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ABSTRACT 

The resul ts  from n total of a c lo~cn transcontinental and intercontinental VLBI 
cxperinlents urill he rliscusscd. Parl icular  emphasis will be placed on: (1) thc 
inferred behavior of the frecluency s ta~idards ,  usually hydrogen m a s e r s ,  on time 
sca les  from 10 to 10hscconcls; ( 2 )  the estirnnted celestial  positions of the oh- 
served radio sources;  ( 3 )  the determinations of the vector baselines; and (4) 
the inferred values of polar lzlotion and 1-'r. 1.  

By now VLBIis a11 hut a housel-lold wnrci. Although lofty promises hclcl out of 
centimeter accuracy geodesy and milliscconrl-of-arc accuracy astromctry have 
not yet been fulfilled, we have lllnclc much progress  in the  las t  two years ,  We 
present  here  the most  recent  resul ts  obtained by our  group. 'I'o be precise ,  
our group i s  a shifting anlalgnln of people ant1 organizations who join together 
to  do a particular cxpcriment; to l i s t  nll the individuals and their  affiliations 
would nearly take up al l  the allotted space. Suffice i t  to say that, together with 
our colleagues a t  MIT nncl at  the Haystach Observatory, * we bnva played the 
major  role  in organization, ecluipment rlevelopmcnt, and data processing with 
invaluable contributions by represenlatives f rom the L niversity of Maryland, 
the National Occrtnlc anri Atmospheric Admmistration (NOAA), the Je t  Pro-  
pulsion Laboratory (JPL),  ,ulcl the I h s a l a  Space Observatory in Sweden. 

EXPERIMENTS 

Our results come from a number of experiments,  a11 conducted a t  a radio f rc -  
quency of about 8 GHe: 

1. Goldstone (210') - Haystack (120') 
April 1972-March 1973; nine separate  (51 (lay) experiments 

*C. C. Cu~rnselman, H. F. Hintcreggcr, S. M. Kclit, C:. A .  K n i g h l ,  D. S.  Knbcrtsor\, 
A.  E.  E. Rogers, and A .  K.  Wllitney. 

3 3 



2. Goldstone - Haystack - NOAA (85', Alaska) 
a May-June 1972; two separate  (0.5-1 day) experiments 

3. I-Iaystaclr - Onsala (84', Sweden) 
April-May 1970; two separate  ( 5 2  day) experiments 

4. Haystack - Westford ( l i O T )  - NRAO (two 85', West Virginia) 
January-October 1972; two ( 5 2  week) experiments. 

The types of resu l t s  include vector baselines,  clock epoch and ra te  synchroni- 
zations, polar motion, TJT. 1 variations, and as t romet r ic  positions of radio 
sources.  We omit f o r  brevity the resu l t s  we have obtained-using exactly the 
same body of data-on the  s t ructure and variability of extragalactic radio 
sources.  W c  also omit the resu l t s  f rom Goddardls extensive VLBI program 
a t  me te r  wavelengths, and mention only briefly our tes t s  of the theory of gen- 
e r a l  relativity. 

The capability for  the determination of a l l  three components of each bascline 
vector,  a s  well a s  f o r  the accurate  determination of the declination of sources 
near  the equator, is dependent on our  g ~ ~ o u p ' s  development and u s e  of a wide- 
band synthesis technique that allows u s  to measure  unambiguously the actual 
difference in a r r iva l  t imes  at the s i tes  of the signal f rom the ex t ra te r res t r ia l  
source being observed. A s  we shall  see,  our  uncertainty in these rneasure- 
ments  i s  at  the sub-nanosecond level on each individual determination. 

BASELINE RESULTS 

In Table 1, we show the baseline resu l t s  f rom al l  nine of the separate  Goldstone- 
Haystack experiments. Note that the bascline-length determinations a r e  con- 
sistent to  within about 25 cm. The two baseline-orientation parameters  show 
consistency only to  within one to two meters .  

In Figure 1, we show a "sample" of the post-fit residuals fo r  observation of 
two sources from the August 1972 experiment. For  reasons that we do not yet 
fully understand, this  experiment yielded post-fit res iduals  with the smallest  
systematic trends. 

