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Abstract—The Stanford radio telescope array is a fast image-

aline interferometer using earth -otation synthesis to produce a
brightness map of the continuum radiation from a portion of the sky
using data obtained in one 10-h observation. The array consists of
five 18.3-m diam paraboloid aniennas mounted on an east-west line
in such a way that pairs of antennas span all spacings from 1 to 9
times the unit spacing of 22.9 m. At the operating wavelength of
2.8 cm (10690 MHz) the half-peak beamwidth is 18.8” and the
grating-lobe spacing is 4.2°, both in the east-west direction. The an-
tennas, which were constructed at Stanford, are equatorially mounted

PriNCIPLE oF OPERATION

The signals from each antenna pair are correlated in the
control room by a combination of analog and digital tech-
niques to yield measurements proportional to complex visibil-
ity [6] after regular averaging intervals that may be varied
but are typically 5 min. On the u—v plane [7], [8], which is the
domain related by two-dimensional Fourier transformation to
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and have a range of motion in declination from the south horizon to
the north pole and in hour angle from horizon to horizon or +35 h,
whichever is less. Both hour angle and declination motions are con-
trolled by chain-drive mechanisms. The electronic receiving systems.
includes tunnel-diode preamplifiers followed by mixers and an IF sys-
tem with a passband from 10 to 70 MHz; both upper and lower side-.
‘bands are accepted. The local oscillators at the antennas are phase
locked to a reference signal which is distributed from a centrally
located oscillator. A system for mouitoring variations in the electrical
lenoths of the reference-signal csiies is incorporated using modu-
lated reflectors at the five antennas. The 1F signals from the antennas
pass through 9-b variable delay lic.es and the signals from each ot
the ten possible antenna pairs ar: then fed into ten analog multi-
pliers. An on-line computer samples the output waveform of each
multiplier five times per second and digitally filters the data to esti
mate the complex correlation of the signals averaged over any desired
time interval. The computer alsc sets the delays, monitors various
equipment, and controls the data recording and operator displays. In
addition, it can be used ofi-line :» p=rforin the Fourier transforma-
tion or similar processing required to derive a map of a radio source.
The sensitivity with the tunnel dixde preamplifiers gives a signal-to-
noise ratio of 5 to 1 for a point scurce of flux density 4 X107 W
-m~2 Idz!; this assumes a system noise temperature of 1000 K, an
tenna aperture efficiency of 30 percent, and an observing time of

h. An increase i sensitivity by 2 factor of 10 will be obtained by

the uve of uncooled degenerate purametric amplifiers.

INTROD/ CTION

Y 1962 the techniques for constructing interferometers

with fan beams narrov,er than a minute of arc had
been demonstrated, for example by Swarup, Thomp-
son, and Bracewell [1] and “he method of earth-rotation
synthests using fan beams had already been demonstrated by
Christiansen and Warburton 21 and analyzed theoretically
by Bracewell {3]. In addition, =he notion of supersynthesis, a
combination of movable antcanas and earth rotation had
been introduced by Ryle [4]. so the time was ripe for the
design of new radio telescope systems. Some details of the
projects originating about that time are given 1n Table 1.

The high frequency of 10 690 MHz (approximately 2.8
cm) was chosen for the Stanford project, 1n spite of difficultics
that would have to be faced with mechanical precision, be-
cause 1t would be specially st ted to studies of the planets,
sun, and moon and because, 1t the case of galactic and extra-
galactic objects, it would be complementary to the lower fre-
quencies of the instruments bing contemplated elsewhere.

The concept of minimum tedundancy, which was in the
air at the time, was also incorpeated, leading to an east—west
array of five 18.3-m diam cquatorially mounted paraboloids
situated at the locations indicated by the numbers as follows,
cast heing on the right.
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1t will be seen that all interelement spacings from one through
nine units are present and that unit spacing occurs twice. T he
basic design parameters, which were frozen by 1965, were de-
scribed at the 15th General Assembly of the International
Scientifie Radio Union in Munich in 1966 [5] and are given in

Table 11, The general appearance of the array is shown in
e o

the source domain or “sky plane,” nine concentric elliptical
loci are traced out as time elapses [9] If the complex visibility
were known everywhere in the #—v plane, Fourier transfornia-
tion would yield the source distribution;! but because data are
available only within a central island on the u—v plane, the
resolution 1s limited in a way describable by the shape of the
main beam of the instrument Ard because within this island
only discrete loci are used, there is a further phenomenon of
ringlobes surrounding the main beam in the full instrumental
response pattern. The character of the main beamand ring-
lobes of east—west rotation-synthesis arrays has been studied
by Bracewell and Thompson [9] with the result for the radial
profile of the principal response pattern® shown in Fig. 2. The
main beam 1s seen to be accompanied by oscillations which,
if we take the squared amplitude, become the fringes that are
customary in the intensity diffraction pattern of a circular
(or elliptical) aperture. The first two of the series of ringlobes
are also shown. Naturally the sidelobes may be reduced to any
desired extent by data processing equivalent to the practice of
aperture tapering, at the expense of a corresponding reduction
in resolving power. The antenna pattern of a single element,
which 1s also shown 1n this figure, acts to reduce the ringlobe
response,

