VLBI
NETWORK STUDIES III

AN
INTERCONTINENTAL
VERY LONG BASELINE ARRAY

National Radio Astronomy Observatory

May 1977







PREFACE

Very Long Baseline Interferometry (VLBI) is only a decade old, but
current research already covers a wide variety of topics including the
tantalizing apparent faster-than-light motions found in some quasars and
radio galaxies, methods of earthquake prediction, interplanetary spacecraft
navigation, and precise tests of General Relativity.

- Many of the newly discovered exotic astrophysical objects are extremely
small. Interstellar molecular masers, pulsars, X-ray binary stars, the |
extremely powerful energy sources which are hidden deep inside{quasars and
galactic nuclei, all appear as unresolved "points" to ordinary rédio and
optical telescopes, but can be studied in great detail with VLBI techniques.
Many important scientific discoveries have already been made, but the full
potential of this new technique for research in astronomy as well as in
geophysics has yet to be fully exploited.

Most of the previous effort has been the result of the ad hoc cooperation
of a few individuals and institutions. In an effort to reduce the numerous
practical difficulties of simultaneous scheduling of many radio telescopes and
their non-uniform instrumentation, U. 8. radio astronomers and observatories
have organized a VLB Network which has gimplified the procedures for multi-
station VLBI observations using existing antennas (Cohen et al. 1977).

But still there are many limitations with an array consisting mostly of
existing radio telescopes which have poor performance at short wavelengths,
unsuitable locations, and often inadequate instrumentation and support. New,
modern antenna elements are needed, together with the instrumentation and personnel
necessary to link them into a true multi-frequency image forming array having
sub milli-arcsec resolution. In this report we describe a dedicated Very long
Baseline Array of intercontinental dimensions. This array, which will study
cosmic radio sources of high surface brightness {e.g. quasars, galactic nuclei,
pulsars, compact galactic and extragalactic hydrogen clouds, radio stars, and
interstellar molecular masers) with unprecedented angular detail, will complement
the VLA, which has lower resolution but very much greater sensitivity to radio
sources of lower surface brightness (e.g. giant radio galaxies and quasars,
extended galactic and extragalactic hydrogen and molecular clouds, and the
planets). The universe contains both types of objects, and both instruments

are needed for a full exploitation of galactie and extragalactic radio

astronomy.



Although the resolution of a VLB Array is greater than for conventional
instruments by more than a factor of a hundred, if can usge much of the instru-
mentation and techniques developed for the VLA (thg antenna elements, the
radiometers and other electronics, as well.as some of the post-observation
image formation techniques) with a considerable ecohomy of design and operation.
The basic difference is in the i.f, signal distribution by magnetic tape
recordings instead of waveguide. Thus, even though we are discussing a major
new scientific instrument with dramatic new capabilities, the component parts
are all familiar and are based on established procedures and techniques,
Nevertheless} many difficult decisions and questions remain. What is the
optimum location of the antenna elements, taking into account the desirébility
of minimizing the number of new sites which must be deveioped? How can we
best reduce the distorting effect of the atmosphere on the resulting images?
And,lperhaps the most difficult question: What is the best way to manage and
operate a complex system whose elements extend halfway around the world? These
problems, as well as the development of the needed reliable and automated
instrumentation, are being studied at a variety of laboratories, and are
discussed in this report. The report includes a plan for the orderly con~
struction of a VLB Array, starting with the construction of a singie antenna
element in the midwest to be used initially. together with existing radio
telescopes (e.g. Swenson et al. 1977). Many variations of the Array and its
development are possible, and this report is being distributed at this time in
the hope of encouraging further discussion and study.
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I. SUMMARY

A. Introduction

For many years it was widely accepted that because radio telescopes
operate at such long wavelengths, their angular resolution was fundamentally
poorer than that of optical telescopes.

Actually, this is not the case, for two reasons. First, the resolution
of large optical telescopes is limited not by their size, but by irregularities
in the earth's atmosphere, to about one second of arc. At radio frequencies,
the fluctuations in the length of the path of the incoming signal through the
atmosphere are small compared with the length of radio waves, so that the
offect of atmospheric irregularities is much less important.

Second, the radio signal or the optical signal must be coherent, or in
phase, over the entire dimensions of the telescope. Coherent radio waves are
much easier to manipulate than coherent light signals, so that radio telescopes
can operate much closer to the theoretical limit of resolution than conventional
optical telescopes.

The history of radio astronomy has been one of the successive solution
of the variety of technical problems which limit the resblution, and today radio
interferometers approaching the diameter of the earth give a resolution three
orders of magnitude better than are obtained with conventional optical instru-
ments. 1In this report we describe an extension of this Very Long Baseline
Interferometer (VLBI) technique to the construction of a new kind of radio

telescope — The Intercontinental Very Long Baseline Array, which with its

dramatic reseclving power and image forming ability will make possible a wide
range of new astronomical and geophysical studies.

The proposed image forming radio telescope array of intercontinental
dimensions will permit many exciting astrophysical and terrestrial phenomena
to be studied with unprecedented detadil.

The nuclei of radio gaiaxies and quasars, where vast supplies of energy
are repeatedly and explosively generated in a volume of space a few light
years or less across surely hold the key to the problem of the origin and
evolution of radio galaxies and quasars, but existing instruments have not
yet been able to unravel their complex nature. Speculation on the source of

enormous energy currently centers around accretion on massive black holes hidden
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deep in the nuclei of galaxies or quasars, but whatever its nature, an under-—
standing of the energetic phenomena which occurs in quasars and in the nuclel
of galaxies will surely have an important influence on future astrophysical
research. The study of these exotic regions and the similar, but smaller and
less luminous nuclei of nearby elliptical and spiral galaxies, as well as the
Galactic Center, will also be important in understanding the relation between
galaxies and quasars, and the phenomena which causes the powerful radio
emission.

The -unexpected dramatic discovery of apparent faster—than—light motion
in some radio galaxies and quasars challenge our fundamental concepts of
physics and cosmology and a more detailed study of this phenomena may have
profound implications.

Within our own Galaxy, clouds of interstellar water vapor and hydroxyl ions
have been observed to act as giant interstellar masers. Their angular dimensions
appear exceedingly small, and observations with sub milli-arcsec resolution
give important insight into stellar origin and evolutiomn.

Very compact clouds of neutral and ionized hydrogen in our own and in
other galaxies have already been observed, and their more detailed study will
add to our undetstanding of the interstellar medium.

Many stellar radio sources, including binary stars, pulsars, X-ray stars,
and flare stars appear as "point sources' to conventional radio telescopes,

or arrays, but they can be studied in detail with an array of intercontinental

dimensions.

Tn addition, a variety of terrestrial phenomena, including the direct
measurement of earth tides and continental drift, accurate global clock
synchronization, and the possibility of earthquake prediction have already
been explored using VLBI techniques and considerable improvement is expected
with the Intercontinental Array. Other areas where great progress is
anticipated include precise tests of General Relativity, and interplanetary
spacecraft navigation.

Already, Very Long Raseline Interferometry using existing radio telescopes
throughout the U.S5.A., Europe, Africa, and Australia has resulted in many

exciting new discoveries. But there are a number of important limitations
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which have prevented the full exploitation of this technique, so that in
general only a measure of the over-all angular extent or a crude estimate
of the angular structure of compact celestial objects has been obtained.

This situation is similar to that of conventional interferometry until
the mid- 1960 s when the construction of the multi-element Cambridge one-mlle
telescope, the Westerbork Synthesis Array, and more recently the Cambridge
5-km array allowed the complete imaging of cosmic radio sources with a
resolution of a few arc seconds over the northern part of the sky. The
development of the VLA will permit rapid multi-frequency observations over
most of the sky visible from the northern hemisphere with considerably
greater resolution and sensitivity than is currently available, and will thus
largely eliminate the problems of ambiguous results, lengthy observations,
poor sky coverage, and 1imited cholce of frequencies previously associated
with interferometer observations. The full potential resolution and sensi-
tivity of conventional interferometry will be achieved with the VLA

In the same way, a fully dedicated Very Long Bageline Array will remove
many of the problems now associated with Very Long Baseline Interferometry and
will permit the true imaging of galactic and extragalactic sources of radio
emission with an angular resolution better than one milli-arcsec. Specific
improvements expected over currently available VLBL systems are:

a) More neafly optimum location of antenna elements, permitting better
image formation as a result of the more uniform spacing of the interferometer
pairs and inclusion of appropriate necessary redundancy to permit the calibration
of the phase of the instrument.

b) Use of better antennas to permit operation at wavelengths at least
as short as one centimeter to achlieve better resolution, and to allow observations
at the 1.3 cm water vapor line; and to allow for the tracking of sources over
the entire visible sky (necessary for good image formation).

¢) Sufficient logistical support to allow observations and analysis
by a single scientist or small group of scientists. Presently, experiments
require the recruiting of a large number of collaborators to carry out the
tasks required at each observing site. Associated data reduction and analysis
currently involves such considerable effort on the part of the astronomer,

that there is inadequate time to pursue new scientific ideas.
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d) Operation under a single management will allow coordinated direction,
instrumentatioh, and operation. Presently-organized experiments involving
various observatories involve the use of non-standardized equipment and
procedures, as well as considerable difficulty in scheduling experiments
which may involve three or more major telescopes. This problem of accommodating
the needs of VLBL observations is becoming increasingly difficult in view of
the rapidly increasing number of experiments and the number of scientists
involved, as opposed to the continuing demands on the instruments for other
areas of radio astronomy. Presently about one quarter of the observing time on
the large radio telescopes at NRAO, OVRO, and Haystack is spent on VLBI. The
s¢imultaneous scheduling on a specific observing frequency, for example, at
NRAO, Haystack, Bonn, ARO, and OVRO causes considerable disruption of the
various operations, scheduling, and routine maintenance procedures normally in
effect at these observatories. As a result, these important multi-station
programs are possible only once or twice a year, and then only at consiéerable

impact to the normal operation of each observatory.

B. The Array
The instrument described in this report is conceived as a multi-element

Intercontinental Array to be operated as a national or international facility
open to all qualified scientists from the U.S.A. and abroad. Many of the
phenomena associated with compact radio galaxies and quasars, with pulsars,
and with the interstellar molecular masers are variable. Thus it may be
expected that for some fraction of the time, the Array will monitor a selected
number of such objects, and also do a variety of systematic geodetic and
astrometric observations, which are not only of interest in their own right,
but are necessary for the calibration of the instrumental performance. The
remainder of the time will be avallable for a wide variety of experiments.
The Array we discuss here is a ten-element tape-recording array with 8 of the
elements located in North America, one in Hawaii, and one in Europe. This

instrument is capable of a resolution of about 0.5 milli-arcsec at its

shortest operating wavelength of 1.3 cm.
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Tts total dimensions cannot be significantly increased without the use
of antennas in space. '

The system uses the now well-established techniques of independent-
oscillator-tape recording-interferometry (commonly known as Very Long Baseline
(VLB) Interferometry), along with instrumentation and data procéssing methods
being developed for the Very Large Array (VLA).

Each of the individual antenna sites is operated and maintained by a
local staff of three or four engineers and technicians who are also responsible

for organizing the transportation and documentation of incoming and outgoing

magnetic tape. A person is generally required at pach telescope during

normal operations to change magnetic tapes. Otherwise, each antenna element
is capable of operation without any gite personnel present. For many common
types of observing programs, a single data tape will last several days and for
periods of this length unattended operation may be possible.

The actual operation of the instrument may be controlled by a central
Operations Center with direct access to the antenna elements via telephone
lines. Information on the operational status of each antenna element as well
as meteoroclogical data is sent to the Operations Center for evaluation and
possible change in the observing program.

Fach antenna and receiving system is controlled by a small on-line
computer, which points the telescopes, sets the observing frequency, recoxrds
meteorological and radiometer data, monitors the performance of the receiver
and recording systems, and handles communication with the Operations Center.

The data from each antenna is recorded on magnetic tape, and each day
the tapes from the previous 24 hours of observing are sent to the Operations
Center by appropriate commercial and in-house transportation. At the Operations
Center they are sorted and correlated with each other by simultaneously playing
back all 10 tapes. The data streams from the tapes are pairwise correlated
(a total of 45 pairs) and the results stored on ordinary computer-readable
magnetic tape. This data, which is in many ways analogous to the output of
the VLA Synchronous Computer, is then available to the experimenter for further
analysis, either using the facilities of the Operations Center or those at his

home institution, and using either standard or gpecially developed software.
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The process of corrglating the magnetic tapes is done at rates ranging
from one-half real time to up to 16 times real time depending on the particular
experiment. For spectral line observations, in particular, which require
relatively small bandwidths, a full day's worth of data can be processed in a
little over one hour.

The maximum sensitivity of the Array at full bandwidth is about 1/3
that of the VLA for the same observing times. At centimeter wavelengths
approximately half of all extragalactic sources are compact and are suitable
for study with this Array; the other half are resolvable with the VLA. The number of
sources increases approximately linearly with decreasing flux density, so that
at any flux density level about 15 percent of all sources which are observed
with the VLA can probably be mapped with this instrument. The amount of work
to be done on the radio galaxies and quasars alone is very great. TFor the
galactic sources the astimates are less certain, but there are already about
100 known OH and H20 maser sources which can be studied with this Array. A
large number of stellar sources and pulsars will also be available for study.
Both the galactic and extragalactic sources are time variable, and so repeated
observations not only of their flux,but of their brightness distribution as well
(or in the case of pulsars, position),are necessary. For galactic objects such
as pulsars and radio stars, repeated measurements of position will be required
to determine their proper motion and distance. Thus there is essentially
unlimited work to be done with the instrument without consideration of new

types of sources which are likely to be discovered.

C. Cost Summary

The component parts of the Intercontinental Array are similar or identical
to VLA components, or are available commercially. Thus, although we are discussing a
unique and powerful new scientific instrument, there are no major new con-
ceptual design or engineering problems to be solved, and the construction
cost can be reliably estimated, aside from an uncertain rate of inflation.
The construction costs have been determined from present VLA costs in the
case of the antennas, receiver, and data processing system; and from

current prices for the tape recording system. Tt is believed that the costs
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given in Table T.1, below, do represent a good estimate of the actual cost
in 1977 dollars of constructing the Array. The operating cost is based on
estimates of the VLA operating cost but also the cost of unusual items such
as replacement of recoxder heads, shipping of magnetic tapes, etc. The
construction costs discussed here are, as in the case of the VLA, for the

entire operating system with radiometers and computers (including software).

Table I.1

Cost Summary

Array Antenna Systems $ 9,960,000
Array Electronic and Computer Systems 6,860,000
Array Site Development 1,000,000
Processor System and Computer 4,937,000
Magnetic Tapes 720,000
Project Management 1,000,000
Contingency 10 percent 2,300,000
Total Construction Cost 525,817,000

Annual Operating Cost $2,780,000

Construction and operation of the Intercontinental Array as an extension
to the VLA would require a continuation of the current VLA funding level for

another two vears and an increase of about 1/3 in the operating cost.
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II. SCIENTIFIC APPLICATIONS

The excitement and major contributions of new scientific instrumentation
lie not only in the increased capability to solve the scientific problems
which led to their construction, but even more so in their unexpected dis-
coveries which may uncover whole new areas of research.

This is especially true in radio astronomy where, as a result of the
rapid succession of exciting new discoveries, radio telescopes are generally
working in areas that were unknown at the time of their conception. For
example, when the 140-ft telescope was planned in the late 1950's, quasars,
interstellar molecules and molecular masers, hydrogen recombination lines,
compact synchrotron sources, pulsars, and Very Long Baseline Interferometry
itself were all unknown. Yet in recent years more than 75 percent of the
observing time on the 140-ft telescope has been devoted to these areas.

Particularly in the case of an Intercontinental Array, with its great
flexibility and high resolution image forming capability, it is difficult to
anticipaté the research topics which will be important in five to ten or more
- years. Although we may fully expect that much of the observing time of this
instrument will be spent oﬁ problems which will arise as a result of its own
discoveries, it is of interest to outline what currently appear to be relevant
research topics which span most areas of current interest in astronomy and

astrophysics, as well as a variety of geophysical topics.

A. Radio Galaxies and Quasars

The radio emission from galaxies and quasars is generally believed to be
due to "synchrotron'" radiation from relativistic particles moving in weak cosmic
magnetic fields.

These extragalactic radio sources may be conveniently divided into two
categories: extended and compact. Their properties are briefly summarized

in Table II.l. Figure II-1 illustrates the spatial relation between the

two.



I1T-2

Table TI.1

Properties of Compact and Extended Radio Sources

COMPACT EXTENDED
ANGULAR SIZE: << |" z "
LINEAR SIZE: I-10 parsec 10-1C0 kpe .
STRUCTURE : Complex Complex
1000F——
o e

>
> 10, [
2 - g 1o R N
SPECTRA © ¥ / \ g N
a 1 =
=
3 e A N
Far e 10 I T3 T ot
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FREQUENLY
VARIABILITY : Yes No
|solated compaci source chnﬁpectsourceplusexlewdediet
| 2134400:
CTD93;  galaxy . 3C273:
BlLlzc: 1 ’ 3ca79:
Compact source plus - Compact source near center
symmetsic extended halo of extended double source
NGC1275: galaxy | - 3Ci11:  galaxy
. M8l galaxy | . 3C270:  galexy

Fig. II-1. Schematic illustration showing the spatial relation between
extended and compact radio sources. The closed circles represent compact
components with dimensions of the order of a milli-arcsec and the open
regions represent the extended components with dimensions of the order of
one arcminute.
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For the extended clouds of relativistic particles, the observed radio
emission is the sum of the synchrotron radio radiation from the individual
electrons. - For these sources the radio spectrum reflects the distribution of
particle energies. Radio interferometry and aperture synthesis observations
have shown that the extended sources are quite complex and usually contain two
or more components which may be separated by millions of parsecs. Often a
galaxy or quasar can be identified which lies near the centroid of radio
emission. Because the relativistic particles and magnetic fields occupy
such large volumes of space, the energy requirements are tremendous. The
source of this energy and the process by which the energy is converted into
relativistic particles and extensive well organized magnetdic fields is not
understood and represents one of the basic problems of modern. astrophysics.

1t is generally believed that the powerful energy sources lie in the
optically identified galaxy or quasar, and in particular, deep within the
galactic nucleus. High resolution observations made with the NRAGQ, Westerbork,
and Cambridge arrays have detected very compact radio sources located between
the double extended components, and coincident with the identified galaxy
nucleus or quasar. Many otherwise normal spiral, elliptical, and irregular
galaxies also contain weak compact radio nuclei,

The VLA, with its ability to form images quickly of small regions of the
gky with angular resolution of the order of 0.5 are sec will be a powerful new
tool for examining the extended sources with great detail and sensitivity, and
will be able to isolate a much larger number of compact sources than is presently
known. In these compact radio sources, absorption by the relativistic electrons
ig important and causes a peak in the spectrum. Sources exhibiting such spectral
peaks in the decameter to short centimeter regions must be very small, with
dimensions ranging from 0.1 to less than 0.001 arcsec .. In some sources, the
radiation may be due to electrons acting collectively (coherent radiation);
these components could be even smaller. Because of their very small size, the
VLA cannot resolve the compact sources, and indeed these will serve as "point"
sources to calibrate the amplitude and phase response of the VLA. 1In order to
study the spatial structure of these compact sources, an array of inter-—
continental dimensions is required.

Presently available-high resolution observations of the compact sources

using long baseline interxferometry between existing radio telescopes in the
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VU.S.A., Canada, Europe, and Australia, and Africa have showm that like the
extended sources, the spatial distribution is remarkably complex, but on a
scale of size differing by a factor of up to a million. But, because of the
insufficient number of antennas, and the absence of phase information, it has
not been possible to construct a unique image of a compact radio source from

the interferometer data. Figure TI-2 illustrates several maps formed by warious

3C345 e

2.8cm 1974.5

—e
I milliarcsecond

3¢ 273 BL Loc

1 millioreses 1 mifllorcsec

Fig. II-2. Brightness distribution of the radio sources BL Lac, 3C 345,
NRAO 150, and 3C 273.
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Although these maps are not unique,

represent the main features of the source.

One of the best studie

which has a complex brightness distribution.

NGC 1275, shown in Figure II-3, represents the complex dis

surface brightness derived from model fitting intercontinental observati

Fig. II-3.
Contours are drawn at 10
the 5 percent contour.

Contour map of the structur

percent contour. levels.

d sources is the nucleus of the galaxy NGC 1275

The 2.8 cm contour diagram of

Oons

. - —

e of the nucleus of NGC 1275.

The dotted line represents

they are believed to

tribution of radio



II-6

(Pauliny-Toth et al. 1975). The over-all extent of the radio nucleus at short
centimeter wavelengths is about 6 milli-arcsec or 3 parsecs, and it is
oriented along position angle N =7 degrees. This is the same direction as the
greatest extent of the optical filaments which exténd more than 50 kpe from
the galactic nucleus. At decimeter wavelengths the radio nucleus is dominated
by a source about 0.1 arcsec (500 pc) long and elongated in the same direction.
There are also several extended radio components associated with NGC 1275.
These have angular dimensions of 30 arcsec (5 kpe) and 5 aremin (50 kpe)
and are also elongated along the same direction as the nuclear components,
implying a preferential direction which is effective over a wide scale of
distance and time.

The compact centimeter wavelength component of NGC 1275 is unique only
in that it 1s sufficiently large that it can be resolved into a number of
picture elements, and-at the same time sufficiently strong so that there is a
reasonable signal-to-noise ratio at each point in the map. Gilven greater gensi-
tivity as well as more complete (u,v) coverage, it will be possible to mép many
other galactic nuclel and quasars in even greater detail than has been done for
NGGC 1275,

The relation between the compact radio nuclei and the giant radio
galaxies and quasars is not understood, but it is widely recognized that the
radio nuclei may be the energy source for the more extended components. The
common existence of the nuclei and their apparent alignment with the extended
components means that a more thorough investigation with both the VLA and a
VLB Array is essential to an ‘understanding of the origin of radio galaxies
and quasars.,

Most extragalactic radio sources which have been studied can be modeled
by simple two- or three-component configurations, with component separations
as small as © 0.6 milli=arcsec. The corresponding linear dimensions are as
small as one parsec or less.

One of the.smallest radio sources which has been observed in detail is
the nucleus of the galaxy M87 (Virgo A) which has an angular size of 0.?5
- milli arcsec corresponding to a linear extent of only a few light weeks
(KellermannlgEﬂEE. 1977). The nucleus also has several larger components.

Observations at shorter wavelengths are required to resolve these smallest
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radio components, and more extensive observations over a wide range of wave-
lengths are necessary to map the structure in more detail.

An even smaller component with dimensions X 1300 A.U. has been found
in the nucleus of the nearby spiral galaxy M8l (Kellermann et al. 1976).
This is the smallest extragalactic object which has been observed. The
Trregular galaxy M82 and several nearby elliptical galaxies also have radio
nuclei which have been observed with VLBI techniques, and with the greater
sensitivity and image forming ability of a VLB Array, many more will be
located and studied.