In these baseline determinations-each was car r ied  out separately and involved 
only the delay and delay-rate data taken during the course of that individual 
experiment-we solved f o r  the following parameters:  the zenith electr ical  path 
length of the atmosphere at each s i te ;  the clock epoch and r a t e  offsets; the three  
components of the baseline; and al l  of the coordinates f o r  the 7 to  11 sources 



Table 1 

Preliminary Coordinates from Nine Experiments to  Determine 
the Goldstonc-H:iyst;tclc Baseline": 

Wcigbt ccl Avt: r.:i~e 
1 weigktcti rims 
sprcxd of sul.l~l.iorls 
ahout thc wcigl-~Lccl 
mean 

''rl-ie rbe[er'ence pnirlt :it hoth 1T:lrrst:ick :mil (;uitliil,,llc~ 1s t.l~tl i!ltt-~~.scctic-)n of thc :~zinliith :inti 
elt~vnt.io~i nxes nf thf antcim:i. I'hc t1:1s~'jin(.~ ~-c:i'tor jioi11t.s 1'r.o11; l I ~ ~ s t . ~ i c l ,  LO (ioltlstone. 'l'he 
hour  arlglf i s  rncasuricd f rom thc: TT:1\,*1.:1(*l< !ilct'i~li:>ll, ili~l:ir~rtl I ) \  thc Intrrnational L3titLltl~ 
Service rriean pole of  1 I-)OO-(j;l; tllc rlcclin:iti~:)n i s  rncbisu rcci fr.or-ri I.hi: ]~l ; - in t?  !.hiit. pfisscs 1111-ough 
TI:]\-slnrit nritl i s  pat*allrl lo the r t i~~atcrr  i!efincti Lv this m.c:un rnolc. Thr. ~~nt:crt : i int . ics shown 
a r e  thc f(j1:1~131 sf.;~rl(l:ir'(.l C ' I 'TCI~S,  / ) : i s ~ d o ~ i  3 ~ a l i l e  nf i~ni tv  for thc: \icigiltctl rills of thc post-fit 
r*esicluals. 'I'he cclortlinates !iescritjin:: the basclint:. [ i i r ~ c t i o n  arc. clcarl l-  hcing :tffcctcd by 
sys temat ic  e r r o r s  ( see  lexl), 

+ '111 this cxpexhi~ncl~l ,  f o r  : ~ ~ ~ o t h c r  p\lrposc,  ila.ll: of iiic 1init1 n n s  11tilize(.l Cor. specinl obsrrvn- 
tions of two source  pairs, thus :~ccnunting ffnv the relat ivrly I:~.rgt: e r r o r s .  

,+Note that 10-(' h r  -1. 0 m :mil 10- ' (leg '0. (i'i 11; f( .)rs  t , h i ~  hasclinc. 

observed in a given experiment, save the right ascension of 3C273 which was set  
in accord with the resu l t s  of Hazard ct al. (Nnturc Physical Science, - 233, 89, 
1973) from lunar occultatio~l data and optical photographs. Since the VLBl ob- 
servations of extragalactic radio sources :ire extremely insensitive to thc ear th 's  
orbital motion, we must choose an arbi t rary origin f o r  r igh t  ascension. Ttle 
choice of the value of IInxard e t  al. fo r  3C273 should provide us  wit11 u good "tief '  
to the FK4 system, to which conventional astrumetr ic  resul ts  art! referenced. 





The resu l t s  f o r  the antennas in Alaska and Sweden a r e  much poorer  than the 
"Goldstaclr" results,  pr imari ly  due to reduced sfnsitivity. Both of these s i tes  
u se  only -85'-diameter telescopes which have surfaces designcd f o r  operation 
a t  frequencies much lower than 8 (>Hz and wc have had t o  content ourselves with 
10 to  20Y antenna efficiencies. Thc receiver  in i l lasha was also poorer ,  with 
a system temperature of z~hout 300"TC instencl of the 25-ljOOIC we 1i:lve on the othcr 
telescopes. Thus, we find that tlie l~nscline-lengtl~ tleterminations he re  have 
uncertainties of a l~out  2 m instead of the - 25 crn uncertainty f o r  the Goldstack 
baseline. 