MECHANICAL SYSTEM

Each reflector comprises an octagonal steel hub and 356
identical 63-kg aluminum panels, which are made of welded
and riveted tube 3.2 cm 1n diameter and a 1.5-mm reflecting
skin. To minimize the amount of material, and hence the cost,
the skin was made an integral load-bearing member; this
design choice requires accurate and rigid structural work. A
heavy optically aligned jig was built to impose the correct
double curvature on the skin and fix 1ts ¢patial relationship
to the three points of attachment of the pancl to the hub. The
skin was formed by bending two 3.66 by 1.22-m sheets with
permanent matt-white baked finish, the largest standard size
available, over the jig. The sheets were not sheared to pie
shapes but used as delivered; what would otherwise have been
excess material was formed into flanges for rigidity and to
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L Corrections may need to be applicd for asymmetry of an antenna
pair and for the nonzero extent of the antennas sinee 1t 1s the complex
degree of coherence of the held, rather than the complex visibility
recorded by the apparatus, which s strictly the Fourter transforom of the
brightness distribution [0},

! The principal response pattern is only ote of o range of possible
patterns that may be syathesized (91,
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eliminate gusset plates or connectors at the junctions of the
tubes with the skin. Completed panels were cantilevered from
their three support points and surveyed by automatic level
and sclf-erecting leveling rods bearing fine scales and resting
on conical points. Destruction and deflection tests were carried
out by loading with sandbags; the joint design is thus known
to be capable of withstanding a wind over 110 km/h blowing
normally on the skin. (The rest of the structure was designed
for 160 km/h allowing for the known wind loads on solid
paraboloids variously oriented. A wind of 110 km/h at a
height of 10 m is expected at the site once in 40 years.) The
rms surface accuracy of the assembled reflectors after erection
1s approximately 2 mm, as determined with a theodolite on a
built-in mount near the vertex; small target holes were drilled

in identical known locations for this purpose while each panel
was under construction on the jig.
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- The feed support is an octopod based on the octagonal

steel hub to obtain more rigid support than would be available
for the feet of a widely spread tripod or quadrupod. The
octopod enables the legs to converge in the focal nlane instead
of beyond it and together with the low focal ratio (0.3) it leads
to a short, light, and rigid feed support. A front-end box and a
feed-rotator box are supported at the focus and may be
reached for servicing by pointing the antenna to the south
horizon. A 4.57-m diam declination wheel 1s attached to the
hub and is driven by a 3-strand chain of 44.45-mm pitch that
is held under pretension by compressed elastomers at each
end A conventional pinion-driven gear was considered but it
was found to be about five times more costly. The declination
wheels were assembled identically on a special jig that con-
trolled the interrelationship of the declination bearings and
the surface of the circular chainway. The welding was done in
conjunction with theodolite observations from concrete
mounts. The weight of the reflector and structure that moves
with it is 9500 kg. |

" Attachment of the 56 identical aluminum panels to the
welded steel hub had to cope with welding distortion of 5 to 10
mm. Machining of the weldment was considered but as it is
approximately 4 m in diam and 2 m high heavy costs would

~ have been incurred. They were circumvented by attaining the

circular symmetry which, on smaller pieces, would most
naturally be achieved on a lathe. The hub was fabricated on
top of a rotating platform; then the panel connectors, which
are the only parts demanding circularly symmetrical place-
ment, were welded to the hub while being held rigidly in a jig
fixed to the ground. The connecting devices are steel sleeves
into which the three tubular pancl members were plugged.
After welding, the platform was rotated 1/36 of a turn and the
operation was repeated. IZach panel was then plugged in and
adjusted with the aid of the theodolite mount near the
vertex of the paraboloid. Tubular members interconnecting
the panels were welded into place from a fixed platform with
good use again being made of the rotating platform. I'requent
theodolite monitoring controlled the sequence of operations
and showed that the final adjustments and measurements
must be carried out at night because, before the final struc-
tural bonds are made, thermal distortion due to sunlight ex-
ceeds the 1-mm tolerance desired.

The declination axis is offset by 2.02 m from the huly axis
with the result that the lower rim of the reflector is near the
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ground both when the antenna is in its stowed positics
(pointing to the north pole) and when it is pointing to 1=
south horizon at its other limit of travel. This feature avoic:
having to raise the pedestal on 2-m columns, which wou's
more than double the amount of steel in the areadv heay—
pedestal, and simplifies every operation in which height is =
consideration.

