y  v a r i a t i o n s .  The r e f e r e n c e  s i g n a l  of 
t h e  VT,BI sys tem,  however, on ly  p r o p a g a t e s  through one t o  two a tmospheres  
and can be  a t  f r e q u e r ~ c i e s  s e l e c t e d  f o r  b e s t  r e s u l t s .  It h a s  t h e  
g r e a t e s t  p o t e n t i a l .  

THE VLBI TECHNlQUE 

The V L B I  exper iment  was conducted February 19-22, 1980 a t  1670 MHz 
between t h e  26-meter an tenna  of t h e  Naval Research 1 ,abora to ry  and t h e  
NRAO 43-meter a n t e n n a  w i t h  a bandwidth of 2 MHz. T h e  Mark I T  d a t a  
r e c o r d i n g  system we used has been d e s c r i b e d  by ( : lark  (1973). Bandwidth 
s y n t h e s i s ,  a  t e c h n i q u e  whi-ch improves t h e  a b i l . i t y  t o  de te rmine  t h e  
d e l a y  between t h e  two a n t e n n a s  by t h e  r a t i o  of s y n t h e s i z e d  t o  a c t u a l  
bandwidth,  was n o t  used i n  t h e s e  o b s e r v a t i o n s ,  which were des igned  t o  
be a b a s i c ,  p ro to - type  exper iment .  Bandwidth s y n t h e s i s  could  improve 
t h e  i n t e r n a l  e r r o r s  i n  d i r e c t  p r o p o r t i o n  t o  bandwidth,  b u t  was n o t  
compat ib le  w i t h  t h e  o t h e r  o b s e r v a t i o n s  t h a t  occur red  s i m u l t a n e o u s l y .  

The Mark I1 r e c o r d i n g  system w a s  used because ,  w h i l e  i t  i s  n o t  now t h e  
most advanced system a v a i l a b l e ,  i t  i s  t h e  m o s t  wide ly  used system f o r  
V L B I  exper iments ,  T h e r e f o r e  i t  h a s  t h e  g r e a t e s t  p o t e n t i a l  f o r  d i s t r i -  
b u t i n g  t ime  around t h e  world ,  i f  i t  can t r a n s f e r  t ime  w i t h  adequa te  
accuracy .  

The o b s e r v a t i o n s  were c o r r e l a t e d  on t h e  NRAO p r o c e s s o r  i n  C h a r l o t t e s -  
v i l l e ,  V i r g i n i a ,  and t h e n  f u r t h e r  reduced w i t h  a s e r i e s  of programs 
developed f o r  t h e  TI-ASC computer a t  t h e  Naval Research Labora to ry .  
The s o u r c e s  used f o r  t h i s  s t u d y  were 3C273, 3C345, 3C120, 3C84, and 
4C39 .25 .  Wc assumed t h e i r  p o s i t i o n s  as given by Wade and Jo lms ton  
(1977) .  The i n i t i a l  v a l u e  of t h e  NRJ,-NRAO b a s e l i n e  was t h a t  g iven  by 



a 1976 'I'LBT (IJaltmari -- e t  -." R I  . 1982), lnit i t  \<as  l a t e r  u p d a t e d  by l e s s  
t h a n  one  m c t c r  t u  remove systcr:lat. ic d i  t f e r e n r . e s  betw;ier~ s o u r c e s .  

