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Vcry long bascline intcrl'rromctry (VI,BI) is a tc~linicluc wliich was developed by radio 
astronomers f'or invcstigaling small angt~lar tc:itirres In galnutic and exttagulaclic radio 
soul-crs. 1l';rn intcrfcronlelrr is fort1ic.d I'ronl two separate clcmrnls illot~g 'I I)asc.line vector 
- 
l3 ;und opt,raled at w;~vclengtli A, ~ntcl-fcrencc fringc5 will ~.csult wrlll :In : ~ n g ~ r l ~ i -  scp;lralion 

O = X/lEl radians 

= 1,06205 h/l% I seconcls nl'art. 

l'or Ihr Goltlrtonc--Haystach ("Goldstack") bnscli~\c wtiic\r w ~ l l  hc. ~ I S L \ I \ S U ~ I  I:~ter, B 2 

4000 krn arid h = 4 cni, 50 I j  -7 1 O-Y J.;IC[I~II:, - 7 ~i i1111~~~0r tc l s  01 ;ITL The r c s ~ l t ~ ~ n t  l'ringc.5 
may bc thouglrt of as Dopp1t.r "beats" resultir~g f:-uln Ihc  :Irl'lcr.ct~t~;il vclui~lit , \  ol ( h c  L , f i i  

tiorls wlicn viewed from tllc sourc*r. 'I'lie rcslrlla~it Sr~ngr; frrrjtlur~r;!i varivc, :I. :I tlrurrlnl 
?inusold which has a max i m u n ~  frcq ucncy (wlicn tllc bu\rlr nc. 1%. ''l)roucEsidc" 1 0  Ihr court.e) 
0 l' 

13' cos 6 f z -  - 
1371Yh [ I r  

w11c1-c R'  is t t ~ c  cqu;~torial component of tllr b;isclinc and 6 i s  tlic cLc~.llr~;ition ul  lhc. source 
For sourccs a t  low clcclin;~lions, the G o l d ~ i i ~ ~ k  intorfcronictcr has  I'riilgr r:~tc\ of 2 7 I:HL. 

An intcrfcro~xlcter will respond only 10 si;rnals whtcii arise Zxom soul-ccs \r-nallcr I l~drl  n I'linge. 
Tllc various \ourccs wllich llnvc apl~arcni  angu1:lr si~e:, :,r;isllcr tli:trm ', I milliscconrl o!'r:rz 

i~rcludc 

Nuclcii of quasars and ccrtain peculiar galaxies 

Maser-like galactic sourccs cnlitting in  thc OH ( X  r 18 c111) arid 11,O ( X  - 1.35 c m )  
spcctral lirics 

Pulsars 

Man-niadc sourccs s u ~ h  as satclliles and lunar 1)cacorls. 
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Figurc 2. Si~nplified black diagrarn of an interferometer 

A wavcfrorit f ro~ri  tlie source arrives a t  the left-hand station .r carlier than at  the right-hand 
6 

station, where 

c ~ ~ ( i ) = B .  S ( t )  

Our antennas have effective collecting arcas A, and A,, so the voltage indi~ced by the 
source will be proportiorla1 to the incorning wavc's clcctric field by 

V, a E~ c2nift 

V Z ~ G  EO e 
2 ~ r i f ( t - ~ ~ )  



converted to  a convenient intermediate frcqucncy (IF). This is done by heterodyning with 
3 local oscillator at (I frequency u o ,  where we permit a phase shift Go (which may be time 
variable) t o  exist bctwcc~l thc local oxillator sources. ?'hereSore, tlic outputs f'roln the IF 
converters will bc 

jr', 6 E(, c2ni(f-r,,)t 

11' Ihe signal In the 1t:il-hand clinnncl 1s now delayed by r' (wIltcli 1s nominally = T,,), t:lC1l 
0 

v, " CL ' c-2n1(f-fo)r'  a & c ? n l ( f - f ~ , ) ( t - ~ ' )  

V2" = V Z r  

Nutc  t l l ~ t  the pliasc shift nf  the delay I ~ n c  r '  cntc.1-s at tllc rntermediatt. (1-cqurncy (f-fo; 

The cross corrclatol- rnultiplics t Ilu two signals V, '"and V, - ". 11' \ye assume that only tlic 
difi-r-ence tcrnls are passet1 1)y tllc bandpass I'ilter, i.e.. frcclucncics of - 'I;, = ?if-fc I 

arc s t leni~ated,  t1ic11 

'I'hc "'A" Iern-i I-c~rrcscnts th;: frit~gcs. since it 1s ti?? varialion ol'ir,, with til-nc !!,rat rcsu!th i ~ :  

a periodic sir~usnidsl interft-rence paltern.  Nuit: ::hat wile11 thc dclay line r' i s  '"tr ~ i c ,  -,l.r=d" L ,U 

with 7 I T  i s  the local oscillator lrccltrrllz~ fi). 2:td not fhc sjgnal frec1~1enc.y I' which  cl~siribcs 
R ' 

the fritlgcs. 