For most compact radio sources, the intensity varies on time scales
of a few weeks to a few months, and this is generally interpreted as the re-
sult of repeated energetic events which release expanding clouds of relativistic
particles. In general, the radio source structure varies as well, although
detalled repeated observations have been systematically made on only a few
sources., For about half of those sources where sufficient data exist, (3C 120,
3¢ 273, 3C 279, and 3C 345), the separation of the radioc components appears
to increase with time, and changes in angular separation up to a factor of
10 within a few years have been observed (e.g. Kellermann and Shaffer 1976).
Assuming a cosmological origin‘of the redshifts (B = 50 km sec”! Mpe™l, q, = 0.04)
the corresponding linear velocities are well in excess of the velocity of light,

with typical velocities between 5c and 10c.

The apparent velocity of separation is not always constant. Small
accelerations and decelerations are observed, although the position angle
joining the components remains constant. Tn one case, 3C 120, two distinct
sets of separating doubles have been observed, with both moving along .
the same position angle.

Interpretation of this apparent faster-than-light motion in terms of a
stationary set of variable intensity sources does not appear possible, Since
the observed component separation at any given epoch is independent of wave-
length, refractive effects or variations in the synchrotron opacity are also
unlikely. A variety of phase velocity effects have been suggested, but these
are unconvincing since they require preferential geometries which are unlikely

to be found in about half of the observed sources.
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Fig. II-4. The separation of the components of the quasar 3C 345 as a
function of time measured at several wavelengths.

The apparent faster-than-light motion in radio galaxies and quasars
has important implications to the theory of radio sources, and has rekindled
interest in the non-cosmological interpretation of the redshift. Frequent
systematic observations over a wide range of wavelengths are needed to further

investigate this unexpected and remarkable phenomena.
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Compact radio nuclei and extended sources coexist in many radio galaxies
and quasars. In the few cases where the structure of the compact nuclei of
extended sources has been studied, the nuclei appear to be aligned with the
extended components, although the linear dimensions and ages differ by a
factor of 105 or more. This is illustrated by the structure of the radio

galaxy 3C 111 illustrated in Figure II-5.

Fig. I1-5. Contour diagram of 3C 111 showing the extended 3 arcminute
source as observed with the Westerbork Array, and the compact radio nucleus
observed by VLBI.
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B. Galaectic Sources

1. Molecular Masers.

In recent years more than 30 molecules have been detected in interstellar
space. Most of these are in thermodynamic equilibfium, but in the case of
clouds of OH (hydroxyl), H 0 (Water vapor), S 0 (silicon monoxide) and CH3OH
(methyl alcohol) stlmulated emission can be important, and these clouds appear
as gilant interstellar masers. These masering sources are found in HII regions
associated with regions of early star formation, or with IR stars which are
in later stages of evolution.

The spectra of the maser sources generally contain a large number of
features or components having widths of about 1 km/s or less and spread over
a range of typically 5 to 50 km/s. The components have apparent sizes ranging
from 0.1 to 100 milliare sec and are scattered over a field having a diameter
of from 1" to 10". The ratio of the total source size to the individual
component size is generally quite large, i.e. 101-104.

About 100 OH and H20 maser sources have been detected, and many of these
have been observed with VLBI techniques. The OH emission from the relatively
nearby IR sources have the largest angular sizes. Many are completely resolved
by baselines of a few hundred kilometers (Morah_EE_El. 1977). The HZO emission
features are very time variable and have the smallest angular sizes (Burke et al.
1972). Some are only partlally resolved by transcontinental or even inter—
continental baselines. The highest resolution VLBI observations,made in 1976, by
scientists from the USA, Australia, and the USSR using baselines up to 12,000 km,
show that some HZO features are smaller than one astronomical unit.

Since both the spectrum and spatial appearance of maser sources change with
time, observations at periodic intervals with the VLB array will be necessary.
The mechanism causing the changes in the spectral profile and spatial structure
ig not known. There are at least two types of variation. The first is a slow
quasi-periodic variation in which the spectral shape remains relatively constant
but the total flux c¢hanges. This is characteristic of stellar-related OH and
H20 sources such as R Aquilae. The microwave flux for these sources varies
in phase with the infrared flux. This variation is almost certainly due to a

change in the pump power. The periods range from 200 to 1000 days, and appear
to be proportional to the geparation of the components in the 1612 MHz OH
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spectrum. The second type of variation is random fluctuations affecting.
individual features or groups of features., This could Be caused by turbulence
in the source which changes the path of amplification or by a lighthouse ‘
effect whereby the maser, if narrowly beamed, chances to sweep across the
earth's direction. Many of the strongest OH sources such as W3((0HY are
quite stable, having changed little in the ten years since their discovery.
However, most of the H20 sources associated with HIT regions change drastically
over periods of about 100 days while significant changes are sometimes
noticeable over periods of only 10 days.

There is perhaps a third type of variability typified in the behavior
of V1057 Cyghi, an early type star. This source disappeared in about 1 year
suggesting that OH masering is a phenomenon that perhaps lasts only about one

year in the life of an early type star.

_ A widely discussed model concerned with the geometry of the maser sources is the
so—called hot spot model, which predicts that the observed component gize is

about 1 to 2 orders of magnitude smaller than the actual maser gize. This

theory can probably be verified in the case of the IR related objects by

synthesis observations at several points during their variation cycle to see

how the images change.

2., Stellar Objects.

In recent years radio emission from a variety of stellar objects has been

studied. These include novae, supernovae, X-ray sources, binary stars, and
flare stars. Observations with conventional interferometer systems with
resolutions better than one arc second shows the radio emission from these
objects to be unresolved. Since the radio emission is both weak and transient,
it has been difficult to arrange for observations with sufficiently sensitive
VLBI systems.

In the case of the eclipsing binary system, 8 Persei, more commonly known
as Algol, flares of sufficient strength have occurred to permit VLB inter-
ferometry which has resolved the radio source and shown the rédiation to come from a
region of about 0.} AU in extent (Clark et al. 1975, Clark gg_gl, 1976).

This may be compared with the size of the individual stars of 0.03 AU and
the separation of 0.2 AU of the two components.

The sensitivity and availability of the VLB Array make possible ob-

servations of all these objects,at least during active periods. Of particular
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interest will be the determination of the time variation of size of the variable
sources associated with the explosive novae, supernovae, and flare stars. In
the case of the binary stars, the radio brightness may be compared with the
binary system. Highly accurate astrometric observations, which will be made
possible with the VLB Array, may permit the orbital motion, if any, of the

radio source to be directly observed.

(a) Extrasolar planets. The ability to make highly accurate differential

position measurements may make possible for the first time the direct establish-
ment of the existence of planets or low mass companions around nearby stars.

The widespread existence of other planetary systems is widely accepted,

although has never been observed. The small angular separation between a star
and its satellites, even at a distance of a few parsecs, and the large luminosity
ratio make the direct optical resolution impossible. The measurement of slight
irregularities in the motion of nearby Barnard's star has been explained as

the result of the gravitational perturbations caused by an orbiting planet.

More recent analysis of the obsexrvational data, however, discredits these claims,
so that there is now no convinecing direct evidence of any planetary system.

Provided that radio emission from the star can be observed during an
active period, differential angular displacements of only a few micro-arcsec
(corresponding to a few degrées of phase) should be possible.

(b) Pulsars. Observations of pulsars with an array of transcontinental
dimensions are of interest for three reasons: the direct measurement of
distance by trigonometric parallax, the measurement of proper motion, and
studies of scattering by the interstellar medium.

At 20 cm, phase measurements accurate to + 10° would yield by trigonometric
parallax distances accurate to about 5 percent for pulsars up to 1 kpc distant.
Sixty pulsars are known which are estimated to be closer than 1 kpc. By com-
bining the directly measured distance of pulsars with their dispersion measure,
it will be possible to determine the column density of thermal electrons.

This can then be used to calibrate the distance vs dispersion measure relation,
to get better distance estimates to the more distant pulsars, to allow a better
description of the space density of pulsars, and to tie HI absorption features

into velocity models of our galaxy. Deviatlons from a simple parallax—electron
column density "law" will provide knowledge of the large scale uniformity of

the tenuous HII medium.
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The measurement of pulsar proper motions to an accuracy of + 1 km/see
requires a relative posifion accuracy of 1 milli—ércsec and a baSeline of
five years for distances up to 1 kpc.

Measurements of this accuracy (or even somewhat poorer) allow us to locate
pulsar birthplaces, where a distributed supernova remnant may be found. The proper
motion, combined with the position of an observed remnant, yields therages
of the remnant and of the pulsar, which are important parameters for testing
theories of neutron star evolution and of supernova remnant emission.

(c) Flare stars. A VLBA operating at decimeter wavelengths might have
sufficient sensitivity to detect a number of flare stars. It is not clear
whether the resolution will be sufficient to resolve the radio flare, but if
it is, it will be possible to study the motion and evelution of the flaring
region. Tt may also be possible to determine the distance of the flare star

"by measuring the trigonometric parallax.

3. The Galactic Center

The Galactic Center is an extraordinarily rich and interesting region
containing thermal and non-thermal radio and IR emission regions as well as a
very compact non-thermal radio source. The over-all size of this compact
radio nucleus is v 0.02 arcsec (200 AU), but there is a smaller core ~ 0.001
.arcsec (10 AU) which contains about 25 percent of the total flux density.

It seems likely that this source is similar to, but smaller and less
luminous than the compact radio sources found in the nucleus of other spiral
and elliptical galaxies, radio galaxies, and quasars. Because it is so close,
the Galactic Center source provides an unparalleled opportunity to study radio
nuclei, which may play a key role in understanding the source of energy of the
powerful radio galaxies and quasars. So far, however, our knowledge of the
structure of the Galactic Center source is limited due to its a) low southern
declination, resulting in poor (u,v) coverage, b) low flux density, and c¢) the

uncertain effects of interstellar scattering.

C. The Interstellar and Intergalactic Medium

The discovery of pulsars has led to the detection of irregularities of

the thermal plasma density in the interstellar medium on a typical scale of

a solar diameter (3 x 1011 em). Although the spatial scale of these inhomo-

geneities suggests a stellar corona origin, their general distribution, given
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our knowledge of the density of the stars, demands that they exist throughout
the tenuous interstellar gas. The origin and stability of the 1rregular1ties
is not understood at the present time; they may be associated with abrupt
gradients due to interstellar shocks, acoustlc or hydromagnetic waves driven
by cosmic rays, and 1sotrop1c turbulence in the "hot'" component of the inter-
stellar medium. Along a few 1ines of sight, it is possible to associate the
observed effects with turbulence in intervening HII regions. The kinetic
energy involved in these irregularities may represent a gignificant term in the
energy budget of the interstellar medium, particularly if it can be shown that
larger irregularities exist on spatial scales octaves above 3 X 1011 cm.

~ Initial research on interstellar scattering concentrated on defining
observables and measuring their radio frequency and dispersion measure
dependences. While in most cases the frequency dependences of scattering
parameters follows that expected from dimensional arguments, the dispersion
measure dependences do not follow the expected patterns assuming a uniform
medium of irregularities. The apparent brightness distribution of compact
radio sources dilated by interstellar scattering is an important parameter to
be studied to extend our knowledge of interstellar scattering (e.g. Readhead

and Hewish 1972, Vandenberg et al. 1973, Mutel et al. 1974).

The main questions are:

(i) What is the shape of the irregularity spectra of thermal plasma
density along various lines of sight in the interstellar medium?

(ii) How does the Uamplitude" of the scattering vary along any line of
sight, from the solar system?

(iii) Are there secular changes in the scattering?

An Intercontinental Array would provide information concerning these
questions. Studies of the apparent brightness distribution of strong pulsars,
distant'OH/HZO maser sources in our galaxy and in other galaxies, low-latitude
compact extragalactic radio sources, radio stars, objects behind dense
HII complexes (e.g. Cygnus X and the Gum nebula) and differential position
measurements of the above objects at the frequencies are all important.
gince scattering will result in a "limiting diameter", it will be interesting

"to study the minimum diameter vs galactic (super galactic) coordinates, and for

galactic objects vs distance.
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Interstellar Neutral Hydrogen. Information on the fine scale distri-

bution of neutral hydrogen in interstellar space will be obtained by 21 em
absorption observations of compact extragalactic sources. This technique

has been used for some years to study hydrogen clouds with a resolution some-
what better than a minute of arc, to reveal structures as small as 10l7 CHl.
Very long baseline interferometer absorption measurements can increase the

resolution by two to three orders of magnitude, and features on a scale of a

tenth of an arcsec (< 100 AU) have already been detected (Dieter et al. 1976).
The Intercontinental Array will permit a detailed mapping of these remarkably
small irregularities in the distribution of interstellar hydrogen.

Neutral Hydrogen in Galaxies. Recent spectroscopic observations have

disclosed narrow 21 em absorption lines in several galaxies and quasars. High
resolution absorption line observations can show the distribution of neutral
hydrogen in external galaxies with a resolution corresponding to a few tens
of parsecs. The very narrow neutral hydrogen absorption lines found in
galaxies such as NGC 1275 are of particular interest, and it may be expected
that the high resolution observations will give some insight to the remarkably
small velocity dispersion. This is particularly true of the 3C 286 quasar
absorption line which has a half width of only 8 km secul compared with a
recession velocity of about 200,000 km sec_l. As in the case of the optical
absorption lines found in quasar spectra, the absorption may be caused either
by an intervening galaxy or by relativistically ejected gas from the quasar.
Very Long baseline interferometer observations which have already been
made of the neutral hydrogen absorption in front of 3C 286 indicate that the
line is composed of two components having a velocity difference of v 3 km sec;
(Wolfe et al. 1976). This tends to support the hypothesis that the absorption
is due to an intervening galaxy, but more complete mapping of the absorption

features in 3C 286 and other quasars are needed to better determine the distri-

bution of the absorbing gas.

D. The Solar System

Solar observations have been made with the NRAO, Hat Creek, and Wester-
bork interferometers, and show fine structure on a scale 5 1 arcsec:. Although
so far no successful milli-arcsec observations have been made, it is believed
that very small structures exist in the chromosphere (2 v 10 to 100 meters in

flares). It would be extremely important to observe the radio emission from
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such regions since they are where solar flare particles are accelerated.
This would require about 0.1 milliarc sec resolution., However, scattering
in the chromosphere and corona will probably smear such fine detail. Never-
theless, solar observations with the VLB Array are an exciting, but unproved
possibility.

The only known small diameter intense source in the solar system is
Jupiter. Since it radiates only below 40 MHz, the addition of a meter
wavelength receiving facility wéuld be required to study the small scale
Jovian emission, and in particular to make measurements of its position
relative to extragalactic sources, 1In this way it would be possible to
determine the position of the source relative to the planet and Io, and
find out how it moves under planetary rotation and satellite revolution.

A main problem in isolating other metex wavelength planetary sources is
terrestrial interference. A VLB Array operating at meter wavelengths would
be effective in detecting other planets, since the interference at each site

is essentially uncorrelated,

E. Astrometry

Positions of many radio sources are already knowm to 0.1 arcsec or less,
better than the FK4 optical system. The ability to measure angular coordinafes
to an accuracy of a milli-arcsec opens up an exciting range of astrometric
problems, including studies of parallax and proper motioﬁ, galactic structure
and rotation, and earth motion. Tn order to obtain fundamental positions to
this accuracy, the full determination of all the physical parameters of the
Earth's spin in an ipertial coordinate system (rotation or UT.l, precession,
nutation, and polar motion) and of the deformation of the Farth's surface
(Earth tides, continental drift, and other crustal rearrangements) must all
be determined. This requires extensive observations with a multi-element
array.

The direct measure of extremely accurate fundamental source positions is
for the present of limited value in radio-optical comparisons since positions
of the optical counterparts of radio sources are not known better than a few
tenths of an arc second. This situation will be improved only when optical or

infrared interferometry at low-light level becomes available, or perhaps with

the Space Telescope.
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0f more immediate interest is differential astrometric work including
the measurement of parallax and proper motions. In this way it will be
possible to obtain a direct measure of distance and proper motion for sources up to
several kpc or more for the Galactic Center, molecular maser sources,
pulsars and other various radio stars .
Some applications of parallax and proper motion determinations have

already been discussed in Section II.B.2.

F. Terrestrial Experiments

The time delay and its derivative (fringe frequency) of the signals
received at each end of an interferometer depend on the source-baseline
geometry and are extraordinarily sensitive to small changes in either the
source coordinates or the interferometer baseline. Thus the accurate
measurement of the differential delay and the interferometer fringe frequency
or phase can be used in principle to determine source positions to a small
fraction of a fringe spacing (5 0.0001 arcsec ) or baseline coordinates to
a fraction of a wavelength (5 1 cm). This in turn permits a variety of
geodetic and geophysical effects such-as crustal motions, earth tides, polar
motion, and earth rotation to be measured with unprecedented accuracy.

In practice, the accuracy is limited by uncertainties in propagation
through the earth's atmosphere and ionosphere and the interplanetary medium,
by uncertainties in the rates of the independent local oscillators, and in
the synchronization of the clocks. A further problem is the difficulty in
separating the effects of changes in the length and direction of the inter-
ferometetr baseline and of source coordinates.

Nevertheless, VLB interferometer experiménts have already been used to
determine the vector separation between two antennas thousands of miles apart
to within ten cm, and to determine source coordinates to an accuracy
better than .03 arc sec (Shapiro et al. 1974). This is equal to or better
than what can be achieved with conventional techniques; and improvements of two
orders of magnitude or more are expected with refined tecﬁniques. The
continuous monitoring of the apparent position of a selected nﬁmber of sources
using redundant baselines will be regquired to calibrate the Intercontinental

Array, and at the same time will provide valuable terrestrial data as well.
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The measurement of source coordinates to an accuracy better than
1 milli-aresec will permit a more accurate measurement of UT.l and polar
motion.. Variations in the coordinates of the pole are caused principally by
torques exerted on the earth's equatorial bulge by the sun and the moon. _
Variations in the rotation rate (UT=1) may be caused by changes in the moment
of inertia and by dissipation of energy by tides raised by the sun and moon
in the solid as well as the fluid portioms of the earth. Variations in the
rate of rotation of the earth are also believed to be caused by variations in
atmospheric circulation, core-mantle interaction, and other causes as well.
Highly accurate measurements of the earth's motion made possible by an Inter-
continental Array will permit the investigation of these phenomena in great
detail.

The position of the earth's pole also shifts relative to the crust in a
complicated manner reflecting not only lunar and solar forces and the earth's
non-rigid inelastic nature, but possibly also displacements of the crust
associated with earthquakes and other tectonic activity. A complete global
picture of these crustal motions are of great interest to geophysicists
concerned with earthquake prediction, continental drift, and earth tides.

If the Array proves capable of centimeter or better baseline accuracy,
it will be of interest to measure solid-earth tides and, in particular, ocean
loading effects on the magnitudes and phases of the various frequency com-
ponents of the tidal responses of the earth. Distinguishing the tidal contri-
butions to the baselines reliably will require measurements to be made frequently
compared to the periods of these various components: semidiurnal, biweekly, -
monthly, semiannually, etc. This monitoring function will be necessary anyway

to separate tidal from tectonic motions as well as for the phase calibration

of the Array.

G. Operation at Meter and Millimeter Wavelengths

The basic array as it is currently conceived operates between wavelengths
of 1 cm and 50 cm. Operation at both longer (meter) and shorter (millimeter)
wavelengths is necessary for several important scientific investigations.

Meter Wavelength Operation. Radio emission from flare stars and pulsars

is most intense at long wavelengths. VLB observations of flare star emission
will discriminate against terrestrial interference and permit reliable ob-

servations of their spectral characteristics, and possibly parallax.



1T-19

Millimeter wavelength operation. The smallest compact radio nuclei

and quasars (8 § 10-4 arc sec) will be self-absorbed at centimeter wavelengths,
and they radiate most strongly at millimeter wavelengths. Moreover, with
terrestrial baselines, only at millimeter wavelengths is it possible to

resolve these very small sources, which exist for only a few weeks during

the initial phase of a quasar and radio galaxy nuclear flare.

H. Other Applications
Tests of Relativity. As a result of its ability to obtain precise

astrometric measurements, the VLB Array will permit the measurement of the
relativistic "light" bending of a radio source passing the 1imb of the sun

to better accuracy than previously obtained. The best existing measurements,
made with cable or radio linked interferometers have an accuracy of about

0.0l arcsec or about 1 percent. The use of VLB techniques, while potentially
promising, has so far not improved on this value due to the uncertainties
imposed by coronal bending and atmospheric phase fluctuations (Counselman
1974).

With the multi-baseline VLB Array operating simultaneously at two or more
wavelengths, it is expected that the experimental errxors can be greatly
reduced, and the accuracy improved by at least several orders of magnitude.

In fact, the VLB Array is sufficiently sensitive to the bending effect that,
even 90 degrees away from the sun, the angular displace at centimeter wave-
lengths amounts to about 10 fringes. Indeed, all position or phase measurements
made with the Array will have to be "corrected" for this effect.

Applications to the Space Program. Long baseline intexrferometer

techniques have also been used in locating the relative position of the
Apollo Lunar Surface Experimental Package (AT.SEP) transmitters on the moon's
surface, to measure the moon's motion about its center of mass, to track

the motion of the Apollo Lunar Rover Vehicle (LRV) and in spacecraft navi-
gation. The operation of a VLB Array with continuous updating of baseline
parameters and the parameters describing the earth's motion will have

important application to lunar and planetary exploration programs.
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III. BACKGROUND

A. Historical Summary

The first radio telescope of Karl Jansky barely had sufficient angular
resolution to distinguish one region of the sky from another. With the use
of shorter wavelengths and the construction of ever larger antenna systems,
the angular resolution of radioc telescopes has steadily increased, so that
today the most advanced steerable paraboloids have a resolution of about one
arc minute, or comparable to that of the unaided human eye. Although larger
precision telescopes can be built, the cost becomes prohibitive and it does
not appear economically feasible to obtain resolutions better than about 0.1
arcmin in this way.

For this reason, radio astronomers long ago turned to interferometry
which has grown from the simple two-element interferometers of the 1950's
to the sophisticated multi-element aperture synthesis arrays of the 1970's.

The spacing of conventional radio interferometers has rapidly increased
from a few hundred meters to a few kilometers; a spacing sufficient to give
angular resolutions of a few arcsec at short centimeter wavelengths. In
principle, the dimensions may be increased without limit, but then the cost
of the cable or waveguide needed to distribute the signais between the antenna
elements and the central processor becomes very great. For very large distances,
of course, natural obstacles such as rivers, mountains, and eventually oceans,
as well as the cost of obtaining the "right-of-way" limits the dimensions of
interferometers with directly connected eiements.

Tn order to obtain longer baselines and higher resolutions, Australian
and British radio astronomers pioneered the use of microwave radio links
to connect antennas up to 100 km apart and obtain resolutions about one arc
sec by 1960. TFor some years it appeared that this was adequate to resolve
the finest detail found in the discrete radio sources.

It was not until the mid-1960's that several new results independently
indicated that there are a large number of very compact radio sources with
dimensions << 1 arcsec . These were:

a) The discovery of interplanetary scintillations suggesting angular

structure considerably less than one arc second.
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RESOLUTION OF RADIO TELESCOPE
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b) The realization that because of synchrotron self-absorption
many radio sources appeared unusually weak at long wavelengths. Self-absorption
implies a very high brightness temperature corresponding to angular sizes
of one thousandth to one hundredth of an arcsec.

