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1. In t roduct ion  

Recent a c t i v i t i e s  on time and frequency a t  t h e  Radio Research Labratory (WL) 
at.e rep,rt ,&, such as work on t h e  C s  beam primary frequency standard,  hydrogen 
el;~s~l.s, rlcw Lyrws of s tim&r& ad precise time con~pariuonu v i a  space lirks. 

2.  Work on Frequency Star1dam-h 

An accuracy evaluatiorl of 1.1 x 10-13 wds obtained i n  May 1984 with t he  RlU 
Cs bear11 primary f requer icy  standards after r ep lac ing  a 6 .0  c m  beam focus magnet 
t ) y  a 3.0 r n i  o n e  t o  get  a sl uwer beat11 v e l o c i t y [  11 (F ig .  1)  . With this magnet 
the frequency shift. due t o  the  microwave power charge w a s  much improvd i n  its 
cl~i~trlt it y , smoothness arid synunetr-y f o r  k a m  reversal ( F i g .  2 ) . A second evalua- 
I, 1 on w a s  ~ tu i i t~  i n  Dect>a~h:r 1984 and a t h i r d  i n  March 1985 with almost t h e  sme 
rtccurac ic;s and t he f r,equencles a r e  w i t h j  ri t h i s  accuracy r e l a t i v e  t o  TA1. Fur- 
t,hrr. impruvc*mt~rll,s were au11 i e v d  In t h e  four th  accuracy evaluation i n  Apr-il 
1986 t o  ubt;iin ;3r1 ;wr:uzbacy of 0.7 x 10-'J , such as optimizat ion of t h e  beam 
opt ic:n, irnl)r.ovt~nrrtt of t h e  elect . ronics c i r c u i t r y  and a precise con t ro l  of t h e  
r~lagrletic C-f ie ld[21.  The  C-f i e l d  is autunlat ical ly con t ro l l ed  by using t h e  
trans1 t,i ons of (F=4, m=+l ) t,o ( F = 3 ,  m=+l  ) . The data were sent t o  the BIH fo r  
contl+lbutiun t o  TAI . 
F i ~ ~ l d  opl-able hydrogen rllasers were success fu l ly  develupcd. and have been con- 
~, inuously opera t td  at RlU,[3] as a n  i m ~ r t a n t .  part of the  K-3 VLBI sys t cn l  which 
has teen ustd for mcusuren~ents of the  c r u s t a l  p l a t e  niove~aents wi th  a p rec i s ion  
of less than 3 c m  ( 0.1  r is  ) and f o r  ln ter r la l  t i m e  cornprisons [ 4 , 5  I . The 
frctluency s l , a b i l i t y  is a b u t  2 x 10- f o r  arr averaging time of a few hundred 
seconris , l'he s t,a tt. scltvrt ivrl by the Ma jor'ana method (Fig. 3 ) was  s tud ied  and 
adopt,cd f o r  the labora tory  hytlrogen nlasers[6,7] t o  improve t h e  ~rlagnetic in- 
huniogt'ricity s h i f t  (Crcm11)ton e f f W  t )  , t h e  rnaser osc i l la t ion  p w c r  and t h e  
L i  new id th  . ' I 'h~ee  nlaser -s  art? contiriuously o p e r a t d  with t h e  Ma jorwra. state 
st-1 cdc-t ion methud an11 ricr~l y cwated s to rage  bulbs. 1ko of them (matiers #3 & 4 )  
auL~11l;iti call y cont,l.c~l their .  c:nvi ties by mutual refvrence t o  t h e  o the r  s ignal ,  
w h i l r  t he  o the r  (miser # 5 )  is cavlty con t ro l l ed  by t h e  fast tuning m e t h d  in 
w i l i c h  a 1 4 GHz injeclrkl into t h e  c a v i t y  is frequency s w i t c h d  by an amount 
equal t o  t,hu cavi1,y hindwidth for de tec t ion  of t h e  frequency s h i f t [ 8 ] .  The 
long t e r n 1  fvibcl~~enc-y ~ L a k i l i t l c s  are r a t h e r  good ( F i g ,  4 ) ,  and t he  dab  art. 
sc:nL t o  t h e  BIH w i t h  those of t h e  comrnert-ial C s  clocks.  