Irx ordcr to convt:rl~crltly pruccss tlicsc' tlr.lnjics. wc ncxl slow L11er-n d o w n  f~rrtllcr by rclrlov- 
ing Ihe nor-ninal fringe frcqucncy i'r whcrc 

By suitably "scarcli~ng" about 1; we LYIII delinr the tluu 1'1-lngc f r u c l ~ ~ c n ~ y  f,. T Af. S ~ n c e  the 
output from this last hctcroilylllng opcr,ttiun rs at d ~ .  we can now ~ntegrate Sor long periods 
of tirnr. Wc arc limited by the time inturval t c  of the "C" term ovcr wli1c1.1 tlic local oscll- 
lalors mainlain cohercncc, i.c., when < So ( t  + t, ) - ( 1) > - 1 radlan. Tlzc ilnccrtain ty 
principle dictates that the fringe t'l-etlucncy can bc ~iicasiired with a ;iucuracy of 
-(27r X integration time).', or  about 1 tilHz for our norrtlal threc-~ninule recorcling ttme. 

The "B" tern1 dcscribcs the plicnornenon of' the "white-liglit" fringc, which we ~ n o r e  
propcrly call the delay resolution function (LIKF). I11 general, we obselve a band of noisc 



frcqucncres, and not a discrete, unique frcclucncy. 1;or the extragalactic radio sources, the 
intrinsic radiat~on is so broadband that i t  may be considered as iuniSorr-n over any realizable 
passband. ( ' lhc OH and H 2 0  sourccs in our galaxy and manmade sources in general d o  not 
meet this cntcrion.) 

If each of the IF converters had a filter witli a power response G(fiS), where f if  = f-fo, then 
the response of the corrclator to broadband sigliuls wo~lld bc 

where AT = T' - T . The latter relation should be recognized as the Fourrer transform of the 
R 

response function G, measured in residual dclay (AT) units. Wc cull the cnvclopc of 
Rr(Ar)  tllc DRF. It  has a charactcristlc widtlz -- (27r X bandwidth)"' . For a rectangular 
passband of width AF, , the DRI; will have the form 

which is - 3 psec wide for our normal 3 6 0 - ~ H L  rccording bandwidth. In order to narrow 
thc DKF, wc lzave developed a technique of synthcslzlng a witlc b;ltidwidtli (Kogcrs, 1970; 
Hjnteregger, 1972; Hintcrcggcr ct  al., 1972) by secluentially sampling a nur-r~her ol' di\crete 
360-kHz bands over a range of up to - 100 MH7. Figurc 3 shows an obsct-vcd DRF 
utilizing the C;oldstack configuration with five switching stcps over -40 MH7. Note that 
the delay AT can c;lsily bc nle;rsi~rt'd to a few f~drl~secorids ([is). 

Lct us br~ct ly  dcscr~be the actual VLBl rccord~ug systcm Wc use adaptal~ons ol thu 
"Mark-1" rccording systern developed at the N,itron,~l Radio Astronor-ny Ob\ervutory (L)l,~rc 
e t  al., 19h7). ' l h n  system rccords 360-BHL bn11dw1~1tli t~oisr  :~t  a 720 khps rate o n  o r d ~ n ~ i r y  
seven-track, 800  brtcs pcr ~nc l i  cotiipi~ter tapes lilnnlng at 150 rnclics pcr \ccond 1)al:l 1s 
blocked rnto 0.2-second rccords ( -  140 kb) ,  .~nd thc t~rllo , ~ t  wlitch cacll blt was sar-nplcd 
(a t  a 1.4 ysec rate) 1s known to  a few llundrcd 11s wltli rc\pcct to a local UTC c l a ~ k .  Tapcs 
are started at each statlo11 on a nominal (and prenegot~atud) ~uulu tc ,  3nd tnpc formatting 
(record ~ o u n t s  + bit counts w~th in  a rccord) c\t,lhlrsl~cs synChroni~atloll .  T ,~pr s  arc tllcn 
brought together at  a latcl ~ I I T I C  dild Arc playcd back o r )  O J I  nrdrilary dlg~t'il computer. Thc 
uo~nputcr  calculates a priori values of .r and i changes the bll ,111gl1lnunt by r' '- r + n 