¢) The discovery of remarkably rapid time variations In some quasars
and radio galaxies suggesting small linear sizes, thus angular dimensions
well under one thousandth of an arcsec.

Resolutions of this order can only be achieved using transcontinental
and intercontinental baselines whose dimensions are too great to practically
cover with direct electrical or radio connections. Techniques were then
developed to use high speed tape recordings located at widely spaced radio
telescopes. The tape recordings were then transported to a common center
for cdrrelation to reproduce an interference pattern in the sky. Accurate
atomic frequency standards were used to provide a phase reference at the
remote telescopes and to synchronize the tape recordings to the required
accuracy of one microsec (Bare et al. 1967, Broten et al. 1967).

‘ Ironically, such a scheme had been considered as early as 1950,

when it was thought that the discrete radio sources were active stars with
stellar dimensions, but the technology necessary to record and reproduce the
radio signals with the required accuracy and precision had not yet been
developed. Since, until 1965, it appeared that the one arcsec .resolution
available from modest interferometer baselines of a few tens of miles was
adequate, these ideas were not pursued in the study of radio galaxies and
quasars; and the first use of tape recording interferometers was to study

the intense long wavelength bursts from the planet Jupiter (Carr et al. 1965).
By the mid-1960's, however, the widespread availability at modest cost of
precision atomic ffequency standards and high-speed tape recorders made
possible the much more sensitive recordings required to study the compact
short wavelength emission from radio galaxies and quasars.

Even while the first sensitive tape-recording interferometers were
being developed, the discovery of maser emission from interstellar hydroxyl
(OH) and later waver vapor (H20) extended the technique to a whole new class
of astrophysical phenomena. Shortly after, very long baseline interferometry
was extended to study the newly discovered pulsars, interstellar scattering,

and more recently, the radio emission from X-ray binary stars, compact clouds
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of hydrogen in our own and other galaxies, and the nuclei of spiral and
elliptical galaxies, as well as our own Galactic Center. From the beginning,
the application of long baseline interferometry to tests of General Relativity

and to various terrestrial phenomena were also realized.

B. Interferometry and Aperture Synthesis

The general theory 6f interferometry is déseribed in several references
(e.g. Swenson and Mathur 1968, Fomalont 1974) and is only briefly summarized
here. In a simple two-element interferometer, the rotation of the earth
caugses a distant cosmic radio source to have a different radial velocity as
seen from each end of the interferometer. The output signals from each of
the two antennas, which differ somewhat in frequency because of the Doppler
shift, are combined in a non-linear device, thus ﬁroducing a "beat" at the

difference frequency. This beat signal is quasi-sinusoidal in time and is

generally called "fringes" by analogy with the optical fringes of a Michelson + -

interferometer. The fringe function may also be visualized as a pattern in
the sky which changes with the rotation of the earthj as the earth rotates
the fringe pattern sweeps over the cosmic source to generate the time-varying
output of the interferometer. The longer (in wavelengths) the baseline, the
more closely spaced are the fringes and the greater the angular resolution.

The instantaneous output of a two-element interferometer is the value of
ﬁhe Fourier transform of the angular brightness distribution of the radio source
for the argument corresponding to the instantaneous projection of the baseline
on the celestial sphere. By combining the output of many interferometers to
find a sufficient number of coefficients of the Fourier series, it is possible
to construct the two dimensional imagé of the source. This is the principle of
aperture synthesis, and the Fourier transform is generally referred to as the
"wisibility function."

As the earth rotates, the projected spacing of the interferometer changes
and sweeps out an elliptical track in the Fourier transform plane. In this
way just a few interferometer pairs, even if lying on a straight line, can
cover a portion of the Fourier transform plane sufficiently well to permit

the reconstruction of the source image. The locus of points in the (u,v)

plane is given by
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u
L -1
a2 b2
where
a? = (B;1+ Byz), b2 = a2 sin? 8§, v =3B, cos &, § = declination

and BX, By, BZ are the components (in an earth-based coordinate system) of
the baseline vector connecting the two array elements comprising the inter-
ferometer under consideration. A number of .interferometer baselines must be
used to make a satisfactory two dimensional picture. There are N(N-1)/2
interferometer pairs present in an N element array.

1f one can arrange a sufficient number of interferometers situated
geographically so as to determine the necessary terms of an appropriate
two-dimensional Fourier series, it is possible to synthesize a map of a
cosmic source. The scale of the finest detail in the map will be determined
by the longest baseline in the interferometer. If the baselines in the
array vary in length by discrete uniform steps, the size of the largest source
that can be unambiguously synthesized is, in radiams, the reciprocal of the
step size in wavelengths. The sidelobe level depends on the specific geometry,
but in general is a fraction of the order of (1/number of elements) for a
well designed array.

Such an array of telescopes produces source maps by fairly straight-
forward procesées of observation and data processing. However, in oxder to
produce unambiguoﬁs maps, the phases as well as the amplitudes of the Visibility
(Fourier series terms) are needed. This, in turn, requires that accurate
phase-reference signals be available at each antenna. Phase-reference signals
are customarily transmitted as local-oscillator signals, which are used in
the frequency-converters of the superheterodyne receivers of the telescopes.
Intermediate-frequency or baseband signals containing the astronomical
information are then transmitted from the telescopes to a central location for
combining or "correlating." Most existing synthesis arrays use coaxial
cables or waveguides for transmitting the phase~reference signals, with
a resulting limitation of baseline length to a few kilometers. A few inter-—
ferometers operate with microwave radio 1ink connections between telescopes;

here the baseline lengths can be increased to tens of kilometers while
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preserving phase stability by use of sophisticated two-way transmission

techniques.

C. Independent-Oscillator-Tape-Recorder Systems

For baselines in excess of a hundred or so kilometers, the transmission
of phase reference signals by cables or microwave links is extremely ex- i
pensive. Moreover, variations in temperature, pressure,and atmospheric
composition cause large fluctuations in the phase of signals disseminated {
by elther cable or microwave-link systems, and the elaborate phase-correcting 1
schemes that are being used on shorter baselines would be difficult to
implement on baselines of continental length. Thus, very stable, independent, %
local oscillators are used at each end of a baseline to establish the necessary
phase relationships between the two telescopes. Atomic frequency standards l
are generally used, rubidium-vapor or hydrogen-maser systems being the most
common. The latter is capable of accuracies of one part in 10 14 or better
over periods of days. This means that at a frequency of 10 GHz (10 10 Hz) the phase of
two independent oscillators will differ by less than one cycle after lO4 seconds i
(3 hours) of operation. [

A second difficulty which arises on such long baselines is the trans- |
mission of the output "signals" of the telescopes to a common location for !
nultiplication (or "eorrelation'). In order to obtain sufficient power from
the cosmic source, bandwidths of at least severa} MHz are generally desired, |
so that broadband communication channels of very high quality are required.
The medium used is the magnetic tape recorder. The data-are recorded on tape 1
at the radio telescopes, along with precise time marks provided by the atomie
frequency standard (atomic clock). The tapes from each antenna are trans-—
ported to a central location where they are played into a "processor' which
adjusts the two data streams to be precisely synchronous®* and then multiplies
them together to produce the fringes of the interferometer. The processor

may be in the form of a large general-purpose computer, a special-purpose

digital computer,or an analog device. This technique is generally referred
to as Very Long Baseline Interferometry or VLBL.

A number of baselines must be used to synthesize satisfactorily a two
dimensional picture. Since the compact radio sources are generally variable,

all of the observations must be simultaneocus ox nearly simultaneous. This
i

% The required accuracy is about half the reciprocal of the bandwidth, or about

100 nanoseconds for a 4 MHz bandwidth. 3
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complicates the data transmission problem, since the data from an N-telescope

array requires N(N-1)/2 times as much correlation time as observing time if

done one baseline at a time. To process in (equivalent) real time there should be a
many processor 'inputs' as recording stations.

Most VLBI observations have utilized only the amplitudes of the inter-—
ference fringes. Although the fringe phase is in principle recoverable from
the output of the correlation process, in practice the difficulty of cali-
brating the phase and the various phase instabilities in the system due to
local oscillator imperfections, atmospheric turbulence, and the uncertainties
in the length and orientation of the baseline generally have rendered the
phase values unreliable or incapable of Interpretation.

The absence of fringe phase means that half of the potentially available
information from an observation is not obtained. Moreover, the phase data
are necessary if one is to do a straightforward Fourier synthesis of a source,
or to measure the precise position of a source (the astrometric problem), or
to measure the precise length and orientation of the interferometer baseline
(the geodetic problem).

A principal difficulty is the inhomogeneous structure of the earth's
atmosphere. As the cosmic radio waves emitted by a source must pass through
different parts of the atmosphere, they suffer different cumulative time
delays in reaching the individual telescopes comprising an interferometer.
The parameters affecting the phase delay are the density, pressure, and
temperature of tropospheric water vapor which dominate at short wavelengths,
the temperature and pressure of the "dry" component, and the free electron
density and magnetic field strength in the ionosphere which are Iimportant at

longer wavelengths. These are all inhomogeneous and time-variable in essentially

unpredictable ways.

D. VLBI Systems

The first independent-oscillator-tape recorder interferometer used in
radio astronomy was developed to study the intense decameter wavelength
bursts from the planet Jupiter. Since the relatively narrow bandwidths of
only a few kHz were used, simple audio tape recorders were sufficient and

adequate time synchronization was provided from WWV transmission.
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At least five broadband VLBI systems have been operated since 1967.
Fach of these systems is described briefly in Table IIL.1 and is discussed
further below, along with the MK ITL system currently being developed.

Table IIIL.1
VLBI Systems

System Type Recorder Type Bandwidth Correlator
NRAG MK T D 1 bit Computer 330 kHz GPC or 8P
Canadian A TV 4 MHz 5P
"DSN D 1 bit Computer 24 kHz GPC
Jodrell Bank D 1 bit Instrumentation <7.5 MHzZ sP
NRAO MK II D 1 bit v 2 MH=z sP
MK IIT D 1 bit Instrumentation 50 or 100 MH=z SP

D - Digital

A - Analogue

CPC - General Purpose Computer
SP - Special Processor

NRAO MK T System: The MK I system was developed at NRAO to provide

sufficient bandwidth and sensitivity for studying the stronger compact extra-
galactic sources. Three minutes of data are recorded on ordinary computer-
readable tape. Originally three record terminals were constructed, but
additional units have been built by the NASA Goddard Space Flight Center.
Processing is possible with any large general—purpose digital computer, but
processing time can be excessive — taking from three minutes (with an IBM
360/95) to one hour (with an IBM 360/50) for a pair of three minute tapes.
Recently a special purpose correlator for the MK I tapes has been built at
the Haystack Observatory.

The MK I system was widely used throughout the USA and in Sweden,
Australia, and the USSR. It is still used by the MIT-Goddard group to
study source structure and for a variety of geophysical and astrometric ob-
servations. It is the most reliable system which is currently in use.

Canadian System: Unlike the MK I system which used relatively in-

expensive standard computer tape drives, the Canadian system used more complex
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and costly video recorders to obtain greater bandwidth than allowed by the
NRAO system. Recently, the original recorders have been replaced by more
modern and considerably less expensive recorders.

DSN System: Each of the NASA Deep Space Network sites 1s equipped with
a variety of data recording systems, and it has proven relatively straight-
forward to use this equipment for VLBI. Although the bandwidth
is much smaller than the systems especially built for VLBI, the DSN system:
has the advantage of availability at worldwide sites with good communication
and transportation links. To some extent the very low noise receivers and
large antennas at the NASA DSN sites compensate for the narrow bandwidth.
The NASA system has been used to monitor the angular extent of sources between
California, Australia, and South Africa, and for geodetic measurements between
California, Australia, and Spain.

Jodrell Bank System: The Jodrell Bank system is based on a multi-

track instrumentation recorder, although only a few tracks are used at any
one time. Because of its complexity, however, it has received little use,
A few experiments have been successfully completed, but no results are

published.
NRAO MK II System: Another system developed at the NRAO, the MK II, has

enjoyed the most widespread use. A total of 19 record systems are in
existence as shown in Table III.2. The MK IT system uses a modified helical
scan videa tape recorder to recoxrd digital data which is then played back at
a real time rate on a special processor., The system is limited to a data
raterf 4 Mbits/sec and records only one speed so that observations such as
those of molecular masers or strong continuum sources which do not require
the full bandwidth capability waste tape and cannot be replayed faster than
real time.

At the present time there are only two MK II processoxrs in operation
jocated at NRAO in Charlottesville, Va. and at Caltech, and all MK IT tapes
must be brought to one of these processor systems for analysis. The NRAO
processor has been recently expanded to allow the simultaneous cross correlation
of three tapes, which speeds up the processing of multi station experiments
by up to a factor of three. The correlator has been rebuilt to allow 288

simultaneous frequency channels to be processed and a hard wired Fast-—Fourier
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Transform device has been added to the output of the Processor, to reduce the
time consuming analysis of spectral line data previously carried out in a
large digital computer.

One of the weakest features of the MK II system is the Ampex VR660C
video tape recorder used in the record and playback terminals. Considerable
difficulty has been experienced in keeping the recorders properly aligned,
and due to the repeated mechanical failures, extensive maintenance has been
required to keep these recorders in operating condition. A recent development
has been the modification of the IVC 825 video recorder, manufactured by the
International Video Corporation, to permit recordings which are compatible
with those made on the VR660C. This is the same vidéo recorder which is
currently used in the Canadian analogue system, and so joint multi-station
observations between U.S. and Canadian observatories are now possible
without the need to transport the U.S. recording equipment to Canada. This
hybrid system, which is known as the MK IIC appears to be more reliable than
the original MK II, and a number of the newer terminals which are being con-
structed are based on the IVC recoxder. The NRAO Processor has been modified
to allow any combination of Ampex and IVC recorders to bé used.

MK II Processors are also being built in Sweden and Bonn, Germany,
but only the Bonn Processor will have a spectral line capability similar to

that at the NRAO.
The MK III VLB System: A prototype next generation VLB Record-Playback

system using a wideband instrumentation recorder i1s currently being developed
at the NRAO and Haystack Observatory, and may be expected to come into wide-
spread use in the late 1970's. TFor continuum observations .the MK I1IT VLB
System has nearly an oxder of magnitude greater sensitivity than the currently
used MK II System, while for spectroscopic work the MK III system gives higher
spectral resolution and faster processing time. As it is currently conceived,
the MK III System satisfies all of the requirements of a dedicated VLB Array.
Nevertheless, as the MK IIIL design continues, the prototype tested, and the '
system is used for VLB observations with existing antennas, the design

specifications are 1ikely to be modified to improve the performance still

further.
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Wide bandwidth digital recordings may be obtained using a multitrack
instrumentation recorder in two ways, both of which involve a modest data
yate of ~ 4 Mbits on each track. In the "parallel" recording method chosen
for the MK III system, the entire video band is divided into 28 equal segments,
and each narrow-band slice is written on a different track. This gives the
system considerable flexibility since portions of the receiver IF's can be
recorded with each pair of tracks derived from the upper and lower sideband
outputs of one of 14 I¥ to video converters. Fach converter has an individual
frequency synthesizer allowing the selection of a center frequency from 100
to 500 MHz in 10 kHz steps.

The data might also be written in "serial” form instead, so that when it
is played back a single high-speed bit stream is reconstructed which represents
the entire video bandwidth. The serial mode requires the use of high speed
ECL logic and has the advantage of potential compatibility with the VLA digital
gystem. The parallel mode fequires 28 times as many correlators and fringe
rotators, but uses lower cost common TTL logic.

The cost of implementing the two modes is roughly comparable. The

parallel mode was chosen for the MK IIT system for the following reasons:

1) Reliability. Failure of a single channel does not affect the data
from other tracks, whereas in the serial mode all of the data may be lost.

2) The available bandwidth may be more readily divided into several
parts to accommodate different polarizations, different spectral lines, or for
bandwidth synthesis where the r.f. signal is spread out over a frequency
range many times greater than the recorded r.£f. bandwidth.

The Mark III System can record up to 112 Mbits/sec {(and possibly
224 Mbits/sec) and down to 250 Kbits/sec. The system used the 28 track EIA
standard for one-inch-wide tape. Each track is recorded with NRZM code (a
flux reversal represents a "one" and no flux change represents a "zero'") at
linear density of 33,000 bits/inch in odd-parity 9-bit bytes to guarantee a
transitionless run of no more than 16 bit-cells long. Fach track is structured
into frames of 22,500 bits with a syne word of 4 successive even-parity bytes
of 8 ones followed by a zero. The sync word is followed by a sync block
containing the BDC coded time., All tracks are similarly encoded and recovery

of .the data from one track in no way depends on any of the other tracks.
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A Honeywell 96 recorder has been selected for the basic MK IIT tape
transport. All of the record-playback electronics are being designed by
Haystack and NRAO to avoid the use of the rather more expensive manufacturer's
electronics. Fach of the record systems will be equipped with a single channel
of playback electronics which will "scan' all 28 tracks in a "read-after-write"
mode to check the quality of the digital data recording. At a fully equipped
MK IIT record station a small on-line computer will be utilized to
control the operation including the setting of bandwidths and local oscillator
frequency, to record the atmospheric water vapor content, system nolse temperature,
and source antenna temperature, and to monitor the performance of the radiometer
and record gystem. A HewlettuPackard HP2IMX computer has been selected for use
at the NASA operated sites which will use the MK III VLB system for a variety
of geodetic studies.

The cost .of a complete MK TIT record system is expected to be about
$90,000. It is expected that a considerably less expensive, but fully
compatible, recording system can be constructed uéing simpler 1essrexpensive
tape transports, 14 record tracks, and manual rather than computer controlled
operation. Such a system can be used at smaller observatories to collaborate
with the larger, better—equipped facilities with recording bandwidths up to
28 MHz. Data taken with the MK II system can also be cross-correlated with
MK III data by first transcribing the MK II data to MK III tape. We note,
however, that even the cost of a fully instrumented MK III record system is
less than that of the typical cryogenically-cooled parametric amplifier which is
in common use on major radio telescopes. 7

The maximum recording speed of the Honeywell 96 recorder is 240 inches
per second which gives 8 Mbits per track on each of 28 tracks, or a total of
224 Mbits or 112 MHz total bandwidth. At this rate a full 16 inch reel of
tape (12,000 feet) lasts for only 10 minutes so that the consumption of
magnetic tape is very great. It is anticipated that such high recording rates
will be used only when the coherence time is limited, such as when observing at
very short Waﬁelengths, or when observing very weak sources.

The fastest playback speed planned is 120 inches per sec, so that data
recorded at 240 inches per second will require approximately twice real time
to replay. Data recorded at slower speeds than 120 inches per second will
be replayed faster than real time. This will be of particular advantage to

spectral line observations, where only relatively narrow bandwidths are required.
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The MK III system will be equipped with filters to record bandwidths
of 4, 2, 1, 0.5, 0.25, or 0.125 MHz per track. For spectral line work
only one, or at the most a few, tracks will be used at a time, and the
recording will shuttle sequentially through each record track. Thus, at a
bandwidth of 125 kHz, or a recording speed of 7% ips, a single one track
pass will last for 5 hours and 20 minutes, and the full 28 tracks for more
than 6 days. Data recorded at this rate can be played back at a rate 16 times
real time, and broader band data at a proportionally slower rate.

The prototype MK TIT correlator system, currently being constructed at
the Haystack Observatory, will contain 8 complex delay channels on each of
28 tracks on three baselines. Data will always be played back at 120 ips,
and so all delay lines, fringe rotators, etc. will always operate at a clock
rate of 4 MHz. When used in the single track spectral line shuttle mode,
112 independent frequency channels are available for each of 3 baselines,
or the complete 336 channels if only one baseline at a time is processed
Even greater spectral resolution can be obtained at the cost of increased
processing time by repeatedly replaying the tapes.

Recordings at speeds of 120 ips (33.3 kbits/inch or 4 Mbits/sec) on
up to 7 simultaneous tracks have been demonstrated at the Haystack Observatory
using a Honeywell 7600 tape tnansport. The observed error rates varied between
5 x ].0“6 (5 mil track width) and 2.5 x 10_8 (25 mil track width) with no
noticeable degradation after replaying the same tape many hundreds of
times. This is quite acceptable for VLB data recording; and suggests that
up to 50 or 100 tracks (200 to 400 Mbits) might be ultimately accommodated
on a 1 inch tape. No tests have yet been made at 240 ips record speed.

Two prototype MK III recoxd systems are expected to be in operation by
mid 1977, although only a fraction of the full 28 tracks will be implemented
at that time, and by 1978 MK IiI record systems are expected to be avallable

at several NASA sites, at the Haystack Observatory,as well as the two belng

constructed at the NRAO. As part of the PPME program (ITI.D.5), NASA may prov1de

MK TII terminals at several other radio observatories as well. The prototype
MK IIT Processor at the Haystack Observatory should be in partial operation
in 1977. Although a lengthy period is expected before reliable multi-station

MK III operation is achieved, by 1978 preliminary high sensitivity ob-

servations will be possible using existing antennas equipped with MK III

systems.
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E. Current Scientific Programs

Figure ITI.2 shows the locations which have been used in VLBI experiments.
In the past these have been ad-hoc experiments arranged jointly between in-—
dividuals at two or more locations. However, several somewhat more formal
programs have now been organized in an effort to minimize many of the technical

and logistical problems discussed above, or to achieve specific program goals;

Fig., I1I-2. Map showing the location of radio observatories which
have_been used for VLBI observations. The lines connecting the locations
show the most commonly used baseline.
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1. Interim VLB Network with Existing Telescopes

Tn order to obtain the large number of simultaneous baselines required
to synthesize complex variable compact sources, & number of critically located
telescopes are made available for long baseline interferometry at specific
pre-assigned times. It is hoped that these telescopes will be outfitted
with uniform instrumentation to facilitate obtaining reliable well-calibrated
data. Although these antennas are not generally optimally located, have
limited sky coverage, are unsuitable for work at short wavelengths, and subject
to scheduling conflict with other research programs, many important programs
can be carried out. In particular, for work at relatively long wavelengths,
(A 2 10 cm) the structural limitations are less important,and complex and
costly cryogenic amplifiers are not necessary. At these wavelengths the
techniques necessary to synthesize moderateiy high resolution images may be

investigated and developed, and a number of interesting astronomical programs

may be pursued as well.
Key observatories in the United States which have agreed to cooperate

in scheduling and in providing the necessary instrumentation in this VLB

Network are the Haystack Observatory (MIT),'the Maryland Point Observatory (NRL),

the Vermillion River Observatory (Uniy. of T11.), the Harvard Radio Astronomy
Station (Harvard), the Owens Valley Radio Observatory (Caltech), the Hat Creek
Observatory (Univ. of Calif.), and the NRAO. Although the available facilities
and supporting personnel differ widely, a number of Network programs have

been successfully run, including twe seven-station (21 simultaneous baselines)
experiments.

A more complete report of the "VLBI Network Using Existing Telescopes”

is given in the report by Cohen (1975).