One interesting fact is that the anleiixla in Alaska has  an X-Y mount, with two 
horizontalnon-intersecting axes. \Yc moclcllccl the offset hetween these axes ant1 
solved f o r  i t  f rom the rclevru~t VLBT tlata to provide a good independent check 
of our results.  (This  procc~rlure i s  almost cc~uivalent to  moving the dish n 1;nown 
arnounl ancl seeing how well thc offsct c:jn I)e c1ctcnnin~I. j  Our resul t  was 
(i .  3 =0.9 m for  the distance hctween the axes,  a s  compared with the t rue  valuc- 
scaled from the original telescope plans-of 7.23 mctcrs .  

In Table 2 ,  we present  the epoch 3 r d  r a te  olfscts rletermi~icd for  the Golrlstncic 
experiments. IIerc ngain, the e r r o r s  a r e  Formal standartl c r r o r s  based on 
scaling the wcighterl r m s  of the post-fit residuals to  unit). Thc ra ther  lxrge 
r a t e  offsets a r e  due to the E:xct tX1:tt tlie l i~drogcn-maser  stxndard at Goldstone 
was se t  "off-frequency" durin:: most  of 1972. The cpoch e r r o r s  reflect cliffi- 
culties in  a pr ior i  synrhrcini zation at ( 2  ol(lstone, where Loran-C i s  unavailable. 
IIaystaclc nncl the other stations ro~ltincly synchronize clocks with Loran-C to 
within 1 to 3 pscc. 

POT,AR MOTION AND UT. 1 

'l'he Goldstack data, bcing the most accurate,  a r c  hest  suited for  est imates  of 
polar motion and variations in UT. 1 .  (Note,  Ilocvcs-cr, that a singlc baseline 
is sensitive to only one cornponcnt of polar motion. ) To estimate these clunn- 
t i t ics ,  we used thc August 1972 experiment ns n reference since it yielcled data 
with the smallest  systeinatic trends. We combined all  the data-actu:tlly in two 
separate  runs,  each containing the At~gust 1972 data and those from four other 
experiments-and cstimnled par:tnieters corresponding lo the polar mr~tion anti 
UT. 1 differences between cach of the expcrimcnts and the A u g ~ ~ s t  1972 experiment. 



Table 2 

Clock Synchronization f o r  Goldstone-Haystack Experiments* 

Epoch Offset Rate Offset 
Date 

( ~ s e c )  (psec/sec)  

April 14-15, 1972 -5.009 *O. 002 10.88 *0.03 

May 9-10, 1972 -13.040 +0,002 12.18 *0.01 

May 29-30, 1972 -3.008 *O. 002 13.20 kO.01 

June 6-7, 1972 -28.211 t,0,006 13.64 *O, 04 

June 27, 1972 -7.717 -LO. 003 13.04 *0,03 

August 29-30, 1972 -15.320 *O. 001 14.140 ~ 0 . 0 0 1  

November 7, 1972 -2.088 *O. 001 -3.640 *O. 001 

February 4-5, 1973 -(i. 813 *O. 003 -8. (511 kO. OG 

March 30-31, 1973 4.398 *O. 001 -1.070 *O. 001 

"Results are given in  sense of Goldstone value minus IIaystack value and a r e  
re fer red  to  s t a r t  t ime of first observation of experiment. 

The resu l t s  presented in Tablc 3 a r e  s t i l l  quitc preliminary and undoubtedly a r e  
affected by systematic e r r o r s .  F rom the comparison shown between the BIH 
and USNO values fo r  thcsc quantities 2nd ours ,  we see  that the polar-motion 
differences a r e  nowhere worse than the equivalent of about 5 meters ,  ,and that 
the UT. 1 est imates  differ very systematically. But, a t  th i s  point-in-time-to 
use  an overused clichb-we would emphasize that our resu l t s  may not be the 
most  accurate,  although we expect them to bc in the not-too-distant future. 

SOURCE POSITIONS AND ASTROMETRY 

In each of thesc experiments we simultmeously estimated source coordinates. 
Our averaged resul ts ,  with e r r o r s  based on consistency between independent sc t s  
of data-and considered t o  bc conservative-arc shown in Table 4. We have com- 
pared our  resu l t s  with other determinations of high accuracy, including VLBI 
rcsu l t s  obtained a t  JPL and short-baseline phase-stable interferometer  resu l t s  
obtained in England and the U. S. We find quite reasonable agreemcnt. The accuracy 
of radio techniques has now surpasscci that available to our  "optical" colleagues. 