R K' g 
l ~ t s  (where 11 = 3,7,1 ,0)  to dlow for t l ~ c  fill~tc: w ~ d t h  of tllc I )RF and sornc clock rrrors, 
and c ro \ \ -~o r rc l~ tc s  the btts. Fringe rates (fir;E) arc tlicn removed by p11n\r rotations otr 
the c~os,-correlation valircs. Sinall rcsldual Af's are rneasurcti hy acitiil~onal ol'l\eL 
'boscilliltors" (actually by pcrforrn~ng fast Founcr transf o m \ )  and be\t-fi t valuos of AT, 
Af.1 RI and Go (t) arc derived. These computer programs have been irnplerncrltcd for IRM 
360 co~npirters here at GSFC', where the bit correlationq are donc In software, 'lnd for Ihe 
CDC 3300 computer at Haystack, where the b ~ t  corrclat~ons arc done jn a hard-w~red 
~ntegratcd-circuit correlator. 
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stability lcvcls of - 10.'" arc cIc.sir;lbl~~. 

111 order t o  ncliieve tlicsc 1t:vcIs o f  s t ~ ~ b j l i t y ,  we L I C ~ ; I I I  ~'oll;ibor;~ling wit11 Mr. 1-1. PctcrS of 
GSFC' tilore than four  years ago on deploying hydrogcn mnscrs t o  radio a s t r o n o t ~ ~ y  obscr- 
vatories, a n d  on ~i iaking masers a n d  the  associated local oscillator ml~l t ipl i r rs  more stable 

;ind reliable. M r .  Pctcrs has made available two older V:~riarl 11-10 nlttscrs which now resicic 
a t  Greenbank, Wcst Virginia, and a t  Haystack, Massauhusctts. t l is  NP niasers have bccn 
successfully useci a t  Haystack; Owens Valley, California; Fairbaliks, Alask;~; Maryland 
Point,  Maryland; 'I'idbinhilln, Australia; Johanncsbtrrg, South Africa; Madrid, Spaill; and 
soon Onsala, Swcden, for  astrunol~iical VI,Hl cxpcriments.  M~iscrs built by 1)r. Vessot of tlic 
Smitlisonisn havc bcen used at  Agassiz Observatory, M ~ l s s ; l ~ l ~ t ~ s ~ t t s ;  OWCIIS Valley, C'alifor- 
nia;  rind Madrid, Spain; while l-nascrs b~ri l t  by Dr. Sydnor  o f J P 1 ,  are regularly used at  the  
Cioldstune 2 10-foot tclcscope. lliiystack owns another  H-10, wliich has Iwcn ~rscd for radar 
and VLRl l i ~ r  a n~rrnbcr  of yuars. 'l'hc C'a~iadian V1,Hl tcarn owns  two 11-IOs, wllicll they 
liavc i ~ s e d  extcnsivcly. Apologies arc offercd t o  t l ~ ~ s c  w h o  1i;lve been slightccl h y  omission 
fror-n this list. I t  s I~o i~I ( i  !)c c1c;lr tllat VLBI rctluircs tlie hcst st:indurds :~v:~ilable, ;inri is 
o n c  o f  tlic major ilscts of tliose thiit ;trc available in the ficld. 

I n  Figurc 4 wc: show thc pliasc slahility wllicli wt, ;~chievc wit11 liydrogcn tllascrs a t  X-hand. 
To form this plot wc have ren~ovcd  thc a priori fringc p l~asc  dirc to  tlic source-interlro- 
meter  geometry (27rf;, +,,) and a 5 X 10-" 1itne;ir offsct. T11c dottcci linc sllows the trend 
of t l ~ c  1ric;in p l~ase  as dcicrlnincd from thrcc-niinulu o1werv:itions. '1'111. sliorl solid lirles 
show thc phasc trcnd during c a c l ~  tl1rr.c.-minute rlln. 'l'llc data  span 42 mit~utcs .  No  correc- 
tion for phasc rioisc* clue to  the ~ lcu t ra l  atmosphcrc was possible for thesc data .  ' 1 ' 1 ~  iono- 
spheric contr ibi~t ion shol~lri  !~c ncgligihle. Thcsc cl;~ta sllow thrce distinct rcgions. Iltlring 
tllc first liall' two slopes appcar, zero :inti -3 X 10-' " .  The last hillf l ~ l ;  a constant slopc o f  
+4 X 10-' 4 .  'I'lic ~1i ; is~:  dtlri11g tllc t l l rcc-~nini~te  1.1111s ('its tllc lorigcr tc i -~n curve wcll cxccpt 
for "gli tchcs" ;it - 0 7 2 0  IJT and 0735  IJ'T. 'l'licsc! short t r : i~is ic~~ts  could e;isily bc due  t o  
cloucls passing througll tlic beam of  onc of the tclcscol~cs, since the pllasc sccms to  return 
t o  the mean linc after a Sew mintitcs. 
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Somc s~milar plots obtained with rubidium standards at  rneter wavelengths are shown in 
Figures 5 (f 'ro~n Ericksoli ct  al., 1972) and 6. Most o f  tllc phase noise at these low Fre- 
clucncles is due to the ionosphere sincc thc stability required to givc a@> 2 I radian is 
only - 10-I ' . 
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Figure 5. P11as~ sIiihili(y plots with rubidium standards. 
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Figure 6 .  VLBl phase stability, 196.5 MHz, December 19, 1971,3C287+ 

RESU LTS 

Let us now discuss sornc of the more interesting results from our VLBI progral-n. 