7., UTl-Polar Motion Measurements -— NASA
The 64-m antennas in Spain (DSS-63), Australia (DSS—43), and California

(DSS-14) have been outfitted with simultaneous S~band/X-band reception
capability. MK TI recording systems and Hydrogen masers are available and

the MK IIT system will be installed when it is available. Regular observations
are being made which will determine UT1, polar motion, and time and fregquency
synchronization. The baselines and source positions are also determined in

24 to 30 hour runs. Models for other parameters, such as solid earth tides,
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precession, and nutation, will be improved upon. A full catalog of sources
with fringe amplitudes 0.2 Jy has been obtained with positional accuracy

better than about one arcsec in order fo facilitate this program.

3. Space Navigation — NASA

Differential position measurements of spacecraft relative to cosmic
gources will be used for spacecraft navigation. Although initially the
observations will be made with only a single 64-m antenna at each site, later,
if necessary, pairs of antennas at each complex will be used to overcome

variations in the ionosphere and troposphere.

4, Astronomical Radio Interferometric Earth Survey (ARIES) -~ NASA

The development and construction of several transportable 4- to 9-m
antennas with Hydrogen maser frequency standards having cryogenic X-hand
receivers are planned. One or more antennas will have dual $/X band capability.
These portable stations will be used to do tectonic deformation monitoring
and geodetic surveying over regional areas spanning about 1000 km. The base-
line accuracy is expected to be better than 5 cm in all three dimensions, One
or more 9-m antennas with dual S/X capability will be used for transcontinental
and intercontinental baseline measurements. Regular observations have been
made during the past two years using one fixed antenna at Goldstone and a

portable antenna at several locations in California.

5. Pacific Plate Motion Experiment (PPME) - NASA

The relative motion of the American and Pacific plates is of considerable
interest in studying earthquake dynamics along the San Andreas Fault, and in
the Alaskan region. NASA plans to use VLB interferometer techniques to
accurately measure the baselines between stations located in Alaska, Hawaii,
California, Massachusetts and, if possible, Japan. Accuracies of a few centi-
meters in the measurement of the baselines and polar motion, and 100 to 200 usec
in the variation of the earth's rate of rotation (UFI) are anticipated.

The ARIES and PPME projects arelboth part of the NASA Plate Tectonic
Motion Program and are intended primarily for studying earth physics by
observation of distant extraterrestrial radio sources. The Intercontinental
Array, by contrast, is conceived as an instrument to investigate the cosmic
sources themselves, although, as explained earlier, many geophysical problems

as well will be studied.
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In particular, regular observations extending over a long period will
answer such questions as: Are plate motions continuous or episodic? What
are the relevant time scales? How do plate motions relate to polar motion,
variations in Universal time, or to earthquakes. The technical requirements
of the present earth physics projects are similar to those of the Intercontinental
Array. The development at the Haystack Observatory of the broadband record-play-
back sYstem of the type needed in the Array, is being supported by NASA as part
of the PPME program. Other NASA supported programs aimed toward the commercial
development of hydrogen masers, and the investigation of the atmospheric delay

on the interferometer phase will also contribute to the development of the
Array.
F. VLBI Activity at NRAO

The MK I VLBI System was developed at the NRAO during the period 1965 to
1967 and was extensively used from 1967 to 1971 by the NRAO, Caltech, and MIT

groups. A special purpose processor for the MK I System has since been built

at the Haystack Observatory, and the System has been further developed ahd
improved by the MIT-NASA group who have continued to use it extensively for
a variety of geodetie, astrometric, and astronomical studies.

The MK IT VLBI system was also developed at the NRAO together with the
Leach Corporation (Clark 1973) and came into use in the early 1970's.
Tnitially 7 record units were built by NRAO and the Leach Corporation;.by
the end of 1976, 19 MK II or MK IIC units were in operation throughout the
world. These later units have either been built at the NRAO or by foilowing
detailed designs made available by NRAO.

Because of the heavy demand on the Charlottesville MK II Processor, it
has been expanded to permit data from three stations (3 baselines) to be
replayed simultaneocusly. This speeds up the playback procedure by up to a
factor of three. The correlator has also been expanded to give 288 interferometer
frequency channels for the processing of spectroscopic data. A FFT device has
been added to the Processor to give a real time display of the fringe spectrum
and to greatly reduce the required time on the off-line 360/65 computer.

The two station CIT/JPL Processor has recently come into operation for

continuum data analysis. Expansion to three or four stations 1s expected later

in 1977, but no spectrosocpic capability is planned.
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In 1976 NRAO built a new MK II record terminal which uses either the
compatible IVC 825A video recorder or the older VR 660C recorder, and later
assisted the VRO, the Univ. of Iowa, and the Hat Creek Observatory in building
similar systems. The Asqro—Electronics Laboratory (AEL) at Caltech intends to
construct MK IT Format units for several other observatories. The NRAO
Processor has been modified to process any combination of tapes recorded on
the IVC or Ampex machines, and similar modification and expansion of the
Caltech processor is planned.

During the past few years the Charlottesville VLB Processor has changed
from an experimental operation to a major facility which has served experimenters
from all over the world. Until recently, visiting experimenters were for the
most part expected to operate the Processor by themselves, but due to the growing
demand for time and the complexity of the operation, three trained operators
are now available to operate the system nearly full time. The visiting
investigator is thus relieved of the tedious chore of replaying the magnetic
tapes, and he is free to evaluate the data and do further analysis. The
operation of the NRAO MK II VLB Processor is now much like that of the NRAO
telescopes and includes the defrayment of visitor travel costs and the use
of the NRAO 360/65 computer for the later stages of data reduction.

NRAO has also made available to the Harvard Radio Astronomy Station at
Fort Davis, Texas, a MK II record terminal, atomic frequency standard, local
oscillator system and 6 and 2.8 .cm front ends. This has enabled the use of
the Fort Davis antenna as part of the VLB Network by a variety of users. The
140-ft radio telescope has been equipped with low noise radiometers at all of
the VLBI frequencies in use. Operation of the telescope is nearly automatic
and is supported by an extensive engineering and operations staff. The VLB
user need only provide general supervision, so that only a single observer is
needed on the site. The 140-ft is the main observing station in the VLB
Network obsgrvations, having been used for nearly all Network observations
as well as for a wide variety of ad hoc VLB observations. For the past 3 or 4

years approximately 25 percent of the observing time on the 140-ft antenna has

been devoted to VLBI research.
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IV. IMAGE FORMATION

Given an array of radio telescopes which sample some portion of the
Fourier transform plane, two problems remain in reconstructing an image
from the observed data. These are the uncertainties in the measurement of
the amplitude and phase of the fringe visibility, and the incomplete sampling
of the Fourier transform, both of which may lead te high sidelobe levels.

The uncertainties in the measurement of fringe amplitude,due to errors
in the calibration of the individual antenna elements,are expected to be
about 1 percent, exclusive of noise, using conventional techniques. Frequent
observation of "calibration" sources which are unresolved at least on the
shorter baselines, in any case, gives a calibration which is independent of
the individual "single dish' measurements. As described below, pulsars provide
the necessary '"point" sources for amplitude as well as phase calibration.
Moreover, if the array contains redundant interferometer spacings, then there
is an additional check on the calibration. One percent amplitude errors, or
phase errors of 0.1 radian will lead to sidelobe levels of the order of 20 db
weaker than the main beam. Provided that there is proper instrumentation at

each element, and adequate care is taken, amplitude calibration is not expected

to be a serious problem.

A. The Phase Problem

We give below the main problem areas and techniques which may be used to
minimize the uncertainties in the phase measurements. The practical limits
to the measurements of interferometer phase are shown in the "sigma-tau"
diagram (Figure IV-l) which gives the frequency stability of various frequency
standards as well as that expected from the atmosphere under "good" and 'poor

seeing conditions.

1. Local Oscillator Frequency Standard

The earlier VLBI observations used Rubidium vapor frequency standards to
derive the local oscillator reference. These are limited in stability to
1 part in lO1l or 1012. This restricted thedr use to relatively long wavelengths

or short integration times, and excluded the possibility of measuring the

fringe phase.
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The shaded area indicates the range of fluctuations due to the atmosphere
under typical conditions.

Many current experimenters are using Hydrogen maser frequency standards
with stabilities better than a part in in 1014. Newer units now coming into
operation have a stability of 3 parts in 1015, and stabilities better than a
part in 1015 have been claimed. This means that even when multiplied up to

30 Gz (1 cm) it takes 104 seconds (¢ 3 hours) for two such oscillators to
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drift out of phase by one cycle. Thus, with frequent reference to calibration
sources, the hydrogen maser provides adequate stability for use as an independent
local oscillator.

In the past, hydrogen masers have suffered from poor reliability, high
cost, and relative lack of availability. Several of the newer designs including
those developed at the NASA Goddard Space Flight Center and the Smithsonian
Astrophysical Observatory have demonstrated the required reliability. Thedlr
cost remains high, but is expected to be reduced if a sufficient number are
manufactured.

Cesium tube frequency standards are much less expensive than hydrogen
masers, very much more reliable, and less sensitivie to the environment. But
they exhibit a much higher short term noise than hydrogen masers or Rubidium
standards, which has made them unsuitable for a local oscillator reference.
Newer high performance units, now commercially available, offer much reduced
phase noise, making them more attractive for VLB work, and several special
low noise units have recently been fabricated for the U.S. Naval Observatory.

It is possible that a Cesium tube standard, when phase locked to a very stable
crystal or rubidium oscillator, can provide adequate frequency stability for

VLBI and at much lower cost than hydrogen masers. Tests of various oscillator
systems, including the HP 5065A rubidium standaxrd and the high performance HP 5061A Cs
standard., are being made at the NRAO and the Naval Research Laboratory (Johnston

et al. 1976) to evaluate their suitability for use in VLBI.

Other types of atomic oscillators, including the Rubidium maser, sub-
millimeter and optical masers, and trapped ion masers, are under development
and may give comparable, or even better performance to the hydrogen masers,
at reduced cost and complexity (e.g. Hellwig 1974). Another new development
is the super cooled cavity oscillator (SCCO) which is capable of extremely
great short term stability, at relatively low cost, and with great reliability.
NRAO will continue to investigate precision standards and, in particular,
the Cesium tube standards in search of a lower cost device. A SCCO system is
being procurred at Caltech to evaluate as a VLBI local oscillatoxr reference.

For the present, however, the hydrogen maser must be chosen as the frequency
standard. Although the cost of masers is high, they are the only devices which
meet performance requirements for the VLBA. The hydrogen maser may be
augmented by a commercial Cesium standard to provide an accurate long term

fundamental time and frequency reference against which the hydrogen maser will
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be compared. A Loran tracking receiver will provide a continuous check of
station time and provide an independent external reference,

Hydrogen masers, or other atomic frequency standards generally provide
a high level x.f. output at 5 MHz or 100 MHz. This must be multiplied to
the operating frequency (up to 22 GHz) and the multiplier must not contribute
significantly to the final phase noise. NRAO has developed such a multiplier
which is commonly used in VLBI experiments at the 140-ft and elsewhere.

Even with perfect local oscillators, drifts in receiver phase are also
imporfant, particularly if these are correlated with antenna position. However,
these can be calibrated using an injected calibration signal. A suitable
"ohase calibrator" consisting of a tunnel diode pulse generator has been
designed at the Haystack Observatory (Rogers 1975) and is in routine use by
the MIT-NASA VLBI Group. In this system the 5 MHz signal derived from the
hydrogen maser is used to generate pulses at one microsec intervals and
produces spectral lines with a spacing of 1 MHz which are then coupled into
the front end. The phase calibration is then extracted by multiplying the
recorded data with the quadrature components of a three-level representation of
a sine wave.

A similar devide is being designed at NRAO, which will include moreé broadly
spaced spectral features to verify that the local oscillator frequency and
receiver sidebands are correctly set.

Long baseline interferometer systems need not have independent local
oseillators. As is discussed further in Section V.E.2, a joint US-Canadian
group 1s planning to use a synchronously orbiting satellite to transfer a
local oscillator reference from one end of an interferometer baseline to
another. If successful, this technique can be used for the worldwide distri-
bution of phase reference.

2. Atmospheric and Jonospheric Path Fluctuations

A good hydrogen maser oscillator multiplied up to local oscillator frequency
has a combined maser-multiplier phase noise which may be less than that of the
atmosphere. Thus the main limitation to the performance of a VLB Array is the
propagation delay introduced by the atmosphere at short (A 5 10 em) wavelengths
and the ionosphere at longer (A ~ 10 cm) wavelengths. These problems are not

unique to VLBI. Experience has shown that for baselines of greater than a few
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kilometers, the path to the individual antennas goes through essentially
independent atmospheres. As the separation of an interferometer pair is
increased, the atmospheric phase fluctuations increase rapidly within spacings
up to a few km, and then increase only very slowly as the spacing is further
increased.

The typical path delay through the atmosphere is about 2 meters at the
zenith. About 75 percent of this is due to dry air, and the rest to water
vapor, which varies considerably in direction and with time as a result of
fluctuations in the atmospheric water vapor content.

The total atmospheric path length may be estimated from surface measure-—
ments of temperature, pressure, and humidity, and the expected delay through
the atmosphere is closely correlated with the precipitable water vapor along
the line of sight. The theoretical electrical delay is 6.1 cm per gm cm
precipitable water vapor.

Methods to experimentally measure the delay and apply corrections to
the observed interferometer phase have been under active study since 1967 at
NRAO with reference to the performance of the VLA. A number of infra-red
hygrometers have been built which measure the absorption due to atmospheric
water vapor in a path along a line of sight pointed at the sun.

A potentially much more powerful technique has been develdped which
uses microwave radiometers to measure the atmospheric water vapor emission
at the 22.235 GHz (1.3 cm) emission line. Since these radiometers can be
mounted on each interferometer antenna element and pointed toward the radio
source being observed, they are sensitive to spatial as well as to temporal
inhomogeneities.

Tests conducted with the NRAO 3-element interferometer in Green Bank show
a high degree of correlation between the water vapor radiation measured with
the 1.3 cm radiometer and the observed interferometer phase fluctuations.
However, the ratio of the two effects appears to vary with time in a way
which is not understood. Thus, so far, it has not been possible to use the
measurements of water vapor to correct the interferometer phase. Efforts
to better understand the water vapor measurements is in progress at several
places and it is hoped that more sophisticated radiometers that perhaps measure
the integrated water profile by multi frequency observations may prove more

reliable than the single measurement of peak emission used in the past,
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3. Uncertainty in Baseline and UT.1

The separation between two points in the USA can be determined to an
accuracy of only a few meters by using conventional survey techniques. This
corresponds to a few hundred wavelengths at an operating wavelength of a few
centimeters. Moreover, tides in the solid Earth will cause diurnal fluctuations
of 10 to 20 em, and over a period of years crustal motions may accumulate at
the rate of a few centimeters per year.

The rate of rotation of the earth (UT.1l) is not constant and at any
given time the direction of the baseline relative to an inertial frame is
uncertain by 10 to 30 milli-arcsec. Uncertainties in the rates of precession
and nutation of the Earth's axis, and the wander of the axis will also cause

significant errors to accumulate over periods of a few months or more.

4. Calibration

In prineiple, the baseline constants, UT.1l, and the effect of the atmos-
phere and ionosphere can be determined from the interferometric observations
of calibration sources. Even if there were no desire to investigate theée
phenomena for their geophysical interest, they must be evaluated if accurate
interferometer phases are to be measured. To a large extent the various terms
are interdependent, and to solve for one requires the evaluation of all
parameters.

In order to accurately measure the absolute phase on each interferometer
pair, we must know a) the differential path length to a few tenths of a
millimeter (including errors in the baseline and in the differential delay
through the atmosphere and ionosphere), b) the instantaneous orientation
of the baseline to considerably better than a milli-arcsec (including
uncertainties in precession, nutation, and UTw1l), and ¢) the relative phase
of the independent local oscillators.

This is a formidable, if not impossible, task. However, in practice
the problem is greatly simplified if the interferometer phase is measured
relative to a nearby unresolved (constant phase) source. If the calibration
gsource and the source of interest are separated in the sky by an aﬁgle 6, then
the effect of the uncertainty in the various interferometer parameters are
reduced by a factor of the order 8 (6 expressed in radians).

The technique of calibrating an interferometer by observation of a

suitably chosen grid of sources, plus the more frequent calibration of the
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variable terms {(in particular atmospheric fluctuations) is fundamental to
modern radioc synthesis instruments. It is used to some extent in all currently
operating arrays, and is crucdial to achieving the full potential of the VIA

or a VLB Array.

An important restriction on the sensitivity of the Array is that each
interferometer pair be able to measure with reasonable signal to noise ratio
a nearby calibration source during an interval which is not long compared to
the time regquired to obtain each individual measurement of the fringe visibility
function. Using 85-ft telescopes and VLA type radiometers, it can be estimated
that at 6 cm,on the average,there will be one compact source within one degree
of are of any chosen position which will be strong enough to give an SNR of
5 (+ 12° of phase) in 10 minutes integration time (using the full bandwidth of
50 MHz).

The pulsars are excellent calibration sources. Since they will be
unresolved on even the longest earth based interferometer baselines, they
can be used to calibrate the absolute scale of fringe amplitude, the length
and orientation of the baseline, and UT.l. There are too few pulsars that
can he seen with 85-ft antennas to allow them to be used as reference sources
for calibration of atmospheric phase fluctuations, and they will have a
measurable proper motion. This means that the Array must use both the weak
"point" source pulsars and the stronger, more numerous extragalactic sources
many of which will be partially resolved with an Intercontinental Array.

A very powerful constraint on the effect of instrumental phase as well as
amplitude fluctuations‘is obtained if there are redundant interferometer base-
lines. The Quasi Uniform Array described in Section V.B below allows the
calibration of the longer interferometer spacings in terms of the shortest
spacing, since each interferometer pair is equal in length to the sum of two
shorter interferometers, which in turn can successively be divided down to
the basic unit spacing. The relative interferometer phase may thus be
determined on all baselines at all times, and used to reconstruct the true
source image independent of any instrumental or atmospheric phase variations
or uncertainties or changes in the baseline or UT.1. The only restriction
is that the source be unresoived or only slightly resolved on the shortest
baseline which is a necessary condition in any case (see Section IIT.A). In
this wéy only the absolute phase, or position, of the source is missing; all

the necessary phase information necessary to reconstruct the source image is

preserved.
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Since there are more interferometer pairs than there are antenna elements
(for more than three antennas), it is not necessary that all of the inter-
ferometer baselines can be derived as a sum of smaller baselines. If there
are N antennas, then there are M = N(N-1)/2 interferometer pairs or M measured
phases compared with only (N-1) relative phase variations due to changes in
electrical path length over each antenna or to local oscillator variations.

In general there will be K redundant baselines or (M-K) independent
visibility phases. One of these may be taken as arbitrary and the others
referred to it. This arbitrary visibility phase contains information on the
position of the source, but is not needed for reconstruction of the brightness
distribution. Thus there are a total of M = N(N-1)gmeasured phases, (M-K-1)
unknown visibility phases, and (N-1) unknown instxrumental phases. Provided
that (N-K) < 2, it is then possible to solve for the unknown visibility
phases.

For example, in an 8-element array (N = 8), there are M = 28 measured
interferometer phases. If there are at least 6 redundant baselines (K = 6),
then it is possible to solve for 21 of the 22 visdibility phases, and 7 of
the 8 instrumental phases.

Even in the absence of redundant baselines, some phase data may be
obtained from the so-called ""phase closure" relations. In a multi-element array
the vector sum of the phases measured on any three legs formed by three antennas
is independent of local oscillator fluctuations or variations in the atmospheric
or ionospheric path length above each antenna, but does contain information
about the visibility phases which may be used to restrict the solutions found
from the use of amplitude data alone. If the source contains an unresolved
or slightly resolved component so that the visibility phase is nearly constant
on the longer baselines, then the true visibility phase on each of the shorter
baselines may be determined from the phase closure triangle involving a pair of
longer baselines. The unresolved component may be thought of as a reference
source to which all interferometer phases are referred. The use of 'phase-
closure" without the need for calibration of each interferometer phase was
pointed out by Jennison in 1958 and was discussed further by Rogstadt (1967).
1t has been used by Rogers et al. (1974) to help interpret data from a three
station VLBI experiment, and has been further developed by Fort and Yee (1976)

and by Wilkinson et al. (1977).
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The calibration of interferometer phase using a nearby reference source
requires that the antenna elements be rapidly alternated between Lwo sources
on a time scale short compared with variations in the atmospheric and
ionospheric instabilities as well as with variations in the phase of the
independent local oscillators. The need to frequently move the antennas
can be eliminated if there are two antennas located at each site so that the

source and the reference source may be observed simultaneously and the relative

interferometer phase directly measured independent of any instrumental variations

common to the two sources. To use this method, the relative separation of each

pair of antennas must be accurately determined, generally by instrumenting them

as a conventional comnmected interferometer. The connecting baseline is then

calibrated in the usual way by observing a grid of sources of known position,
Although several such dual VLBI and even triple VLBI (3 antennas at each

of two sites) have been carried out, the additional cost of implementing two

antennas at each of the VLBA sites seems unnecessary, except i1f possibly it is

later decided to extend the observatilons to millimeter wavelengths by building

a second antenna at each site. Although alternating between the source and

reference source is both time consuming and inconvenient, it appears adequate

to obtain well calibrated phase data, particularly if there are a sufficient

number of redundant baselines.

The fraction of time that will have to be spent in observing calibration
sources, and in determining the baseline and rate of earth rotation is ndt
clear and may very well be of the order of half of the total observing time.

Figure 1V-2 shows the phase observed at 18 cm on a 1.3.x1106'i
baseline on the source CTD 93. The NRAO 140-ft and NRL 85-ft antennas

were used as elements of the interferometer.

B. Image Restoration from Imperfect Data

Tn a properly designed multi-element array, an image may be formed by
means of a conventional Fourier transformation. If, however, there is
insufficient sampling of the transform plane because of inopportune placement
of antennas or there is too much noise in the measured visibility'amplitude
or phase, the reconstructed source image is distorted. In particular, the
response to a point source may contain numerous sidelobes, whose strength may,

in extreme cases, be comparable with that of the main beam.
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Fig., TV-2. The phase of the source CTD 93 observed on the NRAO-NRIL
baseline at 18 cm. :

Procedures to minimize the effect of these sidelobes has been a subject
of considerable concern to radic astronomers who wish to minimize the number
of antennas in an array. In the case of present VLBI work, the problems are
even more difficult, for two reasons.

a) First, because relatively few antennas are used, and because these
have not generally been placed at optimum locations, the sidelobes may be

numerous and strong.
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b) »Secondly, because there has been generally little or no phase in-
formatidn, a formal Fourier transformation of the observed fringe visibility
has not been possible. VLBI workers have resorted to a variety of "tricks"
to get the most information from a limited amount of data. Many of these
techniques were developed earlier to deal with conventional interferometry
which in previous years suffered from many of the same limitations of present

VLBI — i.e., incomplete data with little or no phase information.