A steel yoke supports the reflector on roller bearings.
carries the declination drive, and constitutes an hour-anzle
wheel 9.14 m in diameter around which a 6-strand chain ¢:
38.1-mm pitch wraps. It weighs 17 000 kg including 2 9000-%¢
counterweight, and is in turn supported by a pedestal <o az 1
be able to rotate about a polar axis. The pedestal weighs 4071
kg and is attached to a reinforced concrete foundation co--
sisting of three beams connecting the fe:t of the pedestal an<
three columns that descend between 3 and 4 m to firm gravel.
Each pedestal has a built-in theodolit* mount from whic=
targets may be sighted in correspond.ng positions on ths
other pedestals and can also sight targets inside the polar axle
and in the ends of the declination axle. An assembly drawin:
showing a view of a single antenna fror the north is civen iz
Fig. 3. Speeds and other details of the two drive systems are
summarized in Fig. 4.

Hour angle and declination are indicated in the contre:
room on mechanical counters driven by means of svnchres
with 18-tooth pinions engaging a fine-nitch (3.33 mm) rack
rigidly attached to each chain-driven swheel. The surfaces
against which the racks are mounted wers built up with epoxy
resin and then ground to a predetermined radiuz after the

structures were erected by driving the zatenna past grindinz

{

wheels fixed to the yoke or pedestal. Counterweights were -
included in the original design because the drive motors ha?

to be able to cope with wind loads much larger than the de
weight. For example, the wind load at 8¢ km/h normal to t
reflector 1s 1.5 times the weight of the ref.2ctor. The yoke wazs.
however, partially counterweighted with 9000 kg at a lz:=
stage to compenate for low gear-reducer efficiencies that wouls
be encountered should sudden winds require the antennas 1o
be slewed to stow from a cold start. The stow position, with ths

-

antennas pointing to the north pole, brings hard points <
the steel hub of the reflector into close vxtaposition with the
pedestal. The stow locks latch automaticilly as the antennzs
drive north on the meridian, forcing the hub down on elas-
tomers on the pedestal.

Expenditure during construction was 2 137 000 dollar
made up of sarlaries 793 000 dollars, overhead and =ta:
benefits 515 000 dollars, equipment, materials, services, and
supplies 538 000 dollars, computing 4% 000 dollars, other
245 000 dollars. Other programs were conducted at the ~ams
time; the cost of the array itself 1s estimated at 1 900 003
dollars.

All the mechanical and structural work was done on thsz
site by the personnel of the Stanford Radio Astronomy In<ti-
tute [10]. Photographs, drawings, and other details of the
construction have been presented elsewehre {11} Mechanicz:
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drawings and over 100 technical reports may be consulied a:
Stanford, and an index to the reports i1s available en reques:.

THE RECEIVING SYSTEM

A block diagram of the electronic receiving and date
processing system 1s shown 1 Fig. 8. To follow the diagras
note that the horizontal dashed hnes separate the front-end
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box which is mounted near the focus, the ground box at the
base of the antenna, the delay room, and the control room.
The components in the front end and ground boxes are shown
for onc antenna only.

Front End

The signal is received at a linearly polarized feed horn,
remotely rotatable to any desired angle of polarization, at the
focus of each paraboloid. Modulated noise is added to the
signal to permit measurement of the overall gain and then, in
the normal mode of operation, it is directly connected to a
tunncl-diode amplifier. An alternative mode can be selected by
the waveguide switch so that the signal and a matched load at
ambient temperatureg' are connected alternately
amplifier at 35 Hz by a Dicke switch. This makes possible
total-power measurements with a single antenna for calibra-
tion of pointing, aperture efficiency, etc. The amplifiers,
which were obtained in the years 1967-1968, have a noisc
temperature of 900 K and were intended to provide a test
system to be replaced by degencrate parametric amplifiers
with noise temperatures around 90 K. Both sidebands of the
amplifier signal are converted by a mixer to a band which ex-
tends from 10 to 70 N Hz, and after further amplification the
IF band is transmitted underground to the thermally stable
delay room through a pressurized semi-air-spaced cable (1.27-

cm Sprioline). The double-sideband system is appropriate for |

the future addition of degenerate parametric amplifiers and
has the advantage that phase changes in"the 1F cables do not
affect the phase of the multiplier output waveforms:.

Synchronized Local Oscillator

The 10.690-GHz local oscillator at each antenna is a Gunn-
diode unit phase locked to the 10.693-GHz fourth harmonic
of a signal at 2673.25 MHz coming from a 0.5-W crystal-
controlled oscillator in the control room. A 3.0-MHz reference
signal is also distributed to each antenna for comparison with
the difference frequency between the local oscillator and the
fourth harmonic. The 2673.25-MHz transmission line 1s a
pressurized 2.22-cm diam semi-air-spaced cable which 1s
buried between the control room and the base of each antenna,
and, on the exposed run from the ground to the focus, 1S
covered by a sponge-rubber thermally insulating tube encased
in an aluminum outer pipe.