( 1 )  Structure of Quasars: We began using tlic Goldstack configuratiorl in the fall of  
1970. Our initial cxperirnent was to  be a test of  general relativity by  measuring the change 
in position of the Quasar 3C279 as i t  is occulted by the s i ~ n  (this is an axi~lual event and has 
become our "Oktoberfest"). As a surprisc t o  us, we fo~ lnd  that 3C279 showed significant 
fringe anlplitudc variations (see Figure 7) which coilld bc interpreted i n  terms of 3C279 
being an equal doitble source with a separation of 1.55 + 0.03 rnilliseco~~ds of arc (Knight 
el al., 1971). When wc repeated the expt.riment four months later, the spacing between 
componc~its  had increased to 1.69 * 0.02 ~nilliseconds of arc. The resultant expansion 
rate of  1.2 microsecond of arc pcr day corresponds to t c ~ i  tiines the velocity of light if 
3C279 is at  the distancc (- h X l o9  light years) indicated by its rcd shift (Whitney et al., 
1971). Since this startling discovery, a nunlber of other sources liavc also bcen observed 



Greenwich sidereal time (hours) 

Figure 7. Significsrit quasar frir~gc arrlplitude variations 

to  changc their s t r n c t ~ ~ r e  o n  sliort timc scrjles and a s y ~ ~ o p t i c  observing program k n o w n  as * t-tic "Quasar Patrol" llas been set (11) to  study these pllci~omciin (Shupiro e t  al., 1073 ). 

( 2 )  Qkodcsy 2nd Astrornrtry: VT,RI slio~vs greal prurxiisc: ol'heing able to pcrfi)r-m geo- 
dctic r -neasurc~~~cnts  over lai-gc rlist;~ncrs t o  :~ccuracies of bcttcr th21n onc ~ltctitr. Hccausr: 
of our  inability t o  rneasurr thc phase offscts of  the indepcr~dcnt loc;~l oscill:~tors [d lo  ( t ) ]  , 

we will firid i t  dif'fiuult t o  work to tllc lcvcls of a fmction of a fririgc in  angle (5 1 cni in 

length) directly. However, wc can observc tllc fringe p1l;tsc (In I'o T,,) eitlicr as  a function of' 
time to dcfinc the frirlgc ratc 

o r  as n function of frequency t o  dcfi i~e the groilp delay 

independent of the value of q j o .  

A least-scl~~arcs fit on I f ( t )  aritl/or T ( t )  for data spanning a number of  Ilours of time on a 
g 

nurnber o f  soilrces per~-nit\ tllc separation of thc baseline and source geometry terms. We 

have demonstrated (Hintcrcgger e t  al., 1472) that wc can perforrn geodetic measurements - 
a t  tllc - 1 rnctcr lcvcl in the Icx~gth of' B and a few meters in the orientation o f R  and our  





I SUMMARY 

I 111 summary, VLBI is finding applications in a number of distinct areas, including 

I Astro~iolilical studies of quasars, pulsars, and so on 

I Tests of  f~~lnd;~mental  physical laws 

I Satcllitc tracking 

in ordcr t o  perform VLUI measurcrnents we 11ccd precise tirnc and frequency standards. 
VLDI has been olic of the main driving forces in the developtrlent of field-operational 
hydrogcn masers. VLBI in rcturn shows prolnise at aclzieving operational lime and fre- 
quency coordination on a n  intcrcontiliental basis. The co~ltirltlud progrcss of the technique 
requires tllc close cooperation of radio astronomers atid tlle engineers developing :iclvanced 
s tandarrls. 

' Ihe work described in this rcporl reflects tlie combined cfforts of a nutnber o f  indivitluals 
at  a rlulnber of institutions. Tt woi~ld be f ~ i t ~ l c  t o  try t o  list tllelll all, but t l ~  MlT nierrlbcrs 
of our  team (consisting o f l .  Shapiro, A. Rogers, A. Whitney, H. Hintereggcr, C'. Knight, 
D. Koberlson, and a number of others) have spearlicaclcd the geodelic ancl a s t ro~ne t r~c  
work described licre. They dcrivc financial support from llle NSF arid ARPA. 
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