1. Model Fitting
The most straightforward, and so far most widely used, technique for

interpreting VIBI data is "model fitting," i.e. an attempt to find the simplest
geometric model which satisfies the observed interferometer data. The general
procedure is to examine the extrema of the fringe visibility function on each
interferometer track and from their location and amplitude to estimate the
over-all dimensions, the orientation of the major axis, and the number of
components of the source. This "first guess" is then used as input to an
iterative procedﬁre which varies the parameters of the model to find the best
fit to the observed visibility amplitudes.

The procedure is simplified by assuming that the source can be divided
into a relatively small number of discrete (usually gaussian) components and,
by analogy with the more extended sources, has a fairly well defined line of
symmetry. In detail, probably neither of these assumption is correct, but in
most instances the limited data available so far can be represented with such
simple source models.

If there are more than three components, or the components do not lie
along a straight line, it is frequently difficult to find, by inspection, a
satisfactory model to start the model fitting procedure. Another major diffi-
culty is that the final model is sensitive to the "first guess' and unless
this guess 1s close to the true brightness distribution, the soluticn may not
converge. Also, even if a satisfactory solution is found, generally it is
not unique, and often one parameter may be dependent on the value of another.

It is encouraging to note, however, that model fitting, applied to the
early conventional interferometric data, while oversimplified, was successful
in crudely describing the brightness distribution. The later, more complete
data obtained with multi-element synthesis arrays have greatly improved both

the resolution and quality of the maps; but for the most part, the early models

are not in disagreement with the new maps.
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Bates (1969a,b) and Napier (1972) have pointed out that the location of
the complex Zeros in the (u,v) plane may be used to determine all of the
one dimensional source brightness distributions which can give the observed
fringe visibility amplitudes. Frequently many-of these can be excluded
because they contain negative brightness and are thus physically impossible.
1f both the visibility amplitudes and phases are measured, but the phases
are relatively inaccurately determined, the location of the complex zeros
can be used to reduce the errors (Bates and Napler 1972).

There is no direct extension of the complex zero theory to two dimensions,
but the one dimensional procedure can be applied along many straight lines

in the (u,v) plane (Napier and Bates 1974).

2. Direct Fourier Transform

Tn arrays in which accurate amplitudes and phases are measured over the
appropriate portion of the (u,v) plane, the source image may be reconstructed
by direct Fourier inversion. In orxder to minimize the amount of computational
time, the data are generally interpolated into a rectangular grid so that Fast
Fourier Transform (FFT) techniques may be used.

1f the (u,v) plane is incompletely sampled, it is necessary to assume
some value of the visibility function at those grid points where it is not
measured. This may be done by interpolating from nearby points or more simply
by assuming_a value of zero. In either case, this distorts the image by
adding sidelobes. The Maximum Entropy Method (MEM)
derives the brightness distribution which is the most random (i.e. has the
maximum entropy) and is consistent with the observed data. The method has
been demonstrated to be successful but the additional compittational times appear
excessive (i.e. Rogers 1975b).

Another method which has been recently used is the CLEAN technique in
which sidelobes are removed by comparing the image obtained by direct inversion
(DIRTY MAP) with the array response to a point source (DIRTY BEAM) to form the
CLEAN MAP. The method works well if the source can be represented by a small
number of discrete components, but phase data is required (Hogbom, 1974).

Fort and Yee (1976) and Wilkinson et al. (1977) have combined the CLEAN technique
with the use of phase closure to derive high resolution maps of compact radio
sources. '

Methods of efficient image reconstruction are being actively investigated

by various VLBI workers and as part of the VLA design. The goal, of course, is
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to make maximum use of the available data and to introduce a mininum of

distortion by the inversion process.
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V. THE ARRAY

A. Resolution and Sensitivity

The astronomical problems described in Chapter II suggest an instrument
capable of sub-milli-arcsec resolution with reasonably low sidelobes.
Sufficient sensitivity is needed to study weak continuum emission from the
nuclei of radio galaxies, quasars, stellar objects, and the weaker moleculax
masers, particularly on the longer baselines where the sources are partially
resolved, and also to give in a few minutes or less sufficient signal-to-
noise on an adequate number of calibration sources. Enough flexibility is
required to permit operation over a variety of bandwidths for spectral line
and continuum observations. Operation at a number of wavelengths between
about 1 and 50 cm are desired for various continuum problems, and specifically
for the H20 and OH maser lines at 1.3 and 18 cm and the 21 cm line of neutxral
hydrogen.

The limited very long baseline interferometer data available has already
demonstrated that the compact radio sources have complex structure which is
remarkable similar to that found in the extended sources, except of course for
a factor of 100,000 difference in angular and linear size. Thus, to adequately
map these complex sources, an image forming array with low sidelobes is
necessary. Several theoretical arguments based on the existence of high
frequency spectral cutoffs, rapid variability, as well as direct observations
on intercontinental baselines has demonstrated that.resolutions of a few tenths
of a milli arcsec are vequired to resolve the smallest features found in radio
galaxies and quasars at centimeter wavelengths. Intercontinental VLBI ob-
servations at 1.3 cm and 18 cm indicate that most, if not all, H20 or OH

features are larger than a few tenths of a milli-arcsec. At 1 cm, the maximum

baseline needed to reach this resolving power is about 10,000 km.
This 1s also the maximum practical baseline which can be used from the surface

of the Earth. Beyond this, the curvature of the Earth greatly reduces the time
of common visibility for the more distant antenna pairs with little increase
inAthe actual separation. Thus, unlike conventional arrays, there is a fairly
well defined maximum size, which cannot be increased without the more costly
and complex procedure of placing antennas in space or on the moon. Fortunately,

this limiting size appears adequate to investigate a wide range of astrophysical

problems.
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At least a few hundred picture elements are required per image, and so
the spacinglincrement must be about 5 percent of the over—all length, To
keep sidelobes below 10 percent, the minimum number of antenna elements
needed is about 10.

A sensitivity of several milli flux units is desired for several
reasons.

a) It is expected that nuclear radio emission will be Ffound at this
level from most radio galaxies and quasars, and 2 number of normal galaxies
as well.

b) A reasonable number of stellar objects can be observed at this level.

¢) The interferometer fringe amplitude can drop to one percent oY less
of the total flux density in parts of the {u,v) plane, so even for strong
sources, high sensitivity is required to completely map the source.

d) Calibration of the interferometer phase will require frequent
reference to one or more nearby calibration sources, without spending an
untreasonable fraction of the time. A signal-to-noise ratio of at least 5 to 1
is necessary to measure the phase to + 12 degrees. Counts of radio sources
made at centimeter wavelengths show that at a tevel of 0.1 Jy flux units there
are about 1000 compact sources per steradian. This means that on the average
there will be about one reference source Z 0.1 Jy within one degree of any
gource; and the phase of the reference source can be measured to an accuracy
of about 10° in one minute integration time.

¢) A sensitivity which is comparable with that of the VLA is desirable
so that the two instruments may more naturally complement each other. TFor example,
the structure of compact ("point") sources discovered with the VLA can be
studied with the Tntercontinental Array.

The sensitivity of a digital interferometex system is proportional to
+he number of bits which are correlated. This in turn is proportional to the
product of the observing time and the bandwidth (bit rate). The length of the
integration time is limited by the coherence of the independent local oscillators
or the atmosphere and ionosphere. For short centimeter wavelengths this
is perhaps a few tens of minutes, so high data rates of about 100 Mbits/sec
are necessary to achieve a sensitivity comparable with single dish radio

telescopes or directly connected interferometer systems.
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Table V.l shows the sensitivity which will be achieved using VLA type
antennas and radiometer systems together with one-bit ‘digital data recordings

using a modern multi-track instrumentation recorder. Although the actual

coherence time may be less than one hour, frequent reference to unresolved

gources can be used to extend the integration time to many hours in the

came manner as is done in conventional aperture synthesis arrays.

Table V.1
Sensitivity#®

r.m.s. Noise Fluctuation per Interferometer Pair (mJy)

T, +
3 lmin 20min lhr. thr'
4 MH=z 70 16 9 3
56 Mz 18 4 2.5 1

Minimum Detectable (5 g) Brightness Temperature (106°K) for Single Interferometer

T
; int
B lmln 2Omln lhr. . 10hr.
4 MHz 3000 670 400 100 ; Continental baseline
56 MHz 1000 220 100 25 4000 km.
4 MHz 6 i.3 1 0.2 } Shortest baseline (v 175 km)
56 MH=z 1.5 0.3 0.2 0.05 in 8 element arxray.

% 25 meter antenna
efficiency 50%
TS = 50°K

1 bit samples - 28 track instrumentation recorder

+ Maximum time for. 12,000 ft. tape (16 inch reel) at 120 ips (112 Mbits/sec).
The same sensitivity is achieved in 10 minutes at 224 Mbits/sec (240 ips).

Average distance of nearest compact phase reference source with § % 0.1 f.u.
(SNR = 5 in one minute with BW = 56 MHz) is about one degree, more Ot less

independent of wavelength.
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Efforts at the direct measurement of phase arve complemented by the
accurate determination of the differential delay of the incoming wavefront.
Normally, this is done with an accuracy of the order of the reciprocal band-
width. Although the instantaneous bandwidth will be limited by the recording
@edium to 50 to 100 MHz, the effective bandwidth can be increased by varying
the local oscillator frequency to synthesize a bandwidth as large as the
receiver bandpass (Rogers 1970). The local oscillator system must therefore
be capable of being rapidly varied in frequency over about 10 percent while
maintaining phase coherence at the different frequencies.

Although the Intercontinental Array will generally operate as a self-
contained instrument, for several purposes joint operation with other tele-~
scopes will be desired. This includes extensions to north-south baselines,

a tie-in with the global NASA network, or a transcontinemtal link for "local"
geodetic VLB programs such as ARIES (see section IITD). The Intercontinental
Array record system should be compatible with the record systems in use at

NASA and at other radio observatories.

1. Spectroscopy

Studies of molecular line sources also require high sensitivity. Although

a few sources are exceptionally strong, many sources of interest, such as

those associated with stars, are rather weak and require fairly sophisticated

receivers if the antenna diameter is 25 meters. System temperatures of ~ 50 K

or better are necessary, since for spectroscopic work the sensitivity
cannot be improved by increasing the bandwidth.

The required range of interferometer spacings are:

1612 MHz (OH/IR sources) 100-800 km
1665/1667 MHz " 100-5000 km
22235 MH=z (HZO) 100-9000 km

It is not clear whether spacings of ~ 100 km are best obtained with

shotrt spacings on a tape-recorder array, or a radio linked extension of the

VLA.
Very wide bandwidths are not needed for spectral line work. BEven in

the isolated cases where it might be useful (e.g. the WAIN HZO source 1=
about 20 MHz wide or the 1665 and 1667 OH transitions could be observed
simultaneously), the number of correlator channels required to give adequate

resolution becomes prohibitive and time multiplexed systems seem preferable.
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Tt is always desired to record only the necessary bandwidth, both for economy
of magnetic tape, and to speed up the playback procedure.
The recording system should also be able to handle several chamnels of
data. Examples of this are:
1. different polarizations;
2. different molecular transitions;

3. synthesized wide bandwidth.

2. Pulsars

Pulsars are weak, have steep spectra, short duty cycles, frequency
dispersed pulses, and time variable pulse strengths. These all pose special
problems for their inclusion in programs on the Intercontinental Array.

The sensitivity to pulsed radiation is lower than to continuum radiation
by the square root of the duty cycle (assuming the system is blanked during
the interpulse period).

There are many known pulsars which could be observed by an Intercontinental
Array. For the wide bandwidths planned, even at high frequencies, dispersion
smearing of the pulse is significant, e.g. at 1400 MHz at 50 MHz bandwidth
the dispersion smearing is 5 ms for a dispersion measure of 30 pc/cm3; at
600 MHz with 10 MHz bandwidth it is 12 ms. This is appreciably long compared
with typical pulse widths and would degrade the signal to noise if the only
signal enhancement technique were blanking the correlator during the off pulse.

However, a posteriori dedispersed pulse reconstruction is possible (e.g.

Erickson et al. 1972). This method would require modification to the correlators
to have the zero frequency fringe rate channels augmented with ones at multiples
of the pulse repetition frequency.

It is also possible to significantly improve the sensitivity to pulsars,
by running in a 'burst mode" where up to 25 (duty cycle;l) times the nominal
bandwidth is sampled and put into temporary storage for recording during the
off-pulse period. This provides a further increase in seﬁsitivity by a factor

of (duty cycle)_l/z.

B. Array Configuration

The criteria for the design of radio telescope arrays has been discussed
extensively. Generally, it is desired to maximize the number of interferometex

baselines and the (u,v) coverage, using the minimum number of antennas (e.g.

Mathur 1969).
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Tn discussing transcontinental or intercontinental arrays, there are,

however, additional comstraints which are not present in conventional arrays.

Tn the latter case the antennas generally may be placed at whatevex location

will optimize the geometyic configuration. In a VLB Array the antemma locations
must be at geographically Ngecessible” locations, avoiding mountains, oceans

or lakes, etc. Also, unlike conventional arrays, it is difficult or impossible
to transport antennas from one location to another. For convenience of
operation, wherever feasible, the antenna elements should be located near

already existing radie astromomy facllities, and these sites must be on
politically stable terxitory.

Moreover, when the individual antenna elements are spread over a significant
fraction of the earth, the time of mutual visibility of a celestial radio source
is less than it would be if all the antennas were located at one gite. Thus
on the longer baselines, each interferometer palr covers & smaller fraction of
the (u,v) ellipse than a similarly oriented smaller interferometer, and more
interferometers (or more antennas) are required for a given density of (u,v)
coverage. In other words, an Intercontinental Array cannot make full use of
earth rotation synthesis, and so such an instrument must have a better in-
stantaneous beam than the corresponding "small'' array.

Tt is well known that in order to obtain a good beam with low sidelobes
over the whole sky, a two-dimensional array is necessary. A one-dimensional
or linear array oriented in the Fast-West direction can also have low sidelobes
with 12 hours of observing, but only at high declinations does it give good
reéolution in the North-South direction. 12 hours of tracking on the interferometer
baselines which extend more than a few thousand kilometets is possible only over
a limited range of declinations.

The two dimensional array is less efficient in that it requires a con-
siderably larger number of antennas to synthesize a given beam, even in that
part of the sky where the linear array works well. TFor a given number of antemnas
and maximum resolutiom, the 1inear array gives the lowest sidelobes in the
northern sky, at the expense of poor north-south resolution near the equator.
Below the equator the sidelobes become large, gince the tracking time 1s
{imited. A two-dimensional array with the same number of antemmas and which has
the same resolution gives an intermediate sidelobe level over the whole sky.

TFor arrays with no more than 8 to 10 antennas, it appears difficult to

construct a good two-dimensional array. TFor this reason the major existing
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conventional arrays have an East-West linear configuration and use 12 hours
of earth rotation to synthesize a beam, These are
-a) the 3-element Cambridge one mile interferometer,
b) the 12-element Westerbork one mile array,
c) the Cambridge 8-element 5 km array.

In spite of the restrictions imposed by the poor performance near the
equator and at southern declinationms, each of these instruments has, as a
result of its high resolution, low sidelobes, and relatively high sensitivity,
given major astrophysical results which were not achieved with the simpler
interferometer systems of comparable resolution, such as the OVRO and NRAO
{nterferometers which were not designed for synthesis obsexvations. Only the
very much more complex and costly 27-element VLA can satisfactorily synthesize
a good beam over most of the visible sky.

For similar reasons a linear East-West configuration is attractive for a
VLB Array. However, as has already been noted for transcontinental and inter-
continental baselines where the mutual visibility is restricted to less than
12 hours, more antennas are needed to achieve a comparable sidelobé level, -
thus negating some of the advantages of the simple East-West array.

Even émong East-West arrays, there are several major classes of con—
figurations from which to choose. Among these are

a) an exponential spacing array,
b) a uniform spacing array,

¢c) a minimum redundancy array (e.g. Moffet 1968).

1. Exponential Spacing

With an exponential spacing, a wide range of (u,v) coverage is possible.
Indeed with only seven antennas plus the VLA, all spacings up to 4000 km are
available to within a factor of two. This will permit the size of any source
or its components to be determined, but there may be an inadequate number of

intermediate spacings on any scale to determine in detail the source structure.

2, Tniform Spacing

A uniform spaced array has the advantage of being easily extended and
having enough redundant spacings to gsignificantly facilitate the problem of
maintaining adequate phase calibration. The beam pattern of such an array is

well known and gives low sidelobes.
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The disadvantage of using uniform spacing is that with N antennas there
are only N independent interferometer spacings, compared with a total of

N(N-1) interferometer pairs, so a relatively large number of antemnas 1is

needed.

3, Minimum Redundancy Array

The minimum redundancy array gives the most number of interferometex
spacings per antenna element (cost) and is thus attractive for a VLB Array.

Table V.2 shows the maximum aumber of separate spacings, K (in multiples of

the unit spacing) in colunn 2, which may be obtained with N antennas (column 1)

and with each multiple up to maximum included. The total number M = N(N-1)/2
of spacings 1s given in column 3, and the quantity (M-K) = the number of

redundant spacings in column 4.

Table V.2

Spacings in Minimum Redundancy Axray

N K M (M-K)
2 1 1 0
3 3 3 0
4 6 6 0
5 9 10 1
6 13 15 2
7 17 21 4
8 23 28 5
9 29 36 7
10 36 45 9
11 43 55 12

4. CQuasi Uniform Array.

The minimum redundancy and uniform spacing arrays represent the extreme
1imits of maximum number of spacings per interferometer, and maximum
redundancy respectively. The quasi uniform array has an even number, N, of
antennas; N/2 + 1 are equally spaced with a separation Vv SON/2 where s
is the unit spacing. The remaining ' antennas are placed between the two
end antennas described above to form N/2 interferometers of spacing s,. All

spacings between S and NZSO/4 appear in the array of steps of length s .
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} This array contains sufficient redundancy so that the phase of each inter-

ferometer of length 8, = nys, may be related to that on the shortest spacing 5,°

| 5. Comparison of Different Array Configurations

In an 8 element transcontinental array, the minimum element spacing is
g between 50 and 250 km depending on the particular configuration. A minimum
spacing of ~ 50 km is desirable to provide continuity with the range of resolution
available with the VLA; but it is not possible to do this and also to provide
the desired redundancy unless the number of antennas is increased. Spacings
in the range 50 to 250 km may be more easily obtained by an extension of the
VLA or by a specially built radio linked array.
A schematic illustration of exponential, uniform, minimum redundancy, and

quasi-uniform spacing are shown for linear arrays of 8 elements in Figure V=1.

exponential o4 5 o o . . .
uniform ® e o e e o ° &
minimum

redundancy °° ° ° e e o & —
quasi

uniform e e oo e o e —

Fig., V-1. Schematic illustration showing the relative spacing for
four 8 element arrays with exponential, uniform, minimum redundancy, and
quasd uniform spacing. FEach array has the same overall length. The solid
line indicates the length of the minimum spacing for each configuration.
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6., Real Arrays.

As has been already noted, the implementation

of a real Transcontinental

or Intercontinental Array requires conslderation of geographic

convenience as

well as the desired baseline configuration. In general, if the radio source

to be studied has a total angular extent 6, (radians), then the minimum incre-—

mental spacing is & 1/6 wavelengths, and the individual elements may deviate

from their ideal location by an amount ~ 1/6 wavelengths (somewhat less than

the unit spacing - a few hundred kilometers) without seriously degrading the

reconstructed brightness. If, however, the redundancy of interferometer pairs

is used to reconstruct the visibility phase on the

allowed deviations are less, since the phase errors accumulate,

longer spacings, then the

A variety of real Transcontinental Arrays have been investigated,. Figure V-2

illustrates the (u,v) coverage and beam shape of a possible 8-element array

with 6 of the antennas located at existing radio ob

configurations, including extensions toO intercontinental an

baselines, are illustrated in the Appendix.

servatories.

Fig., V-2. (u,v) coverage and beam shape for an 8-eleme

antennas located at Md. Point, Md.; Charlottesville
Wichita, Kan.; Boulder, Colo.; Salt Lake City, Utah
Palo Alto, Calif. The tick marks correspond to a 2

the projected interferometer baseline. The half power

igs 0.7 milliarc sec.

Other possible

d to north-south

nt array with

, Va.; Green Bank, W. Va.;

s Big Pine,

Calif.; and

milliarc sec length in

bheamwidth at 1.3 cm
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7. North-South Baselines

A significaﬁt improvement in the (u,v) coverage at low declinations may
be obtained by adding one or two antennas in Puerto Rico, Mexico, Canada,
Alaska, or other locations within the U.S. (Figure V..3). In general, the
southern locations give better coverage below the equator and the northern
locations for sources near to, but north of, the equator. The uniform
spacing array gives the most uniform extension of the u,v plane when North-
South baselines are added. Although adding North-South baselines will improve
the (u,v) coverage, it is difficult to have the necessary redundancy to

aid in phase calibration.
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8. Tntercontinental Baselines

Although an eight-element transcontinental array gives an unprecedented
resolution with low sidelobes, the resolution atill is inadequate to study
the most compact structure found in the short wavelength radio outbursts
already being investigated in a preliminary way with existing inter—
continental VLB interferometer systems.

An extension to Europe improves the resolution by more than a factor
of two, but this 1s too large an increase for a single step without a
significant increase in sidelobes. A northerly location for the Ruropean
atation gives a greater duration of common vigibility for northern sources
and consequently greater (u,v) coverage. This ig, however, at the expense
of less uniform coverage and less (u,v) coverage at southern declinations.

An extension to Hawaii is interesting in that it is a more modest step
from the transcontinental baselines, and gives nearly a factor of two improve—
ment in resolution.. An Intercontinental Array including Héwaii plus Europe
gives an increase of 2.5 in resolution over the transcontinental array and a
jower sidelobe level than either the Hawaii ox FEurope additions alone.

The uniform spacing array gives the mest uniform coverage of the (u,v)
plane when the resolution is extended. The addition of a single antenna
separated from the original array by an amount equal to the array size will
double the resolution while retaining all multiples of the unit spacing and
enough redundancy to determine the visibility phase on all baselines.

The quasi-uniform array may be extended in a similar way, with all
multiples of (N/2) times the unit spacing represented in the extended array.
In the case of the 8-element quasi-uniform transcontinental array
plus Europe and Hawaii, all spacings between 250 km and 4000 km at 250 km
intervals are represented, plus approximately uniform coverage of the range
4000 to 8000 km. There is, in addition, a baseline about 10,000 km in length,
but the duration of common visibility on this baseline is short, except for

sources near the north pole.

g. Baselines in Space

An Earth-based array with over-all dimensions A 10,000 km will give
sufficient resolution to attack a wide variety of‘astrophysical problems.
In particular, all incoherent synchrotron sources stronger than about 1 Jy

can be resolved with terrestrial interferometers, since inverse Compton
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scattering puts an upper limit of % 1012 K to the maximum brightness temperature
of such sources. Longer baselines are, however, probably required to resolve
the fainter sources found in many galactic nuclei, if these have brightness
temperatures comparable to the stronger compact sources. Baselines necessary
to resolve these sources requife antennas in space. Also, observations of
the stronger sources with sufficiently high resolution, may gtrain current
theories if brightness temperatures significantly in excess of 1012 K are
found in extragalactic radio sources. In any event, cohereﬂt radio sources
such as pulsars and molecular masers do exist, and terrestrial interferometers
may have inadequate resclution to study them.