Phase Moniloring

Thermal changes in the electrical lengths of the cables can
be monitored using the system on the right-hand side of Fig.
5 A small modulated component of the 2673.25-MIz ref-
erence signal is reflected back down the line by a diode switch
located in the front-end box and driven by a 400-Hz square
wave. The reflected signal comes out of the lower port of the
circulator where it is then mixed in a dectector with a sample
of the outgoing signal, the phase of which can be varied by a
calibrated phase shifter. The switch-frequency waveform
{rom the detector output is amplified, synchronously detected,
and displayed on a meter. When the phase shifter 15 set for
zero output on the meter, the phase of the reference sample is
in quadrature with the reflected component, and the setting
of the phase shifter thus gives a measure of any variation 11
the round-trip path out to the reflector and back. A small
component of the outgoing signal can also reach the detector
through the reverse path in the circulator and could cause an
error in the indicated phase. This component is canceled by

to the ¢

adjustment of the tuner; before a phase measurement is made,
the modulating square wave is switched to the diode switch
at the lower port of the circulator, the connection between the
phase shifter and the hybrid is opened, and the tuner is sct for
minimum reading of the phase detector output. Use of the
phase-monitoring system does not disturb observations in
progress and provides an accuracy equivalent to 3° of pha-e
at the local-oscillator frequency. It has been found that line
lengths vary only slowly in time, the total change in 10 h
rarely exceeding 15°. The method was introduced by Swarup
and Yang [12] for the Stanford microwave spectroheliograph.

Wide-Band Variable Delays

Because of the wide bandwidth, compensation has to be
made for the fact that the antennas are at different distances
from the source under study; otherwise there would be a loss
in sensitivity from reduced correlation of the signals received
from different antennas. Variable delay units equalize the

time delays in the five signal paths from the source to the

multipliers to within about 1 ns, which is 1/20 of the reciporcal
IF bandwidth. A fixed delay is used for the antenna at posi-
tion number seven, the nearest one to the center of the array,
and an on-line computer controls the other four delavs as a
source 1s tracked across the sky. Each delay unit has 512 dif-
ferent possible delays obtained by switching in lengths of
1.27-cm semi-air-space dcable. Each leigth, when switched
out, 1s replaced by a short piece of high-loss cable of equal
attenuation. The cable lengths in each unit are proportional
to the spacing of the corresponding antenna from number

seven. All units are switched simultaneously by a reed-relay
system designed by Little.

IF Amplifiers

The 1F amplifiers in the control room provide 45 dB of
gain to compesnate for losses in the delay units and 1F trans-
mussion cables and their frequency response is adjusted to
compensate partially for the difference in cable attenuation
across the passband. Automatic level-control loops in the
IF amplifiers hold their output levels constant, compensating
for small attenuation changes which may occur when delav
cables are switched. The overall gain of any of the five receiv-
ing channels may be measured at any time by switching a
small portion of the IF amplifier output into a gain-monitoring
receiver which measures the strength of the modulated noise
injected at each front end; this is accomplished by a synchro-
ncus detector driven 1n phase with the modulation. Finally,
cach IF amplifier output is divided four ways, providing 20
inputs controlled at 20 mV rms for the ten analog multipliers.

Wide- Range Mullipliers

In each of the multiplier units the multiplying element
consists of two transistors with a common emitter resistor:
the basic circuit, which has been described by Frater [13],
was proposed for our use by Aitchison. In this application
transistors were found to provide a higher dynamic range
than diodes, an important consideration for observation of a
streag source, such as the sun, for which a large fracuon of
the notse at the multiplier inputs 1s correlated. Within each
multiplier unit one mput signal 1s phase switched and the
voltage from the multiplying transistors 1s amplified at the
switching frequency and synchronously detected. The multi-
plier outputs are sampled by an analog multiplexer which 1s
switched from onc output to the next at a rate of 50 1z, A
resistance—capactiance filter at the output of cach muluplier
limits the noise bandwidth to about 2 11z and samples are