Table 3 

l 'reliminary Polar  Motion and UT. 1 Variations 
f rom Goldstone-IIaystacli Experiments 

We have also gathered a la rgc  amount of data, which is s t i l l  being analyzed, f rom 
our  so-called four-element intcrfcrometers.  As mentioned in EXPERIMENTS Sec- 
tion, wc have enlployed for these experiments the 120'-diameter Haystack and 60'- 
diameter Westford telescopes in Massachusetts and two of the 85'-diameter tele- 
scopes a t  the National Radio Astrononly Observatory in West Virginia. One antenna at 
each end observes source "A" while the other observes source "13". Since the anten- 
nas a t  each end a r e  interconnected with n phase-stable-link-typically buried coaxial 
cable-we may regard them a s  having identical local oscillators. Although the 
local-oscillator phase I~etwcen the t ~ v o  encls is not k n o ~ n ,  the difference in phase 
from the fringes f o r  the two sources i s  independent of the local oscillator phase. 
Usc of this difference permits ,  in principle, a very accurate determination of the 
difference in positions of the two sources.  There is only one major  problem: 
The atmospheric contribution to the phase is different fo r  the two sources and 
hence does not cancel oct unless the sources a r e  quite close on the sky. Un- 
fortunately, we can not yet present  source-position resu l t s  f rom these experiments. 

Wc have also attempted an experiment of this four-,antenna typc to  mcasurc  thc 
gravitational deflection of the signals f rom the quasar 3C879 as i t  is occulted by 
the sun-this measurement  has  become our annual Oktoberfest, In this case we 
used a s  a second source the quasar  3C273 which is only 10" away on the sky. 'l'he 
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Table 4 

Source Coordinates from VLBI Observations* 

Source 
I Right Ascension, cr (1950.0) 

I sec  

Declination, S (1950.0) 

sec 

m 

*Coordinate detenninatiol-1s I b r  which n o  unccrlairrtics are quoted were bascd oil oilly a sirlglc scr of 

obse~.vations or l ~ a d  formal erl-ors grcatcr tlian Ol ' l  ; thc crrors in these conrdinates are prohahly n o  

more, and in sollie cases cotisidcrably less, tlian 0 : ' s .  

""Reference right ascetlsion (Hazard et a l . ,  107 1 ); see text. 

data were taken in September and October 1972. Although it is now a year later,  
the data arc still being analyzed, It should be notcd that the magnitude of thc 
bending predicted by general relativity is 1.75"/R, where R is the distance of 
closest approach of thc ray path to the sun, measured in solar radii. Our data 
were obtained at R 5 20, implying a maximum deflection of 0.1". In Figure 2, 
wc show the difference in fringe phases, with diurnal variation removed, for  
one day's ok~servations. Note that 27r in phase (equivalent to one "fringe") equals 
0!'01. The major problem is to insure that the phase has no 27r "jumps" cven 
where our highly-motivated, hut lowly-paid, graduate-student tape hangers goofed 
and tapes were missed. The figurc illustrates the ease with which we can bridge 
such gaps. 





TIlE FUTURE 

We feel there a r e  several obstacles to be overcome to achieve the significantly 
higher accuracy we require: instrumental calibration, which has been mostly 
lacking to date; calibration of the neutral atmosphere, which is currently mod- 
elled theoretically with a single parameter per day per site; and calibration of 
the ionosphere, less  important at  our 8GHz frequency than at  the 2 2 G H z  fre- 
quencies employed by others, but important for the achievement of centimeter- 
level accuracies. 

At present we use only a simple solid-earth-tide model "grafted" onto the stan- 
dard precession and nutatinn effects to represent the effects of the earth's defor- 
mation. Our next theoretical effort will involve development of a morc accurate 
model for the earth's rctation, building, for example, on the work of McClure 
(GSFC Report, X-592-73-259, September 1973). We have also begun design 
studies on a system that will permit a 30-50 MHz bandwidth signal to be recorded 
instead of the currently availablc 360 kHz or 2MIIz. And we always seem to 
need more masers  than a r e  available in the world. In this connection, we wish 
to thanlc 11. Peters,  C. Wardrip and D. Kauffmann of GSFC, R. Sydnor of JPL,  
and R. Vessot of SAO for  their continuing advancement of this field and for their 
frequent assistance in getting masers  to obscure places around the world. 