Recausc  \'T.BL t  rans f e r s  t iirii . .  by 1;leasuring t h e  t i m e  o f  a r r i v a l .  of wavc- 
f r o n t s  f ~ - o m  a d i s t a n t  c c l c s t i a l  rad.i.0 s o u r c e  s u c h  a s  a r a d i o  g a l a x y  o r  
q u a s a r ,  tl-ic reference t i m c  c)f tliese waveiYronts 111ust 1)e tied t o  t h e  
l o c a l  s t a t i o n  c l o c k ,  a  hyd rogen  mase r  s t a n d a r d .  T h i s  i s  done  by  
m e a s u r i n g  t h e  w a v e f r o n t  d e l a y  f rom S u d i c i a l  rnarks (311 t l i e  t e l e s c o p e  
t b r o u g h  t h e  r c c c i v c r s ,  c a h l c s ,  and backends  t o  t h e  l o c a l  v i d e o  t a p e  
r e c o r d e r .  U n f o r t u n a t e l y ,  f o r  t h e  2 MHz handwidt i1 of t l i e  Mark TI 
r e c , o r d e r ,  t h e  fundanlen ta l  c:lork o r  t h c  t a p e  i s  t h e  4 bIHz f o r m a t t e r  
c l o c k .  We found i t  t o  116 i rnpc iss ih lc  t o  p r c t : i s c l y  rncasurc t h i s  c l o c k  
wit11 r e s p e c t  t o  t h e  5 Ytiz s t a t  il-,:I ~ l ( : i i . k  u s i n g  s tnndnrc l  e q u i p m e n t .  

T l l ~  del.;3y 1)etwecn v i d e o  t a p c s  :,:a:; f cl~lrld b y  pi.rEormirlji a r 'our i  er t r a n -  
form i n  l a g  t o  g e t  t h c  bandpas s  a t  t h e  pilak fr.i:ige r a t e  f r e q ~ ~ e n c y .  A 
s t r a i g h t .  l i n e  f i t  to the p h a s e  a c r o s s  t l i e  h a n d p a s s  then y i e l d e d  t h e  
d e l a y .  A f t e r  t h e  d a t a  was c o r r e c t e d  f o r  a t m u s p h e r i c  e f f e c t s ,  r e t a r d e d  
b a s e l i n e ,  i i t i tenna g e o m e t r y ,  arid e a r t h  t i d e s ,  '3 1  e a s t - s q u a r c s  s o l u t i o n  
f o r  t h e  c l o c k  r a t e  a n d  o f f s e t  was found u s i n g  p a i r e d  o b s e r v a t i o n s  of  
t h e  same s o l i r c c  f rom F c b r u a r y  20 and  21 .  The u s e  of p a i r e d  s c a t i s  on 
( : o n s e c u t i v e  d a y s  min imized  t h c  e r r o r  contributed h y  t i l e  a t m o s p f ~ e r c ,  
s o u r c e  s t r u c t u r e ,  and o t t i e r  r e p e a t a b l e  e r r o r  s o u r c e s  and a l l o w e d  t h e  
b a s e l i n e .  t o  b e  d e t e r m i n e d  more p r e c  i  s e l y .  

We rneasurcd t l i c  c a b l e  d e l a y s  tfirougli t h e  r e c e i v e r s  t o  t h e  f o r m a t t e r s  
a t  each telescope and c o r r c r . t e d  f o r  t l ~ i s  e f f e c t .  'I'he r e s u l t  i s  t h a t  
t h e  t ime d i . r C c r e n c e  f o r  XRL-YLIO i s  shown i n  F i . g ~ l r e  1 a f t e r  removal  o f  
a straight l i n e  w i t h  a s l o p e  of 5.509 p s c c  p e r  s econd  and a n  o f f s c t  

11 
of  -14.397 i: 0.005 psec a t  0 L!'I on 21 F c b r u a r y .  Ln t h i s  f i g u r e  t h c  
d i f f e r e n t  symbo l s  i n d i c a t e  t h e  s o u r c e  of the d a t a .  The s o u r c e s  a r c  
r v d c d :  3C273 o b s e r v a t i o n s  .; 3C84 by X; 3 C 3 4 S  hy ; and traveling 
c l o c k  by f. The one s igma  e r r o r s  a r c  shown f o r  cact i  3 minute.  s c a n  of 
t h e  V T A T  d a t a  e x c e p t  n e a r  F c b r u a r y  20 where  t h e  one  e r r n r  b a r  a t  1 2 : 3 0  
i s  r e p r e s e n t a t i v e .  

