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ABSTRACT

Hydrogen-maser clocks at the 37-metor-diameter radio tele-
scope of the Haystack Observatory in Westford, Massachusetts,
and the 43-meter-diameter radio telescope of the National
Radio Astronomy Observatory in Green Bank, West Virginia,
were synchronized by very-long-baseline intervferometry on
28 March 1977 and on 23 September 1977. The synchroniza-
tion was also accomplished independently on cach of thege
occasions by means of traveling Cesium clocks. The clock
data, fully analvzed in each case only after the completion
of the corresponding VLEI data analvsis, confirmed the VLDBI
results to within 19 and 12 nanoscconds for the first and
sooond expariments, rosvectively,

Accurate clock synchronization via verv-long-baseline interferometry
(VLBI) has been possible for several years, and has been a byproduct of many
precision astrometric and geodetic experiments (1,2). However, most past
synchronization results have been limited in absolute accuracy by certain
constant, but poorly known, instrumental delays. Accurate absolute synchro-
nization by VLBI wag only reccntly (3) demonstrated in a short (~1 km) base-
line experiment, in which, for the first time, care was lLaken to estimate or
to measurc all instrumental delayvs. Here we report the first absolute syn-
chronization results from relatively long, §45-km, baselinc cxperiments.
These experiments are also the first in which the synchronization by intor-
ferometry was checked subscquently by an independent agency [the U. S, Naval
Observatory (USNO)].

The synchronization experiments involved the hvdrogen-maser clocks at
the 37-m-diameter radio telescope of the laystack Observatory in Westford,
Massachusetts, and the 43-m~diameter radio tclescope of the National Radio
Astyronomy Observatory (NRAO) in Grecn Bank, West Virginia. In the first
experiment, on 28 March 1977, the synchronization via VLBI was checked by
transporting two Cesium clocks from the USNC In Washington, D.C., one to
each of the telescopes, and hoth back te Washington In the second oxperi-
ment, on 23 September 1977, the mwo Zesium clocks wero transported togother
from the USNO to Haystack, then to NRAG, and finally back to the USNO.

Figure 1 shows a block diagram of the interferometer terminals used in

the experiments. A fast rise time (<30 ps) pulse generator was uscd to cal-
ibrate delays in the receiver and recording electronics. The calibration
pulse was also returned from the pulse generator, which was located close




to the telescope feed, to the control room for easy comparison with the
clock which controlled the VLRI recording. A hydrogen-maser frequency stan-
dard controlled both the calibration pulse generator and the recording clock
both at Haystack and at NRAO.

In our VLBI system the delay of a signal arriving from a distant quasi-
stellar radio source ig measured using a bandwidth synthesis technique (4)
involving the sequential sampling of 360-kHz bands spaced over a much wider
spanned bandwidth of 100 MHz, centered at 8441 MHz. The multiband delay
measurement has a 1 microsecond ambiguity imposed by a minimum spacing of 1
MHz between the narrow, 360-kHz band gamples. However, the ambiguity is
eliminated by using the less precisc, but unambiguous, delay measurement
obtained from the crosscorrelation of signals within a single 360-kHz band.

The difference between the readings of the independent clocks control-
ling the two interferometer terminals is derived from the analysis of a set
of VLBI observations of several radio sources, by simultaneous estimation
of baseline vectors, radio gsource positions, and clock parameters (5). The
results from the experiment performed on 28 March 1977 are given in Table
1, where line 16 shows the estimated difference between the VLBI clocks
after correction for the instrumental delays. An instrumental delay correc-
tion for the antenna geometry (line 1) is needed to correct for the differ-
ence in signal delay between the baseline vector termination point (6) and
the antenna feed point. Line 21 shows the difference between the VLRI ter-
minal clocks as estimated from the traveling clocks, after correction for
the linearly-interpolated relative drift between the portable clocks, based
on pre-trip and post-trip comparisons made at the USNO in Washington.

Table 2 shows the results of the experiment performed on 23 September
1977. In this experiment, since Haystack was visited by the traveling
clocks approximately geven hours later than NRAO, it was necessary to
account for the estimated drifts, over this interval, of the traveling
clocks relative to Haystack's clock. (See line 24 of Table 2.) The lat-
ter's rate was already accurately known relative to that of the USNO
Master Clock, through long-term comparisons via Loran C. The rates of the
traveling clocks were determined from direct comparisons with the Master
Clock in Washington, before and after the trip.

The accuracy of the VLBI clock synchronization is not limited by the
uncertainty of the estimate of the radio signal (group) delay, which is
much less than 1 nanosecond, but rather by the accuracy of the determina-
tion of the various instrumental delays. The cumulative error arising from
these estimates of instrumental delays is thought to be less than *10 nano-
gseconds. The error of the gynchronization via traveling clocks is limited
by clock drifts and is estimated to be under 20 nanoseconds.
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