hisic erpcr imer~ts  on t h e  opt,icall y pumped Cs beam frequency standard were made 
for n Rabi r.avi t y  u s ing  a 1 a5t.r diode (Fig .  5 I , and the  microwave resonance 
1 ines wc2t.e obser-vrd w i t h  tot,li tt and u p l n r i z e d  l i g h t , [ 9 ]  . Expr ia~entu  with a 
Ifanisry c a v i t y  are ultrlderway t o  f;ir.ilit,ate i t s  use as the primary frequency 
sti~rlrhr.d i n  1987. b s l c  c - q e r i n i e t l t s  on t h e  ion  s to rage  frequency standard were 
a l s o  r r ~ ( X t >  by u s l r g  arl RF quadr.apole t r a p  device with X e +  and N2 + ions (Fig.  
6 ) . 'FIN: s t,oragr? t l m e s  of  t h o  loris were m e a s u r d  t o  be a h u C  17 sucunds for  Se+ 



arld 1 . 2  seconds for  N z t ,  which agreed well with a theoretical analysis using 
the  RF resonance absorption nre thrd[ l l ] .  An e f f e c t i v e  method for  laser cooling 
of t h e  wa:, prupsed arid t h e o r e t i c a l l y  examined[ 11 I . The new method can cool 
the  bemi w i t h  a wlde range of v e l o c i t i e s  (300m/s t o  5 m/s, for example) by 
usit@ t ; r ~ r . d  mirrors (Fig .  7 ) .  The mirrors are tapered i n  such a way as t o  
provide a gradual tuning of t h e  laser frequency i n  t h e  moving frame of the 
t ~ w n  a t v r r ~ .  Cooling of thc* then results by absorption of Doppler-shifttd 
l i g h t  by t io t te r  a t o m ,  allowing an improved signal- to-noise r a t i o  f o r  the 
s t z l r l h r d .  

A 9.2 GHz sur~x.conducting c a v i t y  s t a b i l i z e d  a s c i l l a t o r  has been s t u d i d  at EUU 
s ince  1976. Surface prepara t ion  of t h e  cavity (Fig. 8) was done by 
elec trow1 i shirig , alodiz ing arid degassing under u l  tra-high vacuum corkditiox~s 
t o  g e t  a q u a l i t y  f a c t o r  of 3 x 108. The frequency s t a b i l i t y  measured with 
r.t.slx;.ct t o  a hydrogen maser was 4 .8  s 10- * /t , which seemed t o  be l imi ted  by 
the  maser stability[lZ]. 

3 ,  De\rr?lolm~ent of a T i r ~ ~ e  Transfer Systeni V i a  Space L i n k s  

The o v e r a l l  t i m e  t r a n s f e r  using space l inks k t w e e n  RRL and other organiza- 
t iuris is shown in  Fig. 9 which appeartd as t h e  cover page of t h e  Proce~ding of 
the  IEEE i n  January 1986, although some of t h e  s t a b i l i t i e s  arc modified arid 
d i f f ~ r c - n t  froel t h e  rf:al ones[ 131. The time transfer l i n k s  consist  of  three 
cdteguries - t h e  durr~estic l i n k ,  t h e  Asian l i n k  4 the US/ E w a p a n  l i n k .  

We d e v ~ l o p t i  a GPS rece iver  t o  make i n t e r n a t i o n a l  t i m e  comparisons on a 
rout i r i t?  basis with t h e  LISKO under a c:ornrnon view schedule and have been sending 
t,hc~ data to t.he R I H  s i n c e  August 1984[14,151. Errors i n  the  software have 
recen t ly  k e n  detec ted  and c o r r e c t 4  t,o remove a diurnal v a r i a t i o n  of about 
100 nu ( p t p )  , which af P ~ x - t d  the i ~ ~ t r r ~ n a t i o n a l  t i m e  comyxirisnn r ' e su l l s  w i th  
L ~ I I I ~ ~  step5 US a f ' c ~  terls I L ~ L I ~ U S ( : C O ~ I ~ Y  (f'requericy steps of' less tklar~ 10- 1 4  

i i v r ~ . t t g c 4  ow:r 2 mont,ti~ ) . Tr.ansp)rtat ion of a clock turd a (3PS receiver have 
betm conducted once a nionth hetween RRL and the Tokyo Astronomical Observatory 
( A )  . The  average delay  d i  f ft:rr:nc:u o f  t,he RRL fixed receiver arid t h e  TAO one 