' Ihe s o u r c e s  of  e r r o r  a r e  uncc r t ; 3 i r l t y  i n  t h e  fi,rrr,attc-t- v l o c k  svnc l i ron i -  
z a t i o n ,  uncertainty irl t f ie  c a b l e  d e l a y  nedsllrcrncnt s, and t l i c  Irif e r n a l  
VT,BI random e r r o r s .  IJc e s t i r n i i t e  t h e  e r r o r  i n  tllc c ~ h l ~  clelay mcasl i rc-  
merits t o  b e  2 n s c c  ( 1  s i g m a ) .  'l'hc rarldorn c r r o l :  of t h e  V L B l  f i t :  was 1 
rlscc a t  t h e  t h r c c  s igma l c v c l .  T h u s ,  t h e  ranclorri i n t e r n a l .  e r r o r s  i n  
ttlc VT,BL s o l u t i o n  made a n e g l i g i b l e  c o n t r i b u t i o t l  t o  t h e  c r r o r  assigned 
t o  t h e  f i n a l  V L R I  r e s n l t .  

Whi l e  e a c h  f o r m a t  t e r  was " sync t i ron ixed"  t o  t h e  s t a t i o r i  c l o c k ,  t.11 i s i s  
u s u a : l l y  t o  o n l y  a f r a c t i o n  of a mic rosccon t i .  d r : o r r e r . t i on  was made 
Tor  t h e  o f f s e t  be tween  t h e  f o r m a t t e r  1 p u l s e  p e r  sccorld and  t h e  s t a t i o n  
c l o c k ,  b u t  we d o  n o t  know t h e  t i n l i n g  be tween  t h a t  F o r m a t t c r  1 p p s  and 



t h e  i n t e r n a l  4 MHz c l o c k  used t o  record  and t ime  t h e  v i d e o  s i g n a l s  on 
t a p e .  

THE TRAVELING CLOCK TECIINIQIJE 

A h i g h  p r e c i s i o n  p o r t a b l e  c l o c k  t ime t r a n s f e r  system c o n s i s t i n g  of  
f o u r  ces ium c l o c k s  ( t h r e e  of which were " super  tubes" )  and a d a t a  
a c q u i s i t i o n  sys tem were t r a n s p o r t e d  by van between t h e  t h r e e  observa-  
t o r i e s  a lmos t  c o n t i n u o u s l y  d u r i n g  t h e  p e r i o d  of the VLBl o b s e r v a t i o n s .  
T h i s  r e s u l t e d  i n  one measurement p e r  day a t  each r a d i o  o b s e r v a t o r y  and 
t h r e e  p e r  day a t  t h e  USNO Master Clock,  The four  t r a v e l i n g  c l o c k s  
were in tercompared c o n t i n u o u s l y  u s i n g  an HP-9815 computer that a l s o  
t r a v e l e d  i n  t h e  van i n  o r d e r  t o  form a  mean-time s c a l e  th rough  which 
we moni tored t h e  performance of t h e  i n d i v i d u a l  cesium c l o c k s .  Com- 
p a r i s o n  of t h e  mean t ime  s c a l e ,  based on t h e  f o u r  cesium c l o c k s ,  w i t h  
t h e  USNO Master  Clock i n d i c a t e d  t h a t  i t  remained s t a b l e  over  t h e  p e r i o d  
of t h e  exper iment .  F i g u r e  2 shows t h e  hehav ior  of each n f  t h e  f o u r  
c l o c k s  compared t o  tlic meat1 a f t e r  a  b e s t  f i t  s t r a i g h t  l i n e  h a s  been 
s u b t r a c t e d .  Clock 2 i s  n o t  a  super  t u b e .  The r e s u l t s  of t h e  t r a v e l i n g  
c l o c k  a r e  summarized i n  Tab le  1 and t h e  c l o c k  d i f f e r e n c e  of NR1,-N 0 P 
i s  p l o t t e d  i n  F i g u r e  1 a f t e r  an  o f f s e t  of -14,339 + 3.4  n s e c  a t  0 UT 
on February  2 1  and a c l o c k  r a t e  of 5.509 psec  p e r  second have been 
removed. 

