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Equipment used to detect
and measure extraterres-
trail radio emanations
appears in a bewildering
variety of sizes and shapes.
Yet the various radio-
telescopes can be clas-
sified by form and function
under a very few heads,a pro-
cedure that allows inter-
comparison of performance
and range.
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INSTRUMENTATION FOR

ASTRONOMY

by J. P. Wild

woRrLD's rFirsT radiotelescope

Tm-'
designed

nomical observations was built in 1937,

specifically for astro-
a few years alter Karl Jansky's pioneer-
ing discovery of radio waves [rom the
Milky Way. The radiotelescope was
conceived by Grote Reber! who built
the instrument practically unaided in
back

consisted

Wheatstone,
(figure 1) of a
31-ft parabolic reflector which focused

his own vard at

[linois. It

the radio waves arriving [rom a small
region of the sky onto a focal dipole.
The signals were then amplified and
detected in a high-frequency receiver
and the output registered on a pen
recorder. Reber’s radio telescope (pre-
served at the National Radio Astron-
omy Observatory, Green Bank, W. Va.)
stands as the prototype of the giant
instruments that exist today.

Since the early discoveries the suc-
cession ol spectacular advances in
radio astronomy has been made pos-
sible largely through the attainment
of greater and greater resolving power
and sensitivity. The progressive im-
provements have come about through
two lines of attack: the development
ol unified structures such as paraboloid
mirrors ol increasing size and preci-
sion; and the application—pioneered
in 1946, independently by [. L.
Pawsey? and Martin Ryle? and their
colleagues—ol the classical principles
ol interferometry to the development
of arrays ol increasing size and so-
phistication. The result is that now
radio

astronomical observations are

being taken with an extraordinarily

diverse variety of radiotelescopes. This
diversity never fails to amaze and con-
fuse the interested public, scientists in
other disciplines, the funding agen-
cies, and often indeed radio astrono-
mers themselves. Perhaps we should
regard the present era of radio as-
tronomy as one of experimentation
and rapid evolution; an unusual fea-
ture of radio astronomy is that this
stage has to be passed through with
instruments ol enormous proportions.

In this review we shall consider the
different classes of radiotelescopes in
turn and attempt to assess their rela-
tive capabilities. In the course of this
process we shall cite a [ew representa-
tive examples of actual major instru-
ments in each class; each is now in
operation or under construction. An
attempt has been made to give reli-
able data on these instruments in a
form suitable for intercomparison.
(The author is indebted to D. E.
Yabsley for his help in supplying the
more elusive data.) These perform-
ance data (especially on angular reso
lution) may sometimes be at variance

1. P. Wild graduated
from Cambridge
University in 1943,
After service as @
radar officer in the
Roval Navy he join-
ed the Division of
N Radiophysics of the
'| CSIRO at Sydney,

" 0% Australia, and IS

now director of the Division's Solar
Radio Observatory at Culgoora.




figures quoted by their design-
this arises partly because different
eria are used by different people
it partly no doubt from the inade-
:@W of the data available to the
uthor. The figures should therefore
‘be taken as a guide to the different
classes of instruments and not as de-
fnitive data on particular instruments.
 side by side with the development
of antennas and systems for produc-
ﬁm,g high resolving power has come
 the development of low-noise receiv-
" ers. Their advance has played a vital
part in the evolution of radiotele-
Ls:opes. but that is a story beyond the
| scope of this review.

)| Antenna  specification

‘The performance of the antenna of a

 radiotelescope may be specified in the
I'iﬁs’i-place by three definite quantities,
I'Fteadi':bf which depends on wavelength:
- Angular resolution. This determines
Lp__t_ﬁe"detail of the radio “image” formed
by the telescope. We shall specify it
by the angle between two directions
~ just discernible by the radiotelescope.
2 This angle § is conveniently given
“‘W the Rayleigh criterion that