In conclusion, we feel pleased to have helped to bring VLBI to its current state 
of development and hope to continue this development and thereby to raise V1,HI 
to its rightful place a s  the best measurement tool yet invented for clock synchro- 
nization, geodesy, and astromctry. 

a 
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QUES'I'ION AND ANSWHII PERIOD 

DR. CLARK: 

Any yuestions ? 

Your comment about the clock synchruni7ution on the West  Const prompts m e  to 
repent something which we had announced l:i st ycar ,  that there js now n Loran 
chain operational on the Wcst Coast,  with which one c:in make time synchroniz:l- 
tion experiments. 1 would like to encourage anyonc who has requirements o r  
interest  to contact Mr. 1,:ivanccau a t  the observatory. 

I appreciate your continued cfforts in that :irc:i, too. 

My comment was perhaps slightly wordy in that the L,ornn cnp:~bility wits not 
available at  Goldstone during the t imc of those measurements.  

e Becausc of VLBI and delays jn processing things, we n1w:iys reportcd past  
history, in the past  being typic:~lly two yca r s  back, niid we speak of it as iT it 
was now. 

DR. RTACK: 

Harold Glack, A P L .  

I notice you solve for  the zenith distance a t  each site.  T would surmise  that 
those a r e  individually ra ther  poorly detcrmincd, but that the differential zenith 
height is well determined. I s  my surrnisc corlhcct ? 

DIE. CLARK: 

Yes, the zenith thiclrncss of the atmosphere amo~ul t s  to a. couplc of me te r s  of 
path length thickness. Well, i t  i s  no more  than n couple of rnetcr*s in thickness. 
When we a r e  only doing geodesy i n  the couple of me te r  level,  i t  is not that 
crit ical.  

We do find that we a r e  able to come up with fair ly  good bits fo r  the neutral 
atmosphere. We wish we were able to calibrate it. Wc have some ideas in 
mind on how to calibrate it, but we just haven't gotten there yet. 



Remember that these stations a r e  cluitc widely separated, and typically just 
because of the fact that the Earth i s  curved and not flat, we a r c  obscrvjng a t  
rather different zenith distances. We a r e  observing on thc East Coast through 
the humidity and smog, and on thc West Co:tst through their nice, t l r y  climate. 

There i s  absolutely no correlation between the atmosphcrc in Calii'ornia and thc 
atmosphere in Massachusctts, 

So, the di:fercntinl :~.tmosphere is really just u s  poorly determined as the 
individual s i te  atmosphere. 

QUESTION: 

My comment i s  -- well, i t  i s  re:~lly a cluestion. W:tt do you feel i s  going to bc 
the fundamental limitation on VT,BI positions ? It loolis to mc a s  though the 
atmosphere i s  finally going to close in on us,  and stop us at about :I p : ~  r t  in 10 
to the 15th o r  so. So is there a future need furb bcttcr frequency standards in 
VT,EI? The best standards today were usctl on the two antenna expcrimcnt, 
docs one need that good a frequency standard'? 

Well, there a r e  a couple of typcs of cxpcriments to do source positions, which 
could use f :~r  better frequency standards. Ones which would essentially remove 
the atmospheric bins very ensily. 

Tf you could merely count thc tot:ll number of fringes during a day, cvcn if you 
missed by a couple of fringes bcc:tuse the atmosphere today was dil'fcrent from 
the atmosphere of yesterday, merely counting the total numbcr of fringes 
during the day would give us a very good position. 

Now, that would require stability of a fraction of the fringe per  clay, which is 
down in parts  to 10 to the 16th o r  17th level, which i s  ccrtninly past the state  of 
our  frequency stantla rds. 

A s  of right now, we a r e  on the hairy edge helwcen whcthcr it  is the frequency 
standards that a r c  dominating our detcrmin:ition, o r  the atmosphere. 