THE TV TIME TRANSFER TECHNIQUE 

T t  i s  p o s s i b l e  t o  t r a n s f e r  t ime hy synchron iz ing  t o  t l ic t e l e v i s i o n  
s i g n a l  t r a n s m i t t e d  by a l o c a l  commercial s t a t i o n .  Trz t h e  Washington, 
D.  C .  a r e a ,  channe l  5 ,  WTTG, b r o a d c a s t s  a  s i g n a l  t h a t  i s  phase  locked 
t o  a  cesium f requency  s t a n d a r d  and moni tored d a i l y  by t h e  Naval Obser- 
v a t o r y .  S i n c e  t h i s  s i g n a l  c a n  be r e c e i v e d  a t  t h e  Maryland P o i n t  
Observa to ry ,  abou t  70 k i l o m e t e r s  from t h e  t r a n s m i t t e r ,  i t  can be used 
t o  t r a n s f e r  t ime  from t h e  USNO t o  t h e  Maryland P o i n t  Observa to ry .  

U n f o r t u n a t e l y ,  a s  shown i n  F igure  3 ,  t h e  behav ior  of t h e  cesiuni s t a n d a r d  
a t  t h e  t r a n s m i t t e r  was e r r a t i c  d u r i n g  t h e  p e r i o d  of t h e  exper iment .  
WE a r e  t h e r e f o r e  l i m i t e d  t o  s imul taneous  measurements a t  b o t h  observa-  
t o r i e s  i n  o r d e r  t o  e l i m i n a t e  t h e  l a rge  randomness of t h e  t r a n s m i t t e r  
s i g n a l .  T h i s  r e d u c e s  t h e  d a t a  t o  f o u r  measurements where t h e  TV and 
van  can be  d i r e c t l y  compared. These r e s u l t s  a r e  shown i n  Tab le  2 .  
The da ta  p o i n t  f a r  February 19 i s  a lmos t  900 n s c c  d i f f e r e n t  from t h e  
mean of t h e  o t h e r  t h r e e  (approx imate ly  19 s t a n d a r d  d e v i a t i o n s ) .  W e  
can n o t  e x p l a i n  t h i s  e x c e p t  t o  p o i n t  o u t  t h e  e r r a t i c  behav ior  of t h e  
T V  cesium s t a n d a r d  f o r  t h i s  day and c h a t  d u r i n g  t h i s  p e r i o d  t h e  TV 
s i g n a l  w a s  f r e q u e n t l y  n o t  locked t o  t h e  s t a n d a r d  as a r e s u l t .  Because 
t h e  c l o c k  r a t e  d i f f e r e n c e s  a t  t h e  t r a n s m i t t e r  and Maryland P o i n t  
Observa to ry  are n o t  of  d i r e c t  i n t e r e s t ,  t h e  most i n t e r e s t i n g  method t o  
compare van  and TV t ime  t r a n s f e r  methods i s  t o  compute t h e  d i f f e r e n c e  



of USNO m a s t e r  c l o c k  minus Maryland P o i n t  O b s e r v a t o r y  v i a  TV and v i a  
" t t - ave l i t i g "  c l o c k .  The r e s u l t  of 230.119 psec i s  l a r g e l y  d u e  t o  [lie 
f r e e  s p a c e  p r o p a g a t i o n  del .ay,  h u t  a l s o  inc - ludes  a n t e n n a ,  c a b l e ,  and 
r e c e i v e r  d c l a y s  of t h e  sys t em a t  t h e  Maryland P o i n t  O b s c r v a t o r y .  TI-le 
s t a n d a r d  d e v i a t i o n  of t h i s  mean i s  50 n s e c ,  nnlch l a r g e r  t h a n  t h c  e r r o r  
of  t h e  van a l o n e  o r  when corripared t o  VT,Bl. We t h e r e f o r e  c o n c l u d e  t h a t  
f o r  a 70 k i l o m e t e r  t r a n s m i s s i o n ,  50 r lsec r e p r e s e n t s  t h e  short: tern1 (I- 
3 d a y )  s t a n d a r d  d e v i a t i o n  of a  t i m e  t r a n s f e r .  S e a s o n a l  e f f e c t s  c o u l d  
be  e x p e c t e d  t o  d e g r a d e  t h i s  v a l u e  f u r t h e r  f o r  t i m e  t r a n s f e r s  t h a t  l a s t  
Longer.  