Space-borne antennas with dimensions sufficiently large for VLB inter-
ferometry are expensive, but the costs are likely to be significantly reduced in the
1980's with the advent of the Space Shuttle. A proposal to use one of the | .
early shuttle flights to put an antenna in space for earth-space VLB inter-
ferometry has been submitted to NASA (Burke 1976). A satellite-borne antenna which
forms interferometer pairs with several ground-based antennas not only has
greater resolution than a purely Earth-based system, but due to the orbital
motion of the satellite, the coverage of the (u,v) plane is considerably more
uniform.

10. Possible Choice of Configuration

Because preservation of phase information is so important in reconstructing
an unambiguous source image, the redundancy provided by the quasi uniform array
appears worth the loss in the number of independent baselines provided by the
minimum redundancy array. An example of the possible locations for such an
array is given in Table V.3,

Eight of the antennas are located in continental U.S.A., with the over-
all length and spacing chosen to allow some antennas to be
located near existing radio astronomy facilities. These locations may be varied
by about 50 or 100 km without affecting the performance of the array. But a
detailed simulation of the performance, including the effect of noise is needed
to determine the maximum allowable deviations from the ideal array,_while still
permitting the use of redundant baselines to calibrate the phase and amplitude.

For the antennas not located at existing radio astronomy installations,
the exact choice of location will depend on the ease of access and operation.
The two overseas antennas are located in Hawaii and Madrid, Spain, and give

reasonably uniform spacings between 4000 and 8000 km at intervals of 1000 km.
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Table V.3

Array Configuration

Number Location Longitude Latitude
1 Madrid, Spain 3%11" 40°25"
2 ¥Md. Point, Md. 77 .14 38 22
3 Green Bank, W. Va. 79 50 38 26
4 South Central Ohio 8L 30 38 30
5 South Central Indiana ~85 30 ~38 30
6 South Central Illinois 88 00 w38 30,
7 Central Kansas A99 30 ~38 30
8 Central Utah 111 00 38 30
9 San Francisco, Calif. | 122 24 38 30

10 Mauna Kea, Hawadii 155 28 19 50

y one antenna of the array {(near Madrid) is not located on U.S. soil.

|

the U.S.A. already has three major antenna systems operating near Madrid for thq

p Space Network and Manned Space Flight Network, and it is anticipated
problems will be involved in locating a VLBA antenna at the same sites
t configurations of this type, the shortest spacing is several hundred
ing a gap of about a factor of 10 between this and the maximum VLA

as. Although this gap can in principle be filled by adding more antennas
LB array, a more practical approach would appear to be radio-linked

ns to the VLA.

Table V.4
VLB Array Resolution

Maximum
Baseline

USA

USA }
Hawaii

USA
Europe

USA
Furcpe
Hawaii

6 ~ Afd milliarc sec,

A=50 cm

d (km)
3.9x103

7.0x10

8.2x10

10.2x10

A=1.3 cm

0.7

0.4

0.3

0.25

A=2 cm

i.1

0.6

0.5

0.4

2=3.8 cm

2.0

1.1

1.0

0.8

A=6 cm

3.2

1.8

1.5

A=13 cm

6.8

3.8

3.2

2.6

=18 cm

9.5

5.3

4.5

3‘6

25

15

12

10
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¢. Antenna Elements

As in any multi-element radio telescope array, the largest possible
antennas are desired as elements in order to obtain the best signal-to-noise
ratio. This is especially true where the bandwidth is limited by the I.f.
transmission system as.it is for a VLB Array.

However, as the size of the elements is increased, the cost increases
rapidly, and operation at short wavelengths is sacrificed. The optimum size
for the elements of an array operating at decimenter and centimeter wavelengths
appears to be in the range 15 to 40 meters. The 25-meter antennas which have
been designed for the VLA operate well at short centimeter wavelengths and are
also well suited for a VLB Array. Since a large number are already being built
for the VLA, the cost is well determined, and there is a considerable saving in
cost as a result of mass production techniques. These antennas are also designed
to require a minimum of routine maintenance.

The main restrictions imposed by the use of these antennas is their
relatively small collecting area compared with many of the antennas currently
used for very long baseline interferometry (i.e. the NRAO 140-ft, ARO 150 ft.,
Caltech 130-ft., Haystack 120-ft., Goldstone 210-ft., Arecibo, 1000 fF., and
Bomnn 328 ft.) and thelr inability to operated at wavelengths shorter than about
one Ci.

Larger antennas are more expensive. Operation at shorter wavelengths can
be achieved either by improving the antennas at increased cost, or by con-
structing smaller antennas of greater accuracy at comparable cost. The latter
solution, however, would probably give unacceptably small collecting area for
work at decimeter and centimeter wavelengths.

As in the case of the VLA, compromise between gcientific need and economy
dictates an antenna of about 25 m diameter. But because of the greater im-—
portance of shorter wavelengths for VLB work*, every effort should be made
to improve the short wavelength performance over that of the VLA type antennas.
Alternately, it may prove moxre economical to duplicate the VLA type antennas for
operation at wavelengths of one centimeter and longer, and to construct additional
smaller precision antennas at each site for operation at millimeter wavelengths.

This latter approach has several advantages. They are:

% Compact sources are generally stronger at short wavelengths, and the shorter

wavelength operation is necessary to increase the resolution with a physically

limited baseline.
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1) Receivers do not need to be changed when changing between milli-
meter and centimetex wavelength observing.

2) Simultaneous centimeter and millimeter wavelength observations are
possible, permitting the cmh  fringes to be uses as a phase reference to
coherently integrate the mmA fringes well beyond the normal coherence time.

3) Simultaneous observations of two sources are possible.

4) The second antenna may also be used as a communications antenna in
a satellite uplink when using a geostationary satellite as a data link for
real time analysis of the data (see Section V.E.2)

5) The over—all cost i{s less than improving the accuracy of a 25-meter
antenna.

6) The addition of the millimeter wavelength facility can be delayed

until mm) VLBI becomes practical.

Use of Existing Antennas:

The cost of an individual antenna element is approximately one half
that of a completely equipped interferometer element. Thus, in principle,
considerable cost could be saved if the Intercontinental Array could effectively
use already existing radio telescopes.

The major instruments, such as the 140¥f00t, Haystack, and ARO telescopes,
which have been involved in most of the previous VLB activity, are, however, .
heavily committed to other tasks, and even now gufficient time for desired
interferometer work is difficult to schedule. Not surprisingly, scheduling
of multi-station VLB experiments using these antennas is becoming increasingly
difficult as the demand on their time increases.

Other obvious candidates such as the antennas at Michigan, Hat Creek,

Fort Pavis, Onsala, and the NRAO 85-ft. antennas suffer from the following
problems, which also apply to a lesser extent to the major instruments above.

a) They are not optimally located.

b) They are inadequate for operation at short centimeter wavelengths.
Operation near 1 cm is necessary to study the sub-milliarc sec structure if
the baselines are restricted to 10,000 km, which is the maximum for which
reasonable common sky coverage can be obtained. 1 cm wavelength operation is
also required for the important'HZO observations.

¢) Most of these antennas are equatorial mounted and are limited to < 6
hours hour angle, whereas * 7.5 hours are needed to get the 12 hours of tracking
for good (u,v) coverage even On U.S. baselines. If the baseline is extended

to Burope, then + 10 hours is necessary (usable only at high declination).
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In other words, there are some half dozen 85-foot antennas at various
gites around the United States which we anticipate will not be heavily used
by the end of the decade. But for just the same reasons that they are not
in demand for conventional uses, their effectiveness as elements of a
dedicated long baseline array are limited.

The antennas which do work moderately well at short wavelengths can be
expected to be in great demand for a wide variety of uses, particularly if
the anticipated improvements of the Haystack and 140-foot antennas are made.

Yor many special purposes, however, joint operation between the dedicated
array and existing telescopes may be anticipated. This includes experiments
which require a greater range of interferometer spacings (e.g. north-south
spacings) than otherwise available, particularly at decimeter wavelengths,
and experiments requiring the extreme sensitivity obtained from the larger
antennas such as the NRAC 140-ft., Haystack 120-ft., ARO 150 ft., Bonn 10C-meter,
OVRO 130-ft., and the very well-equipped NASA 64-m telescopes in California,

Spain, and Australia.

D. Choice of Frequency and Radiometers

Modern radio astronomy covers a wide range of frequencies corresponding
to a variety of astrophysical problems. In addition to the desire to cover a
large part of the radio spectrum, there is also an important technical con—
sideration: for a given array size and collecting area, the resolution is
greatest at the shortest wavelengths, while the sensitivity to low surface

brightness regions is maximum at longer wavelengths.

1. Spectral Line Observations

At the present time there axe three spectral lines (or groups of lines)
of interest to a VLB Array. These are the hydrogen (21 cm), hydroxyl (18 and 5 em),
and water vapor (1.3 cm) lines, and any VLB Array must be able to cover these

wavelengths. The J = 120 transition of the SiO maser near 43 GHz and the 23 GHz

lines of methanol as well as other yet undiscovered lines may also be important.

9. Continuum Observations

These wavelengths are also suitable for continuum observations, although
even more wavelengths are required to achieve the variety desired both to
a) obtain a range of resolution and brightness sensitivity, and b) investigate

the spectral behavior of the compact radio sources.
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At least two wavelengths are desired between 1.3 and 18 cm and one longer
than 21 cm. These are two obvious choices for the pair of intermediate centi-

meter wavelengths. These are!

(a) VLA wavelengths, 1In addition to 1.3, 18, and 21 cm, the multi-
frequency VLA receiver operates at 6 cm (basic frequency) and 2 cm. For
egsentially the same reasons that went into choosing the 1.3, 2, 6, 18, 21 cm
combination for the VLA, this combination is attractive for a VLB Array. Further-
more, with similar radiometers in the YLA and VLB Array, the cost and effort of
development are eliminated, and the maintenance effort for both systems,
including spares, may be combined at considerable increasé in efficiency of
operation.

The relatively high system temperatures of the VLA receivers at 2 cm
(~ 350°K) and 1.3 em (v 500°K) axre probably inadequate for a VLB Array where
the shorter wavelengths are particularly important to investigate the most
compact time variable structure. With the addition of a one stage parametric
amplifier, however, the system noise temperature can be reduced below 100°K
at relatively low cost. Improvements in cooled mixers may also reduce the

system noise with no increase in cost or complexity.

(b) NASA wavelengths. Two of the prime operating wavelengths of the
NASA Deep Space Network are at 3.8 and 13 cm where extremely low system noise
temperatures of v 25 and ~ 15 degrees respectively have been achieved. If
the VLB Array had the capability of operating at these wavelengths, it could
take advantage of the low receiver noise and large collecting areas of the
NASA antennas in joint operations between the Array and DSN antemnnas. For
a given cost and complexity, however, the 3.8-13 cm set does not differ from
the 2-6 cm pair for operation of the Array by itself. The Array radiometers
at either set of wavelengths can use magers, parametric ampiifiers, cooled
mixers, Or a combination of these at a trade—-off between sensitivity and cost.
gince it is unlikely that more than a Vvery small fraction of time will be
available on NASA antennas, it does not appear particularly useful to have
3.8 or 13 cm as the prime operating wavelength. gacondary radiometer systems

could be made available, however, if there is sufficient interest in joint

operations with NASA antennas.

On the other hand, a 2 cm capability already exists at the NASA Goldstone
tracking station and a 1.3 cm system is being developed. So even without
modification of the hasic VLA design, there will be geveral frequencies

compatible with NASA operations.
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(c) Other Wavelengths. One frequency at medium decimeter wavelengths is

also desired. The relatively 1imited work which has been done so far at decimeter

wavelength has demonstrated the presence of complex angular structure on a scale

n 10 times greater than commonly seen with em wavelength VLBI (e.g. Purcell 1973).
An attractive alternate to the VLA radiometer system is the wideband

receiver system currently being developed for the NRAO 140-ft and 300-£¢t

antennas, and which may later be installed on the VLA. This radiometer uses

a very low noise maser amplifier opérating in the range 18 to 26 GHz plus

parametric upconverters to cover the range 5 to 18 GHz at the secondary

focus and 500 MHz to 5 GHz from the primary focus. System noise temperatures,

}
exclusive of the atmospheric comtribution, are expected to be v 30 K over the

entire range.

E. IF Data Transmission

In a conventional radio telescope array, the i.f. data from each antenna
element is transmitted by cable, or in the case of the VLA by low loss
circular waveguide, to a common point where the signals from each element are
correlated with each other., For longer distances up to a hundred km or so,
microwave links using up to two relays have been used. For very long baselines
extending to intercontinental distances, the data is recorded at each element
on magnetic tape which is then physically transported to the correlator.

In principle, any of these modes of i.f. transmission is possible in a
dedicated very long baseline array, with the decision being based on the

relative cost effectiveness.

1. Direct Transmission

The cost of a transmission facility of the type being used in the VLA

appears prohibitive. At over $50 per meter, it would cost more than $200
million dollars for the ﬁaveguide alone, and many times this for the
installation.

Long distance data transmission facilities capable of transmitting data
rates ranging from a few kHz to a few Mz are available through conventional
commercial facilities, although the cost is large. It may be anticipated
that by the 1980's the cost of large bandwidth long distance data transmission
will be significantly reduced with the installation of transcontinental waveguide
or fiber optlcs systems. However, the desired bandwidth, which is equivalent to
about 10 commercial TV channels, is very great. The cost of leasing commercial

data transmigsion facilities will probably remain unacceptably large.
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On the other hand, only. a modest bandwidth of a few kHz is sufficient
to examine the performance of the instrument and for the remote control of
the antenna elements. In particular, this bandwidth gives adequate gensitivity to
"gee'" interference fringes on strong sources, and 8O0 could be used to

monitor the performance of the instrument in "real-time."

2. Radio Link via $ynchronous Satellite

Long distance transmission of wideband data is also possible via a
gsynchronously orbiting satellite which acts as an active relay. Each array
location then requires a transmitter and antenna to send data to the satellite,
which then retransmits all the data simultaneously to the receiving station
at the correlator. _

The simultaneous transmission of about ten chennels each of 100 to 200
Mz bandwidth is possible. Currently operating systems such as the Intelsat
IV-A satellites which handle most of the intercontinental communications have
a bandwidth of 500 MHz. Intelsat V, scheduled for launch in 1979, will have
a total capacity of 2.3 GHz. Presently available microwave communication
satellites typically operate in the wavelength range 2-7 cm where the available
bandwidths are 1imited both by technical considerations and the need to con-
serve space in the electromagnetic spectrum. Communicatioﬁ gatellite systems
capable of much larger bandwidths which operate at millimeter wavelengths are,
however, being considered. These systems, which may become available in the
1.980's, offer excellent prospects for the transmission of multi-channel large
pandwidth data required for the real time operation of a dedicated Intexr-—
continéntal Telescope Array.

Tn order to test the feasibility of using a geostationary satellite as an
i.f. data link for VLBI, NRAO in collaboration with the Naval Research Laboratory,
the University of I1linois, and the National Research Council of Canada is

using the joint Us-Canadian Communications Technology Satellite (Hermes) as a

data link for a Green Bank-Algonquin Park 2.8 cm interferometer (Yen et al. 1977).
As part of this experiment, NRAO has developed a 20 Megabit , 270 mitlisec digital
delay line to compensate for the Earth—satellite—Earth propogation time.

The i.f. data is transmitted from the 140-ft antenna in Green Bank to
Algonguin Park where it is correlated with the (delayed) signal from the ARO
150-ft. antenna to form a real time long baseline interferometer of spacing

_ 30 x 106A or a resolution about 0.003 arcseconds.
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| Figure V-4 shows a block diagram of the interferometer system., The

signal received at each telescope is sampled by a clock pulse derived from
the atomic frequency standard, and then is organized into a format for further
processing, together with additional time signals and housckeeping data. At
Station No. 1 these binary signals are encoded into diphase code which phase-
mudulates a 150 MHz carrier derived from the hydrogen maser oscillator. This
carrier is multiplied to 14.0525 GHz for transmission to the satellite, which
translates it to 11.8855 GHz and retransmits it to the communications antenna

at Station No. 2.

SATELLITE

,w”@“‘th -

COMMUNICATIONS  COMMUNICATIONS
ANTENNA | ANTENNA 2
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RECEIVER
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Fig. ¥V-4. Block diagram showing satellite-linked VLBI system used between
Green Bank (Station 1) and Algonauin Park (Station 2).
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The received phase-modulated signal is then demodulated and decoded by
reference to a clock pulse phase-locked to the clock rate of the incoming
data stream from Station No. 1. The binary signal is then delivered to the
delay and correlation system for combining with the binary signal from
telescope No. 2.

The 5-1/2 million-bit delay line delays the local 20 megabit per second
data stream for a maximum of 270 milli sec. It contains 5500 shift registers
of 1024 bits each and a small but fast 32 K-bit read/write memory which is
used as a first in - first out silo. Shift registers and memory operate in
the 16 bit parallel mode, to reduce the bit rate to 1.25 M-bit per second.
This achieves a compromise between power dissipation in the shift registers
and complexity in the backplane wiring. The memory writes at the rate of
the Station 2 clock and reads at the rate received via the satellite, which
compensates for the motion of the satellite. This also serves to align the
two data streams tc an accuracy of 1 bit. The amount of delay is set by
control circuitry which detects sync characters embedded in the link data
and compares them with a 1 second pulse from the local clock. Multipléxers
select the amount of delay to be used to within 16 K-bits and the memory
resolves the delay to 1 bit. Two separate counters keep track of each bit of
the local and remote data streams, provide write and read addresses for the
memory and set the multiplexers. The amount of delay can be modified by as
much as + 26.2 milli sec under program control.

The control computer calculates the geometric delay and relative Doppler
shift for the two stations. After both data streams are aligned in time a
three level digital fringe rotator reduces the natural fringe rate to a rate
near zero. Cross correlation is then performed in a 64—channel digital
correlator with a total delay range of 3.2 microseconds. Data are accumulated
in the correlator for 100 millisec , read into the control computer and
further accumulated for one second. Then the 64 complex numbers are stored in
a core memory buffer. After sixty such samples, the whole buffer, along with
all other necessary informatiom, is dumped onto magnetic tape. These data
are intended for detailed post-experiment analysis., In addition, each minute
of data is analyzed on-line to provide a CRT display of fringe amplitude vs
delay and residual rate. The fringe amplitude, delay and residual rate are

also printed out at this time.
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Ccurrently the satellite is used to transfer only the wideband i,f. data.
Modifications to the system are now being made to allow a local osclllator
phase reference to be transmitted as well. This will eliminate any resldual
phase errors due to the use of independent local oscillators, so that the
determination of the interferometer fringe phase will be limited only by
variations in atmospheric path length. Since only a narrow band transmission
is required, & permanently operating oscillator link can be implemented,

independent of the much more costly wide band i.f. data link.

3, Tape Recordings

In view of the presently great cost of real time wide band data links,
it is anticipated that at least in the initial stage the Intercontinental
Array will use high speed tape recordings to transfer the i.£f. gignal to the
central processor. Other data storage media, such as the Laser Mass Memory
System offered by Precision Instruments Company, are being investigated, but
it appears that at the present time their capacity is inadequate oY the cost
is excessively high.

Tape recorders suitable for high data rates have already been developed
for various applications including data acquisition from orbiting satellites.
Data rates of up to a few hundred megabits per second appear possible
using multi-track instrumentation recorders capable of recording several mega-
bits per track and up to 42 or perhaps 56 tracks on one inch magnetic tape.

The disadvantage of the high speed recorders is the large amount of
magnetic tape which is needed at the full bandwidth. For many experiments,
however, such as observations of molecular masers or strong continuum sources,
considerably smaller bandwidths may be used with correspondingly less consumption
of magnetic tape.

When data is recorded at bandwidths less than the maximum, it may still
be played back at the maximum data rate with a corresponding reduction in
processing time. For example, 24 hours of data recorded at 7 Mbits (3.5 Miz
bandwidth) may be played back in about 1 1/2 hours. On the other hand, when
recording at full bandwidth of 112 Mbits (56 MHz) at 120 inches per second,

each tape ‘lasts only 20 minutes, so that 72 tapes per day are needed.

(a) Recorder requirements. There are several requirements that one needs

to impose on the tape recording system. First, it needs to have a bit density
as high as technically possible and economically feasible in order to keep

the volume and cost of tapes within reasonable limits.
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One further requires that tape speed be variable over a large range.

This cannot be done in the Mark II system, resulting in wasteful oversampling

when bandwidths smaller than maximum bandwidth are observed.
Further one needs to be able to play back at a greater speed than one

records. This may not be possible when recording is done at maximum speed

but certainly is a requirement for reduced record speeds. Mark IT reproduction

is in real time and processing is much slower than real time, which makes it
unacceptable for an array operating nearly full time. An infinite backlog
would build up.

Furthermore, tapes recorded on one recorder must play back on another
recorder (which may be of different brand) without significant degradation.
To insure compatibility, all tape recorders need to write a standard format,
and must be tested according to standard test procedures.

All record terminals must have a read-after-write feature allowing bad
recordings to be detected at record time, and not allow faulty recording to
go undetected until processing several days later. The Mark IT system does
not have read-after—write which has resulted in failures which could only be

detected at the time of processing.

The recorders need to be reliable. This is usually measured in MTBF (Mean

Time Between Failures), a figure often not available., It basically means that

the recorder should have few and well designed moving components, few servo
systems, conservative design, field proven electronics, and good protection

against dust.

(b) Linear bit density and coding. The maximum attainable linear bit

density is a function of the coding and the size of the reproduce head gap.
The commonly used Manchester codes (ﬁsed in MK II) do not offer maximum bit
density, but they have the advantage that they have no DC or low frequency
components. The Miller code, developed and patented by Ampex Corporation,
offers higher bit density, again with no D.C. components. The highest bit
density is achieved with NRZ code. NRZ is not self-clocking and may have a
DC component which is difficult to recover from tape. An "enhanced" or
"augmented' NRZM (ENRZM) code takes advantage of the high bit density of NRZ
and eliminates DC frequency components. It also provides an error count but
is not self-clocking and therefore requires a bit synchronizer {tracking
oseillator) at playback time. This code inserts an odd parity bit after an

even number of bits which is detected at playback time and then stripped off
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to reproduce the original data. A bit transition is thus assured within the
recorder bandwidth, at ieast 1 transition every 16 bits. The cost is a

reduction to 8/9 of recorder bandwidth since the recorder bit-rate is 9/8 of

the data rate.
With reproduce heads having a gap of 20p inches, the following bit densities

can be obtained with error rates of better than 1 in 107:

Code Linear bitrate
Disphase (Manchester) 16.7 k bpil
Miller 28 k bpi
ENRZM 13.3 k bpi

(¢) Track density and reproduce heads. For compatibility reasons,

track allocation must comply with industry standards. Applicable standards’
are the IRIG and EIA standards.* 14 tracks per inch is most widely used
but offers only low bit density. 28 tracks and 42 tracks per inch have recently
become standards. Both 28 and 42 tracks are attractive for VLB systems. Other
nonstandard densities such as 18, 32, 46 tracks are offered by some manufacturers,
and multitrack heads of up to 130 tracks per inch have been reported.