We need to calibrate the atmosphere better, and at that point we will be 
exploiting thc frequency standards even more fully. 

Pa r t s  in 10 to the 14th, o r  so, for  the same reasons that were mentioned in the 
previous talk, a r e  adequate for most of the dctcrminntions, but i t  i s  su re  nice 
to have a part  in 10 to the 15th, if you can get it. 



MK. RYAN: 

J jm Rynn , Goclda rti. 

1t sounds like you have solved f o Y  just nhout cvery p:trarneter that coulrl give 
you problems. T urn wondcrbing, typically, Iio\v many p:irameters a re  you solving 
for, ant1 wh:~t feeljng of -conf jdcnc~ do you have that you 11:tvc: been : ~ b l e  to 
eliminate the correlations '? 

DR. CLARK: 

Tn a l l  ca ses ,  i t  i s  l c s s  than the number. of data points. 'I'h:~t i s  my f i r s t  look, 
and it is never, any 1nor.r t11:111 wc :ihsolutcly have to lisve. J t  vrtrics from 
cxperimcnt to expcrirnent, dcpcnding on how many tr:~nsient glitches occurrrcl 
in  clocks, how bnd the ritrnosplicre u : ~ s ,  (lo we  need to parnmctcr ize it on :I sub 
(lay basjs, lhings o f  that form. 

A typic:ll number. is, oh, per1i:ips 30 o r  40 parameters  for  150 obsclrvations, 
something in  that o rde r ,  fol* n given clay. 

We do 1;eej) c:lrcful trncl; of tht. corrcl:itions bet\vccn these t e rms  in o u r  post 
prboccssing program ;1n(1 this is onc of the t l~ings that bothers us ,  nnd onc of the 
reasons why wc 11;ive been vcry conscrv:itivc~ in somc ol' o u r  c l :~ ims  on e r r o r  
ba r s .  

We do have the :~bili ty in ou r  program to apply a pr ior i  covarsiance m:ltriccs to 
the dnt:i, so  that wc can essenti:illy change t l ~ c  cvcighting jn thcse different 
parameters ,  too. But wc veyy seldom use  that. 

MK. MERRICIN: 

My name i s  A r t  Morrion. T n1n Sr30rn the 1)cf'cnso JTaT~pjng Agcncy. 

1 have n qucstion -- pcrh:~ps 1 am asking the ~vl-ong person. 

I can s e e  wllcn you flnish youlb ~ v o r l ~ ,  you arc3 gojxlg to h:lvc a rbesult, just tlic 
s ame  a s ,  say,  for  instnncc, Dr .  W r l ~ e r  (lid :it thr  University of Maryland. TTe 
had a result .  

But a f te r  he finished and published :lntl so forth, then they s tar ted expcrimcnts 
in other  pa r t s  of the worbltl. 

A r e  you or anybody e l se  performing :I s imi la r  type expcrimcnt over  the PT,ArI'Ji 
movement, s imi l a r  to what you a r e  dojng hctwcen the Pacific :inti the Nortln 



American PLATE movement? Is there something like this going on right now 
somcwherc clse in the world? 

Well, we have the one which i s  going across the Atlantic right now, a continuing 
program using the telescope a t  Onsala, Swedcn. 

I believc, that later on, you will hear the othcr VLBI group at  Goddard report 
on one of their proposed programs, which will involve just this type of 
measurement. 

We a r e  always on the lookout for new stations, and we, just philosnphically and 
historically, a r e  a very low budget group that have just joined together because 
we find the problem scientifically interesting. 

A s  a result, we a r e  particularly constrained to use those telescopes that already 
exist, that we can beg, borrow o r  steal observing time on. Hence these results 
use existing telescopes. We don't move telescopes around. We a r e  striving for 
the best sensitivity, in order to givc all of these programs simultaneously. 

So, we have concentrated on a relatively small sc t  of baselines to develop thc 
techniques. 

Really, I think what you should hear, the main summary point that I would like to 
make, what we a r e  trying to do i s  to get the techniques developed so that VLBI 
can be turned into this operational tool at the  centimeter level. And I feel that 
it can be in the future. 

DR. KLEPCZYNSKI: 

Thank you very much. 