DTSCL'SSION 

For  t h c  XKL-XRA0 t i m e  t r a ~ l s f c r ,  t l ie  F i r ~ n I  clock< r a t e  tli . termined f r o m  
t h e  VLBl cxperirnerxt is i n  agreement w i t h  thc t r a v e l  i n g  c l o c k  r n t c  
c a l c - u l a t e d  f o r  t h c  same two-day t i m e  p e r i o d .  Thc VLLIT d a t a  y i e l d e d  a 
c l c c k  r n t c  o f  5 .483  5 0.1113 psec. p e r  sccorld ( 2  sigma e r r o r ) ;  the 
t r a v e l i n g  c l o c k  e x p e r i m e n t  gave 5.5 .i 1 . 0  p s e c  p e r  s e c o n d ,  whi.ch i s  
w i t h i n  t h e  quu tcd  e r r o r .  

I n c o r p o r a t i n g  the r e s i d u a l s  of  F i g u r e  1 i n t o  t h e  o f f s e t s  remuvcd,  w e  
f i n d  t l ic  c l o c k  comparisorl  be tween SKL and NRAO h a s  an unexpec ted  
s y s t e m a t i c  offset of  59 n s e c  be tween t l i e  VLBT and t r a v e l i n g  ( : lock  
mcthods  of  t i m e  t r a n s f e r .  l h i s  i s  probably d u e  t n  t h e  d i f f e r e n c e  i n  
e p o c h s  o f  t h e  4 MHz f o r m a t t e r  c l o c k  used  t u  w r i t e  t h c  vide.0 t a p e  and 
t h e  5 MHz s t a t i o n  f r c q u c n c y  s t a n d a r d  as used  $11 t h e  L7LBT system. I n  
f u t u r e  exper in lent  s , equipment  mils t 1 . ) ~  deve loped  t o  measu re  t h e  4 MHz 
f o r m a t t e r  c l o c k  s i g n a l  r e l . a t i v c  t o  t h e  5 YFz f r e q u e n c y  s t a n d a r d .  

The compar i son  of t h e  TV t o  f I-ave1,ing c1ac.k t e c h i l i q u e s  be tween t h e  
USNO and NKL shows t h c  TV method t o  b e  good t o  % 50 n s e c  o v e r  7 0  
kilometers as g i v e n  i n  t h e  l a s t  s e c t i o n .  Thc s i . m p l i c i t y  of t h i s  
method may make t h i s  tec l i r l ique  a t t r a c t i v e  wherc  p r e c i s e  t i m e  t r a n s f e r  
i s  n o t  r c q u i r e d .  

C(7NCLUS IONS 

The Mark 11 P L R I  s y s t e m  perfornlcd w e l l  i n  t t lc  t ime- t r ans f  cr  experiment , 
and a cornparis011 of t l ie  V L R I  r c s u l t s  w i t h  t l ic  t r a v e l i n g  c l o c k  e x p e r i m e n t  
was u s e f u l  i r l  i d e n t - i f y i n g  p o s s i b l e  p~-c-)I.~lem a rcas  in t leve lop  irlg tl-lc 
VT,BI t e c h n i q u e  of  t i m e  t r a n s f e r .  

111 t h e  f u t u r e  t h e  u s e  of batldwidtli syt l t l lcsi t i  arid b e t t e r  f o r n ~ a t t e r  
s y n c h r o n i z a t i o r i  s h o u l d  g r e a t l y  improvc t l i r  !'LKI r e s u l t s ,  making t h e  
w i d e l y  u s e d  Mark I1 s y s t e m  a promisi .ng tcchniquc .  f o r  t i m e  t r a n s f e r .  