Error rates increase with increased track density and so does the amount
of record and playback electroﬁics. Frror rates of 1 error in 10" to 109 bits
have been demonstrated with ENRZ coding on 14 track per inch systems. The
error rate is a steep function of the §/N ratio and it ig difficult to project
error rates for 28 and 42 track gystems. |

Heads are either made with Alfesil orx Ferrite tips. Alfesil heads have
a lifetime of 1000 h at 120 ips and Ferrite heads 2000 to 4000 h. Ferrite

heads show a low production yield, are expensive, and are not offered by all

recorder manufacturers.

(d) Tape velocity and tape packing. Most instrumentation recorders on

the market are equipped with TRIG specified tape velocitiés of 120, 60, 30, 15,
7 1/2, 3 3/4, 1 7/8 ips. Above 120 ips the tape tends to be 1ifted off the
heads and take—ﬁp and supply reel problems become severe. Bell and Howell

and Honeywell have added 240 ips for theilr vecorder, and Fmerson—-Orion

with their unique design offers 150, 300 and 600 ips. The maximum bandwidth

which can be recorded per track 1is 2x(tape speed/120 ips) MHz.

% IRIG Inter—Range—Instrumentation Group

EIA Flectronics Industries Association

il
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A Instrumentation tape recorders on the market will accommedate 10 1/2,
14, and in some cases,16-incﬁ reels, A 16-inch reel contains 12,000 feet of
tape and a 10 1/2 inch reel contains 4600 feet. . Table V-5 shows data rate,
record time, and cost per recording hour for 1 tape unit with 28 tracks and
33.3 kb/inch. The magnetic tapes are reusable for at least one hundred times

4o the actual operating cost for tape is less than one percent of the numbers

give in Table V.5.

Table V.3
MK III Tape Recordings

Approx. Recording Tape cost
Data rate Time per 16" reel
ips Mb/s 16" reel $/h
1 7/8 1.56 21! 20"
3 3/4 3,125 10" 4™ 8
7 1/2 6.25 50 20" 17
15 12.5 o 40" 37
30 25 1B 20™ 75
60 50 40" 150
120 100 g™ 300
240 200 10" 600

Table V.6 list a variety of recorders suitable for VLBI use. A number
of these have been evaluated at the Haystack Observatory while on loan from
the manufacturers. NRAO has purchased two Honeywell Model 96 tape transports

for the construction of a prototype MK TIT wideband record system as described

in Section III.D.
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VI. PLAYBACK SYSTEM

' The equipment which accepts the tapes recorded at the remote telescopes,
reproduces the digitized IF signals in time synchronism, and completes the
playback processing consists of the following items:

a. The playback tape transports.
Flectronics for decoding the recorded data.

. The electronié deskewing mechanism and tape transport controller.

d. The lobe rotators and IF delay_lines.

The digital correlator and its internal memory.

A small, on-line computer to calculate the lobe rotator phase,
getting time delays,land to format data for output.

particularly for spectral-line observations, it will Fourier transform
the cross correlation function to obtain the cross power spectrum;
The items above comprise the essential components of the playback system. The
astronomy which can be done with such a minimal system is already extremely
limited even with the current two and three-element interferometers; with a
full Array it would be impossible to proceed without another item.

g. A medium scale scientific computing center, which runs standard
programs to make the Array, as much as possible, an image forming
device.

The first two items are covered elsewhere. We shall consider here the

remaining items.

A. The Processor

The special purpose processor performs several operations. These are:

1. Electronic Deskewing
In any tape transport, there will be a track-to-track skew which is

produced by skewing of the tape between its mechanical guides or by lecal
stretching or wrinkling of the tape due to flutter instabilities, and by
differencés between the recording and reproducing systems. In a well-designed
transport, this skew amounts to only a few microns, perhaps one bit at the
density of interest. This could be easily removed in a device with a few
bits of memory per track. However, the single track bit rate is very con—
venient to work with, and it may be convenient to combine the track-to-track

deskewing with the larger deskewing between tape drives, resulting from the
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finite bandwidth of the tape positioning servos. This last can be made as

small as a few tens of microns. A buffer of 256 bits (available as a single
integrated circuit) per track generously covers both sources of skew. The
buffers involved are of the "fifo" or "first in, first out" type, in which

bits are clocked in at the top of the buffer, and slightly later, asynchronously

removed at the bottom.

2. Lobe Rotator

It is possible to rotate the phase of one of the local oscillators at
each of the array elements in such a manner to cancel the geometric delay-
rate term in the phase of the product of the two bit streams. Such a con-
struction would result in a modest saving in the equipment necessary in the

playback processor. However, this arrangement is more susceptible to human and

mechanical error than the technique currently employed in the digital tape recorder

interferometers now in use, which provides phase compensation during processing.,
A lobe rotator is a single-sideband mixer which mixes one of the IF
signals with the predicted fringe function, and thus produces the IF signal
output from a hypothetical telescope which lies stationary on the incoming
wavefront, rather than moving with the rotating earth. Building a single
sideband mixer when the signal is a bit stream, rather than an analog voltage,
{5 a more complex process and requires additional hardware. The traditional
single-sideband mixer consists of two mixers, fed by local oscillator signals
in phase quadrature. The output of one of the mixers is phase shifted by 90°
and added to the output of the other mixer. Only the sideband for which this
90° phase shift cancels the 90° phase shift in the local oscillator will be
transmitted; the other 1is cancelled. The quadrature mixers can readily be
constructed for the one-bit digitized case, with only a few percent loss in
signal-to-noise ratio, by using a three-level approximation (-1,0,+1) to the
appropriate sinewave local oscillator. However, phase shifting and adding are
operations which cannot readily be implemented on a one-bit digitized IF
signal. A more complex formulation is necessary. ‘These operations must be
postponed until after the correlation is done. This means that both of the

bit streams from the quadrature mixers must be correlated, doubling the

number of correlators required.

3, Digital Correlator

With the very wide bandwidth contemplated for the Array, a single correlator

can receive radiation from only a very narrow strip of the sky; signals from
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outside this strip become completely decorrelated because their path delays

to the array elements differ from those commanded by the playback processor

and implemented in the deskewing buffer. With a 50 MHz bandwidth, signals

are seriously decorrelated by a delay error of 10 nanoseconds. Such an error would
be introduced by a baseline error of 3 meters, or, dn an earth-radius baseline,

by an error in the cannonical position of the source of 0.1 seconds of arc,

or an inaccuracy of 7 millisec in the estimation of UTl. This is obviously
unacceptable, and correlation must be done for many delays adjacent to the
cannonical delay.

Tn the MK III System, the broadband i.f. signal is divided into 28
relatively narrow bands each 2 MHz or less wide. With an 8 channel correlator
for each tréck for every baseline, the correlation can be easily handled with
standard low cost TTL logic, or by CMOS circuits which are becoming increasingly more
popular and readily available. With this arrangement, observations over about
a 30" strip at full bandwidth are possible. Unlike a real time array, the
field of view can if necessary be increased by reprocessing. The number of
elementary correlator channels in the playback pfocessor is (28%8 = 224 channels
per baseline) times (45 baselines) times (2 sine and cosine components), oOr
20,160 elementary correlators if the lobe rotation is implemented in the
processor, and half this number if it is donme at record time. This compares
interestingly with the interim VLA continuum correlator system which consists
of 5632 elementary correlators operating at a 100 MHz clock rate.

For spectral line observations requiring 2 Miz or less over-all bandwidth,
(1 track) 112 frequency channels are available. If a greater number of tracks
are recorded, the number of frequency channels is proportionally reduced. But
unlike real time arrays, the resolution may be increased by repeatedly replaying
the tapes with different time delays. A practical limit would require 16
replays giving 1792 frequency channels with a processing time equal to the
record time. The resolution may algo be increased by increasing the number of
correlator channels per track from 8 to 16 ox 32, This requires a total of
N 105 correlators, which is still less than planned for the VLA spectral line
system. As in the case of the VLA, custom-butlt LSI chips would probably be
desirable and economical to implement.

‘Recorded on each tape, along with the IF information, will be the time

and various other digital snformation necessary for calibrating the array, and
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for making sure that the information is valid. This information can be
recorded at the beginning of each block of data and must be separately decoded
and processed. For communication compactness, a buffer is provided for this

information in the tape transport controllex.

B. The On-Line Computer

The tasks which the on-line computer needs to perform are as follows:

1) ‘The delay must be updated at about 50 ms intervals. This is
sufficiently slow so that a simple, special purpose, hardware interpolator
can be built. One would then initialize this interpolator with a starting
delay and delay rate every 5 seconds or so.

2) The phase must be updated at about one microsecond intervals, and a
special-purpose interpolator must be built to do this. This can either be
jpitialized ten times a second with the initial phase and phase rate, Or it
may be jnitialized every three seconds with initial phase, phase rate, and
rate—of-change of phase rate.

3) The correlator must be read and written to computer compatible tape
at reasonable intervals. This interval will vary from about five seconds
(to save output tape) to about 0.2 seconds (for mapping components of sources
far from the phase tracking center). This includes, for spectral 1ine observing,
performing the Fourier transform to convert the crosé correlation function to
the cross power spectrum.

4) Various adjunct information recorded on the tape along with the 1¥
data, such as noise temperature, and various system monitor points, must also
be formatted into the output, for later editing and calibration.

None of these tasks are very onerous, and any of a large variety of
modern minicomputers could handle the job satisfactorily. The only constraint
is that some calculations must be carried to precision of about 38 bits, and
the computer must have a convenilent and reasonably fast provision for handling
operants of this length. This does not seriously restrict the choice of mini-
computer.

The prototype MK 1II Processor being developed at the Haystack Observatory
uses an HP 1000 Model 30 computer with a 64K memory and 47 MByte disk. This
has a sufficient capacity to handle up to 6 interferometer baselines. More

paselines can be handled with faster versions of this computer and by using

multiple computers.
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The on-line computer must be equipped with a reasonable set of peripherals
—— 1line printer, keyboard terminal, small moving head disk for program StOTage,
tape transports for writing data, and a hacdware FFT device. The last is used
for calculating cross powexr spectra, and need be only moderately fast -- 10 ms
for a 256 point complex transform is adequate.

The programming coOStS of the computer will be comparable with 1its hardware
cost. The NRAO Mark 11 system on-line processor gystem currently has about
six man-years of effort in its computer program. A comparable effort has

been spent on the Caltech MK LI Processor, and considerable software for the

Haystack MK III Processoxr has already been developed. This experience, plus

that of the VLA, will contribute significantly to the on~line software of a
VLB Array, but a further three to five man-years of programming effort will be

necessary to produce a first-rate, on—line program.

5) A general-purpose computing system. Tt is clear that some off-line
capability beyond the elementary displays provided with the on-line computer
is absolutely necessary at the location of the playback processor.. There are

three options open.
a. The playback processor could be located near a pre-existing computer

center, with free easy access to the computer.

b. The playback processor could have a dedicated small-scale computer
system with sufficient capacity to perform all routine computational chores,
but without the high-pexformance peripherals necessary for producing publishable
graphics, and without the operating system features necessary to make programming
eagsy and convenient enough to accumulate a large software system. Users wishing
displays different from a few standard options would take their data to a more
general purpose (modern) computer center. \

c. The playback processor could have a dedicated medium scale computer
pable of conveniently doing special purpose displays and phenomonological

system, ca

analyses of the observations as well as the straightforward data reductions.

The choice of one of these options depends strongly on the amount of
computing to be done in connection with the Array. Tt is difficult to determine
this —— since the Array will offer capabilities which have not yet been
sufficiently explored to be able to estimate the computer time required. The
best we can do here is to examine one or two difficult problems,

and estimate the amount of computing involved. Estimates will be in terms of

the computation time in a 32 bit computer with one microsecond cycle time (about
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the speed of the IBM 360/44 - rather less than an IBM 360/65, which for many
purposes is a 64 bit computer).

The first samplerproblem is a twelve hour observation of a water vapor
maser source. There are 256 frequency channels, and the total bandwidth is
3 MHz. The object has a total extent of 2", so that the extreme features
have a fringe rate (relative to the center of the field) of 0.2 Hz, om an
earth radius baseline. The cross—power spectrum must therefore be sampled
to a 2 Hz rate to avoid supression of the fringes from the distant features.
There are therefore (86400 sampled spectra) x (45 baselines) x (256 channels
per spectrum) = 109 complex numbers to be handled. A reasonable amount of processing
is to produce preliminary maps in frequency/fringe rate space, at perhaps
20 hour angles, in order to jdentify components for further analysis. Then, a
strong point feature is used as a phase reference, and its phase subtracted
from all sources. A complete map in frequency and two spacial coordinates is
an inordinate computing load, and is also unnecessary, since most of this
three-dimensional space is empty. One would therefore select, say 40 components,
isolate them by appropriately matched filters in frequency and fringe frequency,
and make spacial maps of these frequency components. The rough estimate of
computer time necessary for this operation is given below:

a. Preliminary maps. (20 maps) x (256 frequency channels) x (256 fringe
frequency channels) x (45 baselines) = 6 x 107 numbers to input and process.
Each number is complex multiplied eight times, and the time is taken as the
multiply time (28 microseconds) times a factor of four for the logic and
control instructions. Time = 13h.

b. Fitting a smooth function to the reference feaﬁure. There are
(86400 points to be fitted) x (45 baselines) = 4 x 106 points to be handled.
Fach must go through about 8 complex multiplies, again with a factor of four
for other instructions. Time = lh.

c. Feature extraction and phase referencing. The entire set of data
must be processed; each point is subjected to about one real multiplication
(extraction in frequency by matched filtering) and one complex multiplication.
Time = 42h.

d. Mapping of features. (40 features to be mapped) x (256x256 maps) =
2.6 x 106 points to be handled, each point with perhaps 12 complex multiples.

Time = 1h.
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Total time = 57 hours. This complicated problem thus runs about five
times slower than the observing time, on a computer of this size. The time
could be cut somewhat by the addition of such peripherals as a hardware

Fourier transform device.

The second problem we shall qonsider is the_case_qf a source of over-
all extent OVl x ov05 , observed at 5 Gﬁz. The covérage i
of the Array extends to 108 wavelengths, and the synthesized beam is thus
about 0V002. However, tﬁe observations were made without phase coherence,
gso that the brightness is to be reconstructed without the use of phases. First,
the data are averaged for a raasonable time. The first stage of integration
igs done in the playback processor, where it is read out at one second intefvals.
It can then be averaged coherently to CWO minutes. At this point we have, from
twelve hours observations (360 two-minute intervals) x (45 baselines) = 15,000
numbers. Then we fit, by least squares, these numbers to the visibility
function of a model of point sources specified every half beam in the OVL x ol 05
source area. The number of steps in this calculation is (number of input points
= 15,000) x (number of output points = 5,000) x (number of interations for con-
vergence n 30) = 2 x109. Fach operation {nvolves a table lookup, a complex
number times a real number, and a complex addition. Allowing the usual factor
of four for logic and control instructions, the running time of this program
is about 45 hours. The previous operation of coherent averaging to two minute
intervals requires (43,200 seconds outputs) x (45 baselines) = (2x106 operations),
only half an hour.

These two rather difficult problems are thus solved with a ratio of computer
time to observation time of about five, We can conclude, since such difficult
problems will probably oceupy only a small percentage of the array's time, that
the cannonical computer is too small by a factor of about two. The dedicated
Array computer would thus be in the range of an TBM 370/158, a Univac 1108 or
a Xerox Sigma 9 or a CDC Cyber 172. Tf the Array is to sharve a computer with
an established computer center, the main system would need to be substantially
larger. Perhaps the most attractive option is to provide a fast but unsophisticated
and inexpensive computer for the main mathematical processes, and to share a
large computer center, in which logically complex but not very time consuming
processes are programmed , which provide. the interactive and display capabilities
needed to make the VLB Array maximally productive. This unsophisticated computer
could be as inexpensive as a Datacraft/4/Vs, an’ Tnterdata 7/32, or a Modcomp IV.

In this case, the Array would use a substantial percentage of the general

computer center, but not all of it.
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VII. OPERATION OF THE ARRAY

The Array is expected to be operated as a national ox international
facility, and as such is open to all qualified scientists from the U.S.A. and
abroad. Unlike the present ad hoc VLBI observations, there will be no need
for the observer himself to obtain and cooxrdinate observing time on a number
of telescopes simultanecusly. Noxr will it be necessary for him to provide the
excessive scientific and technical manpower currently required to simultaneously
observe with a number of widely separated radio telescopes or to perform the
routine tasks associated with the acquisition and distribution of magnetic
tapes and the process: - of cross correlating the tapes. These functions will
be handled by the Array operating staff, much in the same manner ag for the VLA.

The operation of the Array is conveniently divided into £wo parts: the
operation of each of the N = 10 jndividual antenna elements to record datavon
magnetic tape, and the correlation of these magnetic tapes in the multi-station
processor to form each of the N(N—l)/Z 45 interferometer pairs.

It is anticipated that the operatlon of the Array will be under the control

of an Operations Center, which also contains the correlators and computers

necessary to analyze the data. The operation of the individual antenna elements
and the on-line monitoring of the performance of edch element will be, at least
in parf, done from the Operations Center via commercial telephone lines.

The tapes containing the recorded data are shipped via a combination of air
and ground transport from each element to the Operations Center. The incoming

magnetic tapes contain all the data needed for the reduction and calibration

of the interferometer (i.e., the i.f. data, meteorological data, the water
vapor radiometer output, day, time, frequency, antenna location, source coordinates,
system noise temperature, and 1f necessary the antenna temperature of the source
being investigated). This is gimilar to the data used in a conventional radio
telescope array, except that instead of being transmitted via cable or radio
link (or in the case of the VLA by waveguide) in real time,it is recorded on
magnetic tape and is-inputed to the correlators delayed by some days to a week.
The output of the correlators is then analyzed in egsentially the same manner
as the data from a conventional real time array.

The fact that the i.f. +ransmission system (the magnetic tape) involves
a significant time delay has no fundamental effect on the output of the array,

except possibly that the nobgerver' ie not able to monitor the output of the
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instrument in real time, and so modify his program based on what he "sees" at
obgerving time. This is not expected to be a significant factor, as, indeed,
the currently operating arrays at Westerbork and Cambridge do not display
their output at observing time and, in fact, frequently run completely
unattended, supervised by only the control computer.

A major restraint in the scheduling of programs ig the required sensi-
tivity (bandwidth) which determines length of time a single reel of magnetic
tape lasts. The required numbex of tapes ranges from about 2 per day for an
0.125 kHz bandwidth (adequate for many spectral line problems) to 720 per day
for a 50 MHz bandwidth. A bandwidth of ~ 100 MHz may be possible, but then
1440 tapes per day are needed.

Of course, the tapes are reusable, and reuse more than_lOO times even.under
non-ideal field conditions is possible. Careful. scheduling is required to
balance narrow bandwidth programs which do not use much magnetic tape and which
can be correlated much faster than real time, with large bandwidth problens
which will be correlated somewhat slower than real time.

Assuming that the average bandwidth will be 16 MHz and that the tépes
can be recycled in one month, then a supply of 7200 magnetic tapes is
needed to operate the array. '

The routine remote operation of 10 widely separated antennas will require
a high degree of reliability. The major components at each site are the antenna
and multifrequency radiometer. gince these will be wvery nearly identical to
their VLA counterpart, it is expected that the experience in operating the VLA
can be directly carried over to the VLB Array. The VLA antennas have been
gspecifically designed for a minimum of routine maintenance, and of course the
whole VLA concept is predicated on a long mean time between failures for
individual elements.

Tn order to keep the operating staff to a minimum, the operation of each
antenna element must be automated, so that local staff are needed only for
routine maintenance and for changing magnetic tapes. This required level
of automation is nedither novel nor difficult. The fact that the individual
elements are distributed over thousands of kilometers is inconvenilent, but not
excessively so. The VLA and other arrays do not have operators at each

antenna element, but rely on a central operator to monitor and control the

status of each element through the central computer and electrical links. Except
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for maintenance, it makes no fundamental difference in operations if the
elements are spaced by 21 km or 1000 km.

Examples of automated remotely operated antenna systems already exist.
NRAO has for some years routinely operated a 45-foot antenna at a site 35 km
from the Observatory as part of a 4~element interferometexr system. At the
University of Illinois Vermilion River Observatory, 2 120-ft antenna operates
unattended for several days under computer control, of‘can be operated via a
small portable terminal which can be connected at any telephone in the country
or abroad. Small unattended antenma systems are also operated at difficult

arctlc and antarcticsites as part of satellite communications systems.

A. The Antenna Stations

Each interferometer element consists of the following:

a. 25-meter Cassegrain antenna.

b. 1.3, 2, 6, 18, 21 cm Cassegrain radiometers plus 50 or 75 ecm prime
focus radiometer; or two wide band maser—upconverter-mixer receivers
covering the range 500 MHz to 26 GHz.

¢, Precision frequenéy standard and stable local oscillator chain.

d. 1i.f. amplifiers, clippers, samplers, formatters.

e. 2 wide bandwidth multi-track instrumentation recorders;

£. Small computer for control of telescope, radiometry, sampling
of meteorological data, and communication with Operations Center.

g. Receivers for the reception of standard time transmissions (WWV,
Loran, Omega, etc.).

h. Equipment for sampling meteorological data, including, if desirable,
1.3 em water vapor radiometers.

It is expected that for the most part the individual elemehts will
operate unattended, with the antenna being controlled either by preprogrammed
instructions in the on-line computer, remote commands from the Operations
Center, or a combination of both.

A small staff consisting of one engineer and two oY three technician-
operators will be required at each site. This staff will be responsible for
+he routine maintenance of the antenna and electronics, as well as the transport
and documentation of incoming and outgoing magnetic tape.

Although the antennas and radiometers opérate_unattended, regular human

intervention appears necessary to change magnetic tapes, unless some means is
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found for storing up to 1012 or 1013 bits without changing the storage medium.
It is planned to use two tape transports at each site, with automatic change-
over between transports when the end of a tape is reached. This allows
a) twice the record time without intervention, b) continuous recording, and
c) a spare recorder so that in case of failure it is still possible to operate
with a slightly reduced duty cycle. For periods of extended wide bandwidth
operation, it will probably be necessary to supplement the "ocal" staff with one
or two part-time "aids" to change magnetic tapes.

The need to change magnetic tapes as often as three or even six times per
hour is probably the most awkward part of operating the Array. This process
may be greatly simplified by developing a special tape changing device to
replace the human operator. guch machines are already in use at large computing
facilities, but no comparable device has yet been developed for use with
instrumentation recorders. The development and construction of a special tape
changer would probably add about $1,000,000 to the initial cost of the array,
with the resulting saving of about $250,000 per year in operating costs due to
the reduced manpower requirement. Although.wé are continuing to investigate
the feasibility of an automatic tape changer, our estimates for capital and

operating costs are based on the presence of human tape changersr

B. Operations Center

The Operations Center contains ten tape transports (plus spares) to read
the magnetic tapes recorded at each of the ten antenna sites. The i.f. data
from each antenna is then correlated with each of the other antennas to
produce the 45 interferometer pairs. The on~line computer also averages and
outputs the interferometer fringe amplitude and phase at intervals of 0.2
to 10 seconds and normalizes the data using the system temperature measured
at each antenna at recoxrd time.