w a s  r s t  inuted t,o be abut 20 ns, but  t h e r e  w a s  a discrepancy of 60 ns o r  rnore 
o r r  w i t l i  Lhe r e s u l t s  of thc c l m k  t r i p s  whose accuracy are less tharl 10 
rls1161. This shows an accurbacy l i n i i t  of the  GPS r ece lve r  t r a r l s p r t a t i o n  method 
whc-rl d i f f e r e n t  t y p s  of rece ive r s  are use us i n  t h e  case of our  cxywrinients, 
Fr.equer~(:y s: tabili t ies of IJTC(FEL) -U1E (USNO) v i a  G R  satellites #6 arid $9 are 
sfl~\~tl in Fig. 10, frorn which the precisLon is estimated as around 15 ns.  

A t i r n c  transfer receiver. to receive t h e  ranging signal at  a frequency of 1.68 
GI42 f rrorn t he  Japanese Geostat i onary Meteorological S a t e l l i t e  (CNS ) w a s  a l s o  
dt.v~.lolx.d urld use fur. time t r a n s f e r s  in t h e  Asiarl-Oceanic area. A preliminary 
c.xper.irncrit of I, io1c1 c-or~~yx*r*i sons between RRL and the  Nu tional Measuren~nluriC 
hborat.or.y ( N P L )  of CSIRO i n  Austra l ia  w a s  coriducted i n  June 1985 f u r  orie 
~sor i l l  by r . ~ : e i \ ~ i n g  four tinies a day the ranging signal phase-modulated with a 
200 kilx toner171 . Tilt data irlclude the pak- to-peak  d a i l y  v a r i a t i o n  of about 
100 ns due t o  a propagation e r r o r  i n  t h e  o rb i t  deterniination, which is made 
oricr: a d a y  a t  LTC (I ( Fig. 1 1 ) . Since February 1986, t h e  t i m e  comparison has  
l w  .15rl ( J n r ~ o  on a  out i r w  kwsis, Fig .  12 shows the frequency s t a b i l i t i e s  of t h e  
t i me con~pir  i sons n ~ d e  i n  Ju ly  arid A w s t  1986. The prec is ion  of the  l ink  w a s  
~sl,in~it.(d as abut 20 r i s  by using hydrcxen masers for  the signal recept ion  at 
both sites l r l  Ck't,oker 1986 t o  r d u c e  t h e  e f f ec t  of t h e  clocks used as much as 



pss ib le .  It turned out t h a t  the precision would alrnnst come from the  o r b i t  
kt,ermination error, Shanghai Observatory and t h e  Korea Standards Research ln- 
s t i t u t e  are going to  join 1,he exy~r iment  i n  e a r l y  1987. Technical cool>c+r.ations 
lave b c n  d e  for  t h r s c  organiza t ions  t o  develop t h e i r  C;MS rrcci~~ers,  Now a 
smaller rcceivcr. is k i n g  dcvclopd a t  KRL for  ex-periments on rcct-.iver 
t ranspor ta t ion ,  

V(?ry precise t i m e  transfer experiments using a Very Long Basrbline Liter- 
ferometer (VLBI) have teen conducted wi th  t h e  IJSNO about once a month s i n c e  
D e c e m b e r  1984[18],  Precis ion  of about 0 .2  ns  and an accuracy of about 10 ns  
w e  obtained. The accuracy is expected t o  br? much improvd by the  experiment 
done a t  USNO i n  October 1986, i n  which a small VI,RT r e c ~ i v c r  from RRI, w a s  
transported t o  t h e  USNO t o  measure t h e  delay diffcrer~ce of both receivers 
accura te ly .  Shanghai Observatory and o the r  organiza t ions  equipped r g i  t h  \TBI 
syst,erns will j o in  t,he t i m e  t r a n s f e r  e x p r i m e n t ,  