'The i n t e r c o m p a r i s o n  o f  t h e  VLBT and t h e  f o u r  t r a v e l i t ~ g  c l o c k s  shows 
c a c h  t e c h n i q u e  can per fo rm s a t i s f a c t o r i l y  a t  t h c  5 n s e c  l e v e l .  T h i s  
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s u p p o r t s  c l a i m s  made i n  t h e  p a s t  a s  t o  t h e  accuracy of t r a v e l i n g  
c l o c k s .  

The t e l e v i s i o n  t r a n s f e r  sys tem w a s  shown t o  work over  70  k i l o m e t e r s  
w i t h  short:  term e r r o r s  of  50 nsec .  

The VT,BL method of t ime  t r a n s f e r  had an i n t e r n a l  random e r r o r  t o  t h e  
s o l u t i o n  f o r  a two-day p e r i o d  of one n s e c  a t  t h e  t h r e e  sigma l e v e l .  
T h u s ,  VLBI sliows promise of be ing  an a c c u r a t e  method of t ime  t r a n s f e r .  
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NRL -KXi10 Via Traveling C l o c k  a n d  V L B l  

] ) a t e  Time Travel i n g  Clock YLBT 'Y'LBJ - I'ravcling Clock 
(clser) (ysec) ( p s c c )  

-.<-.- ---- - - ?" . - - - - - - 
h rn 

Feb. 18 08 54 44' -15.554 

Feb.  19 09 29 00 -15.088 -15.141 -0.05'3 

Feb .  20 09 45 13 -14.619 -14.680 -0.061 

Feh. El 09 28 28 -111. 152 -14.209 -0,057 

Feh. 22 06 16 55 - 1 3 . 7 h 2  - 1 3 . 7 9 6  -0.0511 

TABLE 2 I 

TY E x p e r i m e n t  Compared t o  Traveling C1 ork Exper i m c n t  

Via TV V i a  Traveling Cl.ock l'ravelirig Cl.ock -TV 
( ~ s e c )  (user) ( i l sec )  (psec)  

Feb. 19 2.0003 -21 8.083 t11.154 229.237 

F e h .  21 0.214~ -220.081 10.07 5 2311.156 



x 3 C  84 
a 3C 345 
@ Traveling Clock 

DATE IN FEBRUARY 1980 

F i g .  1--VLBI and t ravel i .ng  clock r e s u l t s  f rom NRL - N U 0  





14 I5 16 17 I8 19 20 21 22 23 24 25 26 

DATE IN FEBRUARY 1980 

F i g .  3--Behavior of the cesium standard at the  TV station 



OUESTIONS AND ANSWERS 

MR. CLARK, Naval  O b s e r v a t o r y  ~ 
I ' m  j u s t  c u r i o u s .  What do you mean b,y t h e  tempera tu re  s t a b i l i t v  i n  
t h e  van? Was t h a t  j u s t  t h e  n o r ~ a l  h e a t i n g  system? 

K R .  SPENCER: 

W e l l ,  i t  was February ;  so, the o u t s i d e  tempera tu re  was q u i t e  c o l d ,  
and we t r i e d  t o  keep t h e  env i ronment  f o r  t h e  cesium a s  f r i e n d l y  as  
p o s s i b l e ;  so, we had t h e  van i n  t h e  heated v i c e  p r e s i d e n t ' s  garage 
a t  n i g h t ,  wh ich  was abou t  a  s i x - h o u r  i n t e r v a l ,  and t h e n  d u r i n g  t h e  
day w h i l e  i t  was on t h e  road,  t h e  d r i v e r s  k e p t  t h e  h e a t e r  i n  t h e  
system a t  what  t h e y  c o n s i d e r e d  a  c o m f o r t a b l e  tempera tu re .  So, i t  
w a s n ' t  r e a l l y  l a b o r a t o r y  s t a b i l i z e d ,  b u t  i t  was b e t t e r  t h a n  s i t t i n g  
on t h e  runway o f  t h e  a i r p o r t ,  o r  something l i k e  t h a t .  