Al
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38. Proc. 1E 35775 p. 137, 3 —— NS , Vi = Z s(1)) cos [2-.¢D(z )/A]
{ M + 1 1=0
— then taken at 5 Hz. The signalz at this point are quasi- | 1 M '
sinusoidal “fringes” with a minimum period of 1.87438 s | V, = Zs(h_) in [2?TD(1';')/?\]- (3)
Z-{"; ﬂ wluch 1s reached where the declination 6 and hour angle / M+ 1 -
, AT “are both zero and then # is 9 units. In general, the nominal If TRP— | [ eveles is « } A
| EEAF'J"- .,/frmge period is 1.87438 (9,/n) sec & sec . A voltage-to-fre- a'.:nonm cgla. o )e;: y CC}]C CH :; sﬁanned,'t o E.ihtl-
‘ quency converter and counter provide analog-to-digital con- ;na oS are_mm_e CORipritaet. snd thwy I:nm_e 4 s?meu-h-at-_
version of the : sampled voltages, which are then fed into the ,arg-er \:arlgﬁce pEt sample_ [14]' Thﬁ: varanee mcreaf-eb
computer. The output of any one of the multiplicrs can also be. rapidly if lefﬁ _t}ial; one cycle IS.EPEmHEd_ESO the present oneline
displayed on a chart recorder for monitoring purposes. program ensures that the condition 4
| THE ON-LINE COMI’U’TER ELH{;{L!{ KHD(tM)/A - DUQ)/A - integer
The computer is a Hewlett Packard Model 2114B. which i1s satisfied; but otherwise A7 may be freely selected by the ob-
is a 16-b machine with 8192 words of memory and a 2.0- -US PETVET The (ihoice of A, or equivalen_tl}-' the _""“te%mm}g
cycle time. It performs four main tasks in on-line operation: period” MA, is also governed by ::'aamplmg conmderatﬁmm -1
~¢ontrol of the data sampling and reduction of the multiplier the.ﬁ.—v planfz; for a :-.:o'urcie whose diameter equal:-tl the ringlobe
putputs to estimates of complex vixibility; recording and dis- }‘adms of 4.27, tfzc oSt widely spaced anienng pax samples an
play of the visibility data and system parameters: computa- independent point in the Uxf-plaj.ne every 2.:_:- min. o :
tion and display in real tine of the dexired antenna positions, Tl:ne progrdam eval'uate:'-; the sme.and cosine of 2z D(#;)/\ in
taking into account calibrated pointing errors: and control of real :cm}e, accumuilratmg th.e sums in (3) separately for cach
the delay lines. The first of these is the most complex, and will multiplier. Stored mforn}atmn on L for each antexima ;:)air an.d
be discussed in more detail in what follows. The operator 1n- p(r) for cach anten?a 'S used.; the referer_lce -dlI'GCtIOII e
teracts with the system throuch a Cafhode-ray tube (CRT) computed from the right ascension and declination of date for
terminal, from which he can enter data and can command = ° 5g: ehnter ol the SOHTee (s en.tered by toe eperato) i Srom
without interrupting any ongoing data sampling. Other inputs the lerf-ent reading of the sidercal clock.” In addition, the
to the computer include a digital sidereal clock and a multi- quantities
channel scanner, the latter being used to monitor various M
equipment parameters. Mass storage is provided by a cassette- Z s(i; ) and Z s2(¢;)
- type magnetic tape unit with three transports. Final data =0 =
rcduc‘tlon can be performc.:d off line on the same computer or at are accumulated as a basis for monitoring the dc drift of the
the Stz-mf()rd _ Computatmr‘] Center to which data can be multipliers and the system noise, respectively. With ten
transmitted via telephone lines. | | multipliers, the processing of each sample must be completed
IE can be shown that the output signal s(f) from each in at most A/10=20 ms. Careful programming was required
multiplier, after 10}"‘13‘355 hiltering to a bandwidth much less to achieve this, since hardware multiply and divide instruc-
than the 1F bandwidth, may be expressed as | tions were not available. At present, about 65 percent of the
s(l) = Vg cos 2xD/)\) + V; sin 27 D/)\) + 1) (1) available time 1s used. The computer’s priority interrupt sys-
tem 1s used to control the sampling, so that all of this process-
where Vi and 1V, are the real and imaginary parts, respec- ing normally takes place in the “background,” while in the
tively, of the quantity, proportional to complex visibility, “foreground” other tasks are performed, using the remaining
measured by the corresponding antenna pair; #(f) is a zero- 35 percent of the machine’s time. These tasks include record-
mean Gaussian noise process; and D is the path difference for ing and displaying the data from the preceding integrating
a reference direction r given by - period; computing the current desired antenna position set-
D =1L+ p(r) — pal). (2) tings and di'r;p]aying. them to thfz ol?erator; .monitoring Il_n::
states of various equipment, and issuing warning messages in
Here r 1s a unit vector, L is the spacing between two corre- case of difficulty; accepting commands and data from the
sponding earth-fixed reference points at the two antennas, OIJé"ﬁtOTi and calibration of the previous integration, using
and 2rp /N and 2wp./N are the phase differences between data from an carlier obzervation of a calibration source, and
the ficlds at each reference point due to waves coming from recording and displaying the results. It 1s expected that addi-
the direction r and the signals at the terminals of the corre- tional capabilities will be added, including plotting of the one-
sponding antenna. If the reference points are chosen care- cdimensional brightness distribution estimated from calibrated
fully, p1 and p. will vary onlv slowly with r (further discussion data taken in the last integrating period.
of this is given in a later section). Rotation of the carth The estimation of the two-dimensional brightness distribu-
causes r (and consequently D) to vary with time 1n such a tion from a 10-h observation must be perl'm'mc'{_l ofl line be-
way that s(/) may be described as quasisinusoidal with slowly cause of the computer’s hmited memory. Programs are avail-
Changing fl"CillIL‘l]C}'. 53[11]]!05 of 5([) for each nmltiplier Ar1C able for the 21148 to El]}])l}f' maore |)I‘C£‘i:-%(! (‘(JI'I‘C‘(‘liUHH to the
S digitized and read into the computer every A=0.2 s. The vistbility data than is possible 1n the on-line program, taking