The Operations Center also controls the operation of each of the antenna
elements using commercial telephone lines to connect each of the telescope
elements with a computer at the Operations Center.

Tt is expected that the Processor will be operated nearly continuously,
much in the same manner as NRAO operates a radio telescope, and a staff of
operators will be required to do this. In addition, engineering, programming
and scientific staff will be required to support the operation and to develop

new procedures and instrumentation. The current NRAO MK II Processor operates

~4in this manner.
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Tt is anticipated that a considerable effort will be spent by both the
Array staff and visiting users in post—processing, that is, in the use of
a general purpose digital computer to transform the on-line output to useful
maps. Because of the similar nature of this work to that of the VLA, it may
well be useful to combine such facilities at a common location.

. ¢, Operation Using Non-Array Antennas

1+ is expected that from time to time the Arrayrwill be operated jointly
with one or more "outside" antennas in order to provide North-South baselines
or to obtain greatel sensitivity than possible with 25 meter antennas. it is
anticipated that there will be a number of major observatories equipped with
either fully compatible MK IIT recording systems of equivalent bandwidth, or
at least compatible narrow band systems.

In these cases there_will be fewer correlator inputs than antennas,
and it will be necessary to have multiple passes through the Processor.

Possibly an additional correlator‘input will be a&ded to be used for joint

work with outside antennas O% otherwise as a spare.
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YITI. CONSTRUGCTION OF THE ARRAY

The concept of an Tntercontinental Radio Telescope Array is based on
proven concepts s© that no major design and development is necessary. However,
there are several areas where a detailed engineering design and prototype
development are required, and other aspects which need to be studied in more
depth before the full potential of the Array can be achieved.

The Array consists of two majof components: a) the antenna elements
and b) the processing center. Each of these will be developed gradually and

independently, and at each phase the power and versatility of the instrument

15 increased.

Construction of the Processor will occur in three phases:

1) a minimal 3—station‘(3 baseline) processor; '

2) a 5-station (L0 baseline) system adequate to handle the anticipated
1oad of experiments with existing antennas in 19803

3) a 10-station (45 baseline) system necessary to handle the nearly
full-time operation of the Array.

construction of the Array elements will also occur in three phases:

1) the use of existing antennas with improved instrumentation;

2) the construction of the first array element in the central U.S.A.;

3) the construction of the full array.

Each of these developmenE areas is described below in more detail.

A. The Interim VLBI Network

The synthesis of images at wavelengths A % 10 cm may to an extent be
achieved using existing radio telescopes, but with enhanced sidelobe levels.
Although, for the reasons outlined in Section 1-C, this does not approach the
scope of the work that can be carried out with a "Dedicated Array,"
many interesting astronomical problems can be explored, and new methods or
data recording and analysis attempted. Good receivers already exist at 18 cm
at all Network stations, but low noise receivers at shorter wavelengths are
also needed, together with hydrogen maser frequency standards, and VLBI
recording equipment,‘including, when available, the MK IIT system. Furthermore,
provision must be made to allow for routine operation of these telescopes
without the need for the observing gscientist to be present at each telescope.

The acquisition of all data necessary Lo accurately and quickly deduce the
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fringe amplitude from each interferometer pair is also required, and procedures %
for automatically doing this are being developed at the NRAO and Caltech.
Further exploitation of existing antennas is anticipated through the Interim !

VLB Network (Cohen 1975).

B. Construction and Operation of a First Array Element

The Interim VLB Network of existing antennas is concentrated on the East -
and West Coasts, and VLBI observations with these antennas suffer from the
missing intermediate baselines. Some improvement is obtained with the use of

the antennas at the University of Towa and the University of T1linois, but these antenng
are limited to long wavelengths, and in the case of the Illinois antenna f
the hour angle range is restricted.

An important improvement toO the U.S. VLB capability will be achieved !
with the early construction of the first Array element, equipped with complete
Array instrumentation including a low noise multi-frequency receiver, MK IT and g
MK IIT record terminal, Hydrogen maser, on-line computer and remote operation.
This will give valuable experience in the routine operation of minimally #
supported dedicated VLE acquisition elements.

In addition to evaluating the Array prototype station, this antenna would fi1l1

the "hole'" in presently available interferometer spacings, and permit
a wide variety of continuum, 0B, and H20 experiments in conjunction with
existing East and West Coast antennas. Further study of the optimum location
is necessary, taking into consideration baselines formed with existing Network
antennas as well as its jnclusion as part of the final dedicated array.
Figure VIII-1 shows the (u,v) plane coverage for a new midwest antenna located
in a) Illinois, b) Towa, and ¢) Colorado, together with some existing
antennas.

The first new Array element should be constructed in a timely fashion in
a midwestern location. TLow noise (v 30 K) multi-frequency receivers covering
the range 500 MHz to 5 GHz, and 8 GHz to 26 GHz are currently being developed
for the 140-ft. telescope and could be duplicated for the new antenna to
provide a versatile VLB system capable of operating together with existing ‘
receiver systems at other observatories. 1If necessary, much of the needed
instrumentation including a hydrogen maser, local oscillator system, MK II and
MK IIL record systems could be obtained from existing and presently planned
NRAO equipment. The requirements for the first dedicated Array element are

discussed in more detail in the report by Swenson, et al. 1977.
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Fig. VIII-1. a) (u-v) tracks of five element Array with antennas at
Haystack (H), NRAO (¥), Owens Valley (0), Socorro (8), and Fort Davis (F);
b) same as (a) plus VRO (V); ¢) same as (a) plus Towa (I); d) same as {a)
plus Boulder (B).

C. Real Time Satellite Data Link

Tn collaboration with the Canadian Natiomal Research Council, the Uni--
versity of Illinois, the University of Toronto, and the U.S. Naval Research
Laboratory, NRAO is participating in a joint experiment using the Hermes

synchronously orbiting satellite to transfer wideband i.f. data over a distance
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of 900 km from the 140-ft. telescope in Green Bank to the Algonquin Park
150-ft. telescope. This program has demonstrated the feasibility of using
satellite links for real time VLB interferometry. During 1977 the satellite
will be used to provide a phase stable local oscillator reference between the
two telescopes to permit the measurement of fringe phase as well as amplitude.
Should this technique prove practical, it will be possible to provide a
permanent satellite-borne phase reference at relatively low cost since only a

narrow band communication channel is necessary.
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. Other Studies

Other areas of study which will continue and which will contribute

toward the evaluation of instrumentation and techniques for the VLB Array

1

are:

a) the evaluation of atomic frequency standards and other stable
oscillatoxrs;

b) study of methods of measuring atmospheric water vapor to provide

phase corrections;

¢) study of methods of image restoration, with particular reference
to incomplete {(u,Vv) coverage and/or poor phase data;

d) the measurement of visibility phase on transcontinental and inter-
continental baselines using phase reference sources and/or a satellitenborne
reference; and the investigation of the effect of signal-~to-noise ratio and
baseline redundancy on the use of phase closure;

e) detailed study of individual antenna locations with regard to
geographic properties, transportatioﬁ, and proximity to local support facilities;

£) the investigation of the feasibility of other recording media such as
lager etchings and video disks;

g) the further evaluation and utilization of satellite-borne data links
and as a coherent reference for the measurement of interferometer phase'

h) the evalutation of the use of large deployable antennas in space

+o extend VLBI baselines and to obtain more uniform (u,v) coverage.
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1X. EQUIPMENT DESIGN AND COST ESTTMATE

Like the VLA, a Very Long Baseline Array is a system compused of reasonably
well understood techniques and equipment whose cost can be reliably estimated.
No new uncertain structural engineering is involved. Somewhat under half of
the cost is in the antenna elements, and since they are nearly identical to
those currently being pbuilt for the VLA, their cost is well determined. The
remaining cost is in receivers, tape recording devices, frequency standards,
computers, and other electronic equipment. Unlike construction items, inflation
of the cost of electronic equipment and computers is much less than in "heavy
construction', and, in fact, past experience indicates that for a given
specification the cost of these items may actually decrease with time.

Each of the major items is discussed below and the total capital and

operating costs are summarized in Table IX.1.

A. Antenna Elements

The cost of the VLA antennas ranges from about $600,000 in 1977 to $700, 000
in 1980, Taking into account the estimated loss incurred by the manufacturer,
the additional cost of small quantity purchase of steel and other components,
and the increased cost of erection due to union labor and lack of the VLA
erection facility, we estimate the construction cost of additional antenna
elements to be between $800 000 and .$900,000 depending on the number of antemnnas
which are built. This cost estimate and the pexrformance specification for these

existing antennas are felt to be considerably more precise than would be possible

for a new design.

Dual polarization VLA type Cassegrain feeds are priced as shown in Table
IX.1.

Table IX.1
Antenna Feeds

18-21 cm $17,700
6 cm 9,800
2 cm 6,300
1.3 cm 6,100

Total (inclﬁding MOunt) "$48,000
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B. Radiometers
Two radiometer systems are being considered.

VLA front ends. The basic receiver is similar to the 5-band (21, 18,

6, 2 and 1.3 cm) VLA receiver whose price is well determined. Tt is anticipated
that the basic VLA receiver will be modified in several ways as follows.

a) The addition of low noise parametric preamplifiers at 1.3 and 2 cm
to reduce the system temperature at those-wavelengths to &~ 50 K. The parametric
amplifier including pump oscillator cost $15,000 per stage Or 530,000 for
each receiver for the two bands.

b) It is possible to omit one of the two receiving channels at each
antenna at some loss in sensitivity for polarization measurements only.
This results in a savings of 435,000 per antemnmna for the basic recelver, oX
$65,000 per antenna including the 1,3 and 2 cm preamplifiers. There have so
far been no measurements of the polarization structure of compact sources, SO
it is not clear at this point whether or not the resulting effective reduction
of &~ 2.5 in sensitivity for polarization measurements will significantly affect
the performance of the instrument.

¢) The basic VLA receiver does not operate at wavelengths longer than
91 em. The addition of a 50 cm prime focus receiver will add an additional

$14,000 to the cost of each receiver.

MK II Receiver. A next generation of wide band low noise receivers is

currently being developed for use on the 140-ft. and 300-ft. telescopes
and possibly the VLA as well. 1In this receiver a maser amplifier which is
tunable from 18 to 26 GHz is used together with parametric up-converters to
give continuous coverage from 5 to 26 GHz at the secondary focus and 500 MHz
to 5 GHz at the prime focus with a system noise temperature n 30 K at all wave-
lengths exclusive of the contributions from the atmosphere, or the non thermal
galactic background. Very low noise temperatures are also expected at milli-
meter wavelengths using cooled varactor mixers and a 29 GHz maser r.f, amplifier.
gince these receilvers are still being developed, the cost is somewhat
uncertain, but it is expected to be close to that of the VLA type receivers.
Until a working model of this radiometer is available and its-cost more
accurately known, we will use the price of the VLA radiometer in the cost

estimate.

Frequency Standard. At the present time, there is no commercial source

of hydrogen maser frequency standards. Existing units which cost between
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000 and $220,000 including engineering costs, are being produced on a semi-

is by NASA and at the Smithsonian Astrophysical Observatory.

It

timated that if purchased in quantity, they can be cobtained at a cost of

000 per unit.

C. Tape Recording System

Recor

The cost of the recording system 1s based on the cost of the MK TIL

ding System, as given in Table IX.2.

Table IX.2

Recording System

Honeywell Model 96 tape transports
2 Sets of record heads (1ifetime 300 hours)

Recorder Electronics

24 X
24 K
10 K

i4 Converter—synthesizer modules (125 kHz, 250 kHz,

500 kHz, 1 MHz, 2 MHz, 4 MHz)
Clock module
IF distribution module
Format controller module
Dual decoder module
5 MHz distribution module
ASCII communicators
Power supplies, rack, bins, and other hardwar

Total

23
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A new development of "half-speed heads™ with a headgap of 12 to 15 pdinch

allows recording of 4 Mb/sec at 60 ips (or possible 8 Mb/sec at 120 ips).

This would reduce the frequency of tape changes and the amount of tape required

by a
this

devic

factor of two. Ve are working with several manufacturers to investigate

further.
We are also investigating the cost and feasibilit

y of constructing a

e for the automatic changing of tapes to allow for complete unattended

operation.

D. Control and Communication

The on—-l1line computer at each of the antennas, in addition to controlling

the operation of the telescope, is used to monitor the operatiom of the telescope

element including antenna control

voltages, position control, receiver and
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1ocal oscillator performance, and meteorological data. These tasks are similar
to those done by the VLA control and monltor system, except that the (out-of-
spec) flags and other data will be communicated to the Operations Center via
leased telephone 1ines. The control of the telescopes from the Operations
Center is also via these same lines.

The cost estimate of the control and communications system is based on
the equivalent VLA system plus the cost of modems at hoth ends to transfer
digital data at 1200 kilobits/sec. Ordinary telephone quality 1ines are

adequate for all necessary data transfer.

E. Playback Processor

The playback system consists of the correlator and the on-line computer.
The cost summarized in Table IX.3 is based on the use of commercially
available I('s, However, over half of the processor cost is in the (28 x 8 x
45 x 2 = 20,160} correlators, and as in the case of the VLA, custom designed
1LST circuits could significantly reduce the cost with a potential cost saving

of more than half a million dpllars.

Table IX.3

Playback Processor

Correlator
12 Honeywell Model 96 tape transports 480 K

(including two spares) (12 K each)
with playback heads (12 K each)
and playback electronics (16 K each)

45 (Correlator modules @ 1 K per rrack {28 per baseline) 1260 K

Power supplies, bins, racks, etc, . A0 K

Total Correlator 178C K

F. Computer System

Two computing systems are rvequired: a) the on-line processor control

and initial data reduction system, and b) the off-line image forming system.
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Table IX.4

The On-Line Computetr

Computer modules (each with 64 K memory), 300 K
disk, console, software (HP Series
1.000 Mod 30, Modcomp II or equivalent)

2 1600 bbi tape transports for output
Card reader
Fast serial printer

2 CRT terminal, interface

2 Decwriter
FFT device, interfaced

Software development

Total

data ' 22

10

88
150
587

momORoR OR RN

~

The total cost of the playback system i

s then:

Correlator 1780 K

. Computer System _587 X

Total

2367 K

The Processor will be developed in 3 stages as described in Section

VIII.

The cost of the off-line computer to be
processor will be estimated under two differ

assumption is that an existing computer cent

associated with the playback
ent assumptions. The first

er is available and readily

utilizable. The scale of the services proveded are about that which would

be supplied by use of the existing NRAO IBM

third of its resources. In addition, one wo

360/65 system, using about one-
uld run computationally bound

programs in a dedicated small scale computer system consisting of the follow-

ing items:
CPU with floating point, etc.
256 K Bytes memory
Card reader
Line printer

pisk storage, 100 M Bytes

$77,000
57,500
4,500
17,200
51,000

Magnetic tape, three drives, 800/1600 bpi,

75 ips
Four CRT terminals, interface

Total

54,500
16,600
278,300
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The second cost estimate is for a totally stand-alone system which
would enable the Array to operate independently of any existing computer
system. Primarily because of operating and maintenance costs, it then
becomes profitable to invest in a large computer system rather than a small,

fast system like the one above,. The following items are included:

64 bit CPU with 512 K bytes of 1 microsecond memoxry 790,000

5 magnetic tape drives 125,000
Disk storage, 700 M Bytes 235,000
Card reader, punch ' 85,000
Line printer ‘ 60, 000
Communications processor and terminals 75,000

Total 1,370,000

In both cases, about ten to twenty man-years of programming (200 X)

would be required to construct an initial system capable of invoking the various
techniques which have been used in VLB observations so far. Developments beyond
this stage will certainly be extensive, but should not properly be charged to
the capital cost of the Array. The array operations, since they are dependent
on a continuing development of new techniques over the first few years, will
require a relatively large programming staff. This includes systems programmers
for the on-line and off-line computing systems, 2 programmers to develop new
reduction and analysis programs, and 2 scientific aildes to handle the day-to-

day reduction of data.

G. Site Development

Some of the Array elements will be at exdsting observatories. Others will
require new sites and the total cost will depend on the number of new sites
which need to be developed at an approximate cost of §150,000 each. This
includes

a) acquisition of land;

b) roads;

¢) power;

d) control building (1200 sq. ft.);
e) furniture, benches;

f) water well;

g) maintenance equipment;

h) emergency generator.
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At existing sites, the additional cost will be that of the control

building and furniture at a cost of about §$50,000.

Since about half of the Array elements will be at exlsting observatories,

the average cost of a site development is $100,000.

Table IX.5

%
Cost of Intercontinental Array

EACH ELEMENT
Antenna Structure $900
Feeds (dual polarization) 48
Focus and polarization mount 35
Cassegrain subreflector 9
Dichroic reflector (2/6 cm dual fre- 4
quency)
Total each Antenna Structure 5996
ELECTRONICS
On-line computer (terminal, disk, 70
goftware, etc.)
5 frequency dual polarization re- 130
ceiver '
Low noise parametric or maser ampli 60
fier for 1.3 and 2 cm :
50 cm prime focus receiver . 14
2 tape recorders with electronics 102
Hydrogen maser 150
Local oscillator and i.f. system 35
Control and communication 25
Test equipment 50
Engineering, Design, Inspection, 50
Administration and Installation
Total Electronics $686
gite Development, power, buildings, roads, etc. 100
Total Cost of each Array Element 51,786
Total Cost of 10 Elements ) 517,860
Processor System 2,367
Stand~Alone Computexr (including software) 1,570
Magnetic Tape (7200 reels each 12,000 ft.) 720
Project Management 1,000
Contingency (10 percent) 2,300
TOTAL COST OF 10-ELEMENT ARRAY $25,817

% Thousands of Dollars.
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H. Operations

The major part of the operating costs are in the salaries of staff,
shipment of tapes and equipment, and in the replacement of expendable items
such as magnetic tapes, recorder heads, etc.

The basic staff at each site will be an engineer and two or three
technician-operators. The engineer will have the over—-all responsibility
for the operation, maintenance, and performance of the antenna, computer, and
electronics. He is assisted by the on-site technicians.

For those antemna elements at existing radio observatories, the operations
will be supported at least in part by the local Observatory gtaff. This, of
coutse, does not change the real cost of operating the Array, and we have
included the staff salaries as part of the Array Operating Cost, independent
of the antenna location.

Although the operation of each antenna site is to a large extent automatic
and remotely controlled, human intervention will be required to change tapes
unless some device is developed to change tapes automatically. Narrow band-
width experiments (including 511 spectraoscopic observations) require only
infrequent tape changes (perhaps one per day) and this can be done by the
site engineer or technician with little interference to their other duties.

For experiments requiring rapid tape changes, additional personnel will be
required. No particular skills are required for this task.

From time to time major preventive or emergency maintenance to the antenna
or electronics will be required which is beyond the capability of the limited
on-site personnel. It is anticipated that the "Central Service" personnel
which will be involved in these tasks will be normally based at the VLA site,
and will be part of the VLA operations gtaff. Thus, they will be familiar with
all instrumentation and techniques. The actual number of such personnel
involved in VLB Array operations at any given time will range from zero to
perhaps 5 or 6. These will not always be the same people, and we have budgeted
for an average of two people involved in service activities.

The scientific staff is responsible for the calibration, testing and
evaluation of the instrument, for liaison with other observers, and for the
implementation of new techniques of data evaluation. 1In this they are supported

by the programming staff and technical staff.
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Table IX.6, below, gives a breakdown of the total staff requirements.

Table IX.6
Staff Requirements
Scientists 3
Engineers 12
Technicians - 24
Programmeré 6
Central Service 2
Secretary 1
Clerk 1

Total Staff 33

The major replacement item is the cost of replacing recorder heads. At
the present time, 28 tfack ferrite heads cost $12,000 and are guaranteed for
3000 hours. Maximum head wear occurs at a tape speed of 30 or 60 ips. At
faster or slower speeds, head wear is less and so we might expect an average
of 4,000 or 6,000 hours of use, or about $300,000 per year for the 10-element
array. The playback system will always run at 120 ips, and will operate for
only a fraction of the time, since much of the data will be recorded at slower
speeds and playback will be faster than real time, The total annual cost of
replacement for recorder heads is thus estimated as $400,000 per year. It
may be anticipated, however, that in the future, head life will be significantly
lengthened, and due to their production in greater numbers, their cost
substantially reduced.

Estimates for the transport of magnetic tapes, and the lease of
' communication facilities are based on current costs. It is anticipated that

future costs of the communications facilities will be reduced as digital data
transmission systems become more common in the 1980's.
The cost of other replacement items, new equipment, and other operating

funds are based on experience with NRAO instruments and estimated VLA

operating costs.
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Table IX.7

Operations Budget

Staff

Supplies

Shipping

Travel
Communications

New Equipment
Computer Maintenance

Antenna Spares

Total Cost

$1,200, 000
620, 000
300, 000

50,000
90, 000
350, 000
90, 000
80,000

$2,780,000
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APPENDIX

A number of different Array configurations have been studied in an attempt
to optimize the (u,v) coverage over a wide range of declination and with a
minimum of new sites introduced., ‘Figures A-1te A-7 show the (u,v) tracks
covered by various configurations for declinaﬁiqns -30, 0, +30, and +60 degrees.
Figure A-1 shows 'a basic 8-element transcontinental array with elements
at Md. Point, Md.; Charlottesville, Va.; Green Bank, W. Va.; Wichita, Kansas;
Socorro, N. Mex.; Tdcson, Ariz.; Big Pine; Calif.; Palo Alto, Calif. We refer
to this as the Basic Array. '
Figures A~2 through A~7 show an extension of the Basic Array to include
other telescopes in order to improve the north-south coverage and/or to extend
the baseline to intercontinental dimensions.
Figures A-8 through A-10 show the beam pattern for the basic 8~element
array with additions in Hawaii and Spain to increase the resolution. Figure A-11
shows the beam shape at zero declination for an 8-element array which extends
over a wide range of latitude as well as longitude. '
These illustrations are only representative of the many configurations
which have been studied, and intended only to illustrate the type of u,v coverage
and beam shapes available with various practical configurations. Many other

configurations are possible and considerably more study will be necessary to

arrive at an optimum.golution. The typical resolution at A = 2 cm is 1 milli-arcsec

for the transcontinental configurations and 0.4 milli-arcsec for the intercontinental

configurations.
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Figure A-8. Beam pattern at 8§ = 45 degrees for an 8-element transcontinental
array for the configuration deseribed in Figure A-1.

Figure A-9. Beam pattern at 8 = 45 degrees for the basic transcontinental
array plus one element in Madrid, Spain,



Figure A-10.

Figure A-11.

A-10

Beam pattern at § = 45 degrees for the basic transcontinental
array plus elements in Hawaii and Madrid, Spain.

Beam pattern at 6§ = 0 for an 8-element transcontinental array
with antennas located at Md. Point, Md., Green Bank, W. Va.;
Danville, I1l.; Big Pine, Calif.; Mexico City, Mexico;
Penticton, B. C., Canada; Ft. Davis, Texas; and Fairbanks,
Alaska.
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