Sprcd-spectrum t irne tr'iinsf er e q u i p e n t  has been ricswl y det~elor~~d to us& 
for two way t i m e  t r a n s f e r  via  t h e  domestic commicat , ion  s a t e l l i t e  PS-2 wi th  
both prec is ion  and ac:curacy of a few nanoseconds by using a mobile 
stat , ionj19J.  The CS l i n k  is going t o  be used w h ~ n  ncvessnry for w r y  accurate 
t i m e  transfers such as the t i m e  synchronizat,ion between the  Kashima s t a t i o n  
and the  RRL Hendquart,ers i n  the  W31 t i m e  trcmsft;.r cxix_.rimcnt,. RRL h a s  h c n  
conduct,ing time t r a n s f e r  experiments w i  tdh dornest,ic organizii ti nns  v ia  a TV l i n k  
with the  Japanese brualc 'aut ing satell i te BS-2 once a weeli s ince  t he  beginning 
of 1985. Prec is ion  of 20 n s  or less and accuracy of about 100 ns  are a t t a i n e d .  

4 .  1Jp~jradin.g of t h e  Standard Time and Frecquency Trar~srnission Sgstc?m 

e da ta  acqu i s i t ion  arid processing s y s t e m  for t h e  atomic: c1w:li.s was u p g r d m l  
c,n 1 Cktober 1986 t o  :A high  pl-fonnance computing systunr. The remote oont,rol 
sys t  thm for  t h e  JJY and ,JG~ILS t r a ~ s m i s s i o n  sys t ~ n i s  is also being upgraded as 
part of a five year plan. A real-time atomic t i m r  - an e n s ~ r n h l r  nnr - is gtxn- 
C T ' H ~ ~  f o r  a check of I E ( R R L ) ,  and i n  the near f u t u r e  m y  be us& as L W ( R R L )  
ins tead  of t h e  steered master clock. 

5 .  Conclusion 

Recent a c t i v i t , i e s  an t i m e  and frequenc.y a t  RRL were r e p r t e d .  The GMS t i m e  
t r a n s f e r  l ink made possible f o r  the  f i r s t  time t h e  d i r w t  time com~kzrison h:- 
I w e n  RRL arid NMl, i n  Aust ra l ia .  Fur-Mler cf f o r t  :: for  improxrrrnen t of the  t i m e  
t r a n s f e r  lidis and t h e  atomic st.andaxr3s a r e  b e i r g  corltinutd. 
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' ' llexapole state  se lector  niaynet ' ~ u i d i n y  f i e l d  . 

F i g .  1 S t r u c t u r e  of RRL Cs-beam primary frequency s t a n d a r d .  
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F i g .  2 Power shift characteristics; compared experimental results 
with calculated ones (straight lines and dashed lines) 
for d i f f c r c n t  velosity beam. 
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Fig. 3 Structure of the Majorana state s e l e c t i o n  
for RRL hydrogen masers. 
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Fig. 4 Frequency stability of RRL hydrogen masers; with free- 
r u n n i n g  c a v i t i e s  f o r  t a u  less than 1E4 and au toma t i ca l l y  
controlled cav i t i e s  f u r  tau larger than 1 E 4 .  
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F i g .  6 Rlock diagram of the experimental setup of the i o n  
s torage  frequency s t a n d a r d .  



Fig. 7 Schematic diagram of the mirror  configuration f o r  the  
l a s e r  cooling of  the  atomic beam. 

F i g .  8 Cross-sectional view of the 9.2 GHz 
niobium sphe r i ca l  c a v i t y  f o r  t he  
superconducting cavity s t a b i l i z e d  
o s c i l l a t o r .  



Fig. 9 International/domestic 
time transfer links 

of RRL, using space links such 
as Global Positioning System 
(GPS), Very Long Baseline 
Interferometer (VLBI) , Geo- 
stationary Meteorological 
Satellite (GMS-3), Communi- 
cation Satellite (CS-2) and 
Broadcasting Satellite (BS- 
2). 
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Fig. 10 Frequency stability 
of UTC(RRL) - UTC 
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Fig. 12 
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Fig. 1 1  Time comparison result of U T C ( R R L )  - UTC(NML) via GMS-3 
obtained on June 18 to 28 in 1985. The triangle marks 
are calcula ted  with only  t h e  ephemeris data  a t  UT 0 on 
June 18, showing the error propagation due to the orbit 
determination error with time. 
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a GMS-3 ob t a ined  i n  A V E R A G I N G  TIME ( D A Y )  
August in 1986. 