computer estimates Vy, and V; from a finite sequence of -
M A1 samples, s(fo), » - -, s(ly), f':fﬂ"*"“ﬁ It i1s casy to show 3 Local sidereal time at one end of the array differg from that at the

that if D(lu)/}\'—*f)(t‘u)/)\ 18 .mmw (1'10 'Hm]}lt;-; Span an other end by 0.560 s, which can be o nonnegligible hiaction of a iringe

””U!‘n"tl number of “cycles” of s(1)) l]l("ﬂ the minimum mean- pertod (mintnonm value 187 s), but this has no etfect on the estimated
COAVIAEO O ( \ e f ' phase provided r and all the L arereferred to the same coordinate framne
LN A Trraor (Mmmadeld o<limmatnoe arp
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NS declinations reveals that systematic errors have been held to
1’ in the worst part of the sky and that random errors have
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- . / one-dimensional integrated brightness distribution;

shto account the effects of atmospheric refraction, small errors
in the sidereal clock’s setting, etc.; to calibrate the visibility
~_data using any av ailable calibration source observations; to
“average the data in various ways; to plot estimates of the
and to
cmnpute the two-dimensional hrlghtneaa distribution by tak-
ing the direct Fourier transform. If a 3-min integrating time
is used, about 1 h is required to complete all of the processing
needed to compute the two-dimensional map.

CALIBRATION AND OBSERVATION PROCEDURES
Pointing Errors

Changing gravitational loads, as an antenna drives across
the sky from boundary to boundary, results in movement of
the beam through calibratable angles which, at extremes, may
be 30’ greater than the drive wheel rotations which the read-
out system displays.

~ An observing technique which allows rapid precise mea-
surement of the pointing errors has been developed. It in-
volves tracking an unresolved source with the entire array
pointed sequentially at four positions surrounding an 1ni-
tial guess at the correct pointing. All ten magnitudes
(Vr2+ V2)Y? arc then recorded, and from the resulting 40
numbers it is possible to determine (with some redundancy)
the five two-dimensional pointing errors. This 1s done by
noting that '

A;; = const X [g(68:)g(6,)]"/*

where A;; is the visibility magnitude for the channel involving
antennas 7 and 7; 6;, 6; are the magnitudes of corresponding
pointing errors; and g(- ) is the power pattern of an individual
antenna (assumed known). After writing this set of equations
for each of the four observing positions and taking ratios to
climinate the unknown constants, one obtains a nonlinear
system which can easily be solved for each g(0;) and then for
cach 6; provied g(-) 1s knowr. |

1t is believed that most of the pointing error occurs in the
mount structure rather than in the paraboloid or feed support
With the result that, considering the lack of simple sym-
metries with respect to the local vertical, the pointing error
for cach antenna is a complicated function of direction in the
sky. In order to allow real-time prediction of the desired
pointing, the following formulas for Ak (indicated minus true
hour angle) and Ad (indicated minus true declination), which
arc based on structural analysis, were fitted to observational
data obtained at numerous declinations.

Al = ay + a4 a3z sin i
4 agsinkhtané | a;cos/htand - agtano
Ad = aq "l— 100 + 211 sin /i + 1> COS /i ‘l" de + Gl;g,Q SCC X

where § is the declination, % is the hour angle, x is the zenith
distance, b ix the latitude, Q ==sin b sec §—cos x tan §, and the
a; arc cocfficients determined by a least mean-squares fit.

The cocfficients are determined separately for each an-
tenna, and arc kept in the core memory of the computer during
observations. These expressions maintain the residual point-
ing crrors well within a small fraction of the 7° beam width as
shown in Fig. 6. Analysis of such data for a wide range of

a; cosh -+ assin hrsecx

{
("

an rms value of 0.5’ (or less, as much of the scatter such as that
seen in Fig. 6 could be reduced by repeated observation).
Although we regard these as negligible errors for most pur-
poses, they will be reducible even further by refinement of the
preceding formulas as we accumulate additional data, a
virtue shared with all interferometers having fixed elements.
A small pointing error 6 reduces the single-element gain by
about exp (—af?), which for 6=1’" equals 0.94 (in our case
where a=0.057). A random error with standard devia-
tion ¢ can be shown to reduce the mean signal by a factor

(14-202a)~V2, which equals 0.99 for ¢ =0.5". This pointing ac-

'{}\/ curacy shoud allow operation with the even narrower single-
" element beamwidth such as would result at a shorter wave-

length of, say, 1 cm.

Focusing

The feed horn of each antenna is fixed at an optimum
{acus position that was determined by observing the response
tn a calibration source and using a remotely controlled focuser
which was mounted on each antenna in turn.

Phase Calibration

The phase of the estimated complex quantity Ve—+jTr
depends, in accordance with (3), on knowledge of the path
difference D. To know D it is necessary to know the relative
sozitions of the reference points fixed with respect to the an-
teuna pedestals, dimensional discrepancies between the two
antenna structures such as differences in the distance between
the declination and polar axes, and misalignments such as the
polar axis not being parallel to the earth’s axis. Great care
yras taken in the construction to make the five antennas as
identical as possible and to harmonize the design with survey-
ing requirements. Conscquently, all the imperfections are
small. Their effects have been analyzed for equatorial mounts
such as ours by Wade [15], and the combined effect may be

determined by radio source observations and may be ex-

pressed in terms of a set of phase paramcters from which
the path difference D, or phase function D/A, may be eval-

vated in real time. As the antennas are permanent objects In

permanent locations the parameters may be progressively re-
fihed by means of observations of known sources so that the
on-line path difference is now accurate to 0.05 wavelengths
cver the whole sky. Even more precise corrections are possible
v.ith off-line computations for special cases.

" Because the paraboloid axis does not intersect the declina-
lron axis, a path difference is introduced of 0.02 wavelengths
per minute of arc differential setting error in declination. Th?
zntennas can casily be set to this accuracy. The phase shift in
the distribution system of the local-oscillator reference signal
i, easily held constant to 0.01 cycles using the modulated-
reflector  phase-monitoring  system  previously described,
tL.ereby reducing the frequency with which calibration sources
need be observed.

Observing Proceditre

During the course of an observing session, one or more
short measurements are made on calibration sources (unre-
solved sources at known positions, preferably with known
flux densities) and these measurements are automatically ap-
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indicate brightness temperatures in the range 10U° to 1U0' K at
2.8 cm and angular widths from 8" to 25" in agreement with
the dimensions of associated sunspot umbras. A program of
observations of Jupiter has begun with a view to studying the
radiation belt and its time changes.

In addition to its performance in mapping, the array has a
very useful capacity for observations of faint unresolved
sources such as quasars, stars, and N-ray sources. It has also
been used by D'Addario and Stull [19] to follow the decrease
in the flux density of Cygnus X-3 from a value of 1.86 X 1028
W-m™? Hz7! when first observed after its outburst in Sep-
tember 1972, down to below a level of 0.2X10726 \V.m™
Hz™!. The array 1s clearly well suited to monitoring variations
in sources with flux densities of ~1072 W-m~2 Hz™! and
since the addition of parametric amplifiers would increase the
sensitivity by an order of magnitude, it is potentially a very
useful instrument for variable-source studies. Addition of

other wavelengths in the range 1 to 10 cm will allow analysis

of Faraday rotation in d:fferent parts of extended sources and
may lead to critical te:sts of models for extragalactic and
galactic variable sources

APPENDIX
LLEss THAN TWELVE-HOUR TRACKING

The hour angle notion of the existing structure is limited
to + 'h, and in addition, for southern declinations, the motion
is further limited by the horizon, so we are led to consider the
effect of missing sectors on the u—v plane. The effect is ex-
pressible in terms of a correction pattern p.(x, ¥) to be sub-
tracted from the pattern zhown in Fig. 2. It is easy to com-
pute numerically for anjy given circumstances but an ap-
proximate analytic expression can also be given. Let the miss-
ing sectors on the #—v plane have a semivertical angle §. Then
teplacing each missing arc by a straight line segment through
the centroid of the arc, and retransforming, we obtain .

9
pe(x, y) = (907)~! D 418 sinc (210x) cos (2myny)
n=1 _

wheren = (sin8),/0. For 10-h tracking (6 =7/12) this expression
accurately indicates the correction pattern. Its central value
1s then 1/6 of that of the 12-h pattern.
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{ The term signal-to-noise ruaiio is commonly applied to the quasi-
..':'rinlhoi(lal output uf a muluplying interferometer to mean SZAS, where
lrll]j["i mnphtllrip :‘1 15 expressible in terms of the computable quantities
Ve and V1 by S= (Va4 [ )V = T | and AS is the rms multiplier output
averaged for time 7 in the absence of signal. 1t can be shown that, when

S/ASD1, Av/| V] = - \/2 .35»5

.f";f 5 f"(..:...t (h &

i
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plied by the computer to determine the absolute phase and
gain of each of the ten interferometer channels. Subsequent
variations can be momtmed using the modulated reflector
and modulated noise source systems shown in Fig. 5. The on-
line program can, at the option of the operator, apply correc-
tions for the measured variations, apply the calibrator data,
and display the results. Thus we have fully calibrated data
available immediately at the end of an observing session. In
addition, we record the uncorrected data in case the observer
wishes to apply other corrections in the off-line processing.
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SENSITIVITY

Consider the output sinusoid from any one multiplier
when the array is observing a point source of flux density F.
After an integrating time 7 the estimated quantity = e
+7V; has a :_-,tdndard deviation AV = ¢ V-—(If)l 212 due to

receiver nomi given by

v/ - AV T
‘ |7 AF(Br)v

Here % is Boltzmann’s constant, B is the effective bandwidth,
and Tsys and A4 are the system noise temperature and the
antenna collecting arca, which are assumed to be the same for
each antenna. Discussions of the signal and noise levels in a
multiplying radiometer from which the above formula may be
derived are given by Tiuri (see [16], [17]). If &V antenna pairs
are available simultaneously, the sensitivity is increased by a
factor 4/4V since for a point source in the reference direction
the wvisibility is the same for all antenna pairs whereas the
errors are independent. If we follow the convention that the
minimum observable flux density Fy;, corresponds to a
signal-to-noise ratio! of 5

5/2T, v

1 - . [
Inin =

e

For the present array Ty,=10% K, B=60 MHz, 7=10 h,

N=10, and 4 =79 m? (aperture efhcmncy =30 percent) and

* Hz™1l. For an extended

’ source an approximate indication of the minimum strength
for useful mapping is obtained by requiring a flux density
Fin {rom cach area of the source that subtends a solid angle
equal to that of the synthesized beam.

FIELDS OF APPLICATION

From the above figures we estimate that there are about
50 extragalactic sources with measurable structures which can
be investigated with the original tunnel-diode amplifiers.
Many of these have been mapped at longer wavelengths and
interesting studics of the variation of the spectral index should
be possible.

The short operating wavelength of the array is alzo par-
ticularly well suited to observations of thermal sources and a
program to search for compact components in over 200 H 11
regions was completed in the summer of 1972 by Felli, Tofani,
and D'Addario [20]. The observations were made near
meridian transit, providing one-dimensional strip-integrated
profiles 1 only 5§ to 10 min of observing time per source.
Mapping of galactic and extragalactic sources is continuing,
as arc observations of the structure of active solar regions.
P rclnmmn) solar studies by (nfchcnl emper and Rust [18]
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TABLE 1 | | T

CENTIMETER-WAVELENGTH EARTH ROTATION SYNTHESIS ARRAYS

i = e —

= = ——— ==
" e = e

- —

Elements Element Maximal , Imaging
Location - ————————— Dijamcter Spacing Spacing Beam Time* lobe Beam ¢f
(MH2z) (total movable) (m) (m) (m) width (h) Radius 24 Lag i
Stanford, Calif. 10690 5.0 18 23 206 19” 10 4’
Cambridge, England 5000 8 4 13 40 4560 2" 1922 S
.Green Bank 2695 3 2 26 100 and 300 2700 8" 1088 4s .
W. Va. [21] 8085 3 1’
Big Pine, Calif. 1420 3 3  27and 40 30.5 1080 7" 24
Fleurs, 1415 68 0 5.7 and 12.2 800 40" 12 1°
Australia [22, 23] 13.6 . | '
Westerbork, 610 12 2 25 144 1600 56" 12 23
g e 7 S 1415 | | - | 24" | 10’
iThe Netherlands :24] 4995 - - " 68" - 28’
Cambridge, 408 3 i 18 12 . 1550 80" 7682 None
England [4], [25] 1407 : 23" ‘

_ : _ -

® Excluding time taken to move antennas

TABLE 11
Basic PARAMETERS

i
P ———

Latitude® _ ' 4-37°23"55.0"

Longitude® -+ 8h 08m 45.44s
Elevation - .70 m

Wavelength in vacuo - 72.80441 cm

Frequency 10,690 M Hz

¥ band 10-70 MHz

Reflector diameter 18.3 m

Element spacing ‘ 22.860 m(=815.146 \)
Extreme spacing 205.740 m (=7336 A)
East-west width of fan beam to half peak® 16.17
East—west width of synthesized beam?® 18.8"
Beamwidth of single retlector 1’

East—west ringlobe radius® 4.2’
Declination axis to polar axis 2.5908 m
Declination axis to paraboloid axis 2.02 m
Declination wheel readout radius 2.0864 m B
Hour wheel readout radius 4.633 m

& The position given is the intersection of the meridian through the
USCGS bench mark RATEL and the parallel, 13.1 m north of the bench
mark, passing through the theodolite seats built into the pedestals. The
midpoint of the array is 17.2 m west. The observatory location quoted 1n
the American Ephemeris is the center of the adjacent microwave spectro-

heliograph cross array. _
b North-south values are larger by the cosecant of the declination.
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Fig. 1. A photoy; iiph of the radio telescope from the south-east.
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Fig. 2. Radial profle of the principal response pattern (full cuxve)
and of the pattern of a single element (broken).

Fig. 3. Drawing of single antenna seen from the north.
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