A !
| g= D radians

width of the aperture. The angle
- approximately the half-power
Width of the beam: in the case of
fmays with many antennas the beam-
dth may be reduced to about 0.74
L a greater but reasonable side-lobe
can be tolerated.
Efficiency. With an ideal filled-
ture radiotelescope  (such as a
loid mirror uniformly “illumi-
by its feed) radiation is re-
only through the narrow beam
se width is approximately the reso-
angle g. Such an antenna is
0 have an efficiency of unity.
other types of radiotelescope,
olution of a filled-aperture in-
t is attained by the use of an
- of the same overall dimen-
ut of much smaller area; for
, @ thin ring can be used to
€ a filled circle of the same di-
+ Such apertures are called un-
Lor dilute. Dilute apertures re-

ceive additional radiation [rom direc-
tions other than those within the de-
sired beam, the extraneous radiation
being cancelled out in the final im-
age; nevertheless the noise fluctua-
tions due to the extraneous radiation
cannot be eliminated and so the sig-
nal-to-noise ratio of the image is in-
ferior to that obtained with a flled
aperture in the same time and band-
width by a factor E, say. The [actor
E is called the efhiciency of the radio-
telescope. As will be discussed later,
it depends partly on the dilution fac
tor of the aperture and partly on the
number of image points being [ormed
simultaneously.

Comparative effective area. With
simple systems the amount of radia-
tion received from a point source ol
given flux density is determined by
the effective (collecting) area that the
antenna presents to the incoming ra-
diation. In an ideal filled aperture
the effective area is equal to the geo-
metrical area of the aperture. In the
general case the corresponding area is
given by the product: (area of the
filled aperture required to produce the
same resolution) < (efhciency E).
This area, which depends (through
E) on the number of image points
being found simultaneously as well as
the aperture. we shall call the “com-
parative effective area”.

Thus in efficiency and comparative
effective area we have two different
measures of the sensitivity of a radio-

telescope. The two are significant in
different circumstances: for the detec-
tion of sources of large angular size

(that is, more extended than the reso-
lution beam) one seeks maximum el-
ficiency; for small  (unresolved)
sources, maximum effective area.

To express this point quantitatively:
The signal-to-noise ratio of a radio
image of a weak “extended” source is
given by

Ty ]
Eop (EAD)

Where T is the brightness of the
source averaged across the beam, 7y
the receiver noise temperature, ( the
time ol observation and Af the re-
ceiver bandwidth. On the other hand,
the signal-to-noise ratio of an image
of a weak “point” source, that is, one
not resolved by the instrument, is
given by

S
A T T (taf:

where A is the comparative effective
area, S is the fux density of the
source (one polarized component),
and & is Boltzmann's constant.

Besides the three quantitative mea-
sures given above there are other fac-
tors which determine the usefulness of
a radiotelescope. Among these are its
flexibility for pointing to different di-
rections in the sky, for operating with
different receivers and at different
wavelengths, for yielding immediate
data at a rapid rate and for measur-
ing polarization.

Paraboloid antennas

Conceptually the simplest form of
radiotelescope is the kind, like Reber’s

GROTLE REBER'S
original radiotele-
scope.  The 31t
parabolic reflector

is now preserved
at  the National
Radio  Astronomy

Observatory, Green
Bank, West Vir-
ginia. —FIG. 1
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Test Facility at High Voltage Engineering Corpol




v opportunity for

4

Um ions have been accelerated
ord-high energies exceeding 200
ing heavy-ion performance
the first completely assembled
MP “Emperor’" Tandem. The
were carried out at HVEC's MP
‘Test Facility at Burlington.

tions indicate that uranium ions
nergies achieved can create
mb excitation in the nucleus of
uranium atoms. This is the
nce of uranium ion accelera-
lergy levels sufficiently high
ardment and examination of
of even the heaviest naturally
ng elements.

MP heavy-ion performance tests
litial. We believe that further
ization of the system will allow
ration of the machine's capa-
accelerate uranium ion beams
ies of several hundred MeV . ..
possibility of causing other
ons, including nuclear fission.

nificant achievements are
‘up entirely new fields of heavy
research . . . and offer the
g prospect that, with the Tan-

vy element research:

Uranium ions accelerated
0 200 MeV by
HVEC Emperor Tandem.

dem Van de Graaff, nuclear scientists
will soon be free to choose any spe-
cific pair of nuclei from among the mul-
titude of possible pairs for controlled
collisions and precise experimental
examination.

Seven MP Tandems have already been
ordered from HVEC. Five are now being
installed. They will join the more than
30 Tandem Van de Graaffs now
engaged in important research through-
out the world. This wide acceptance of
the Tandem as a basic tool for nuclear
research is due to its inherent preci-
sion, versatility and ease of particle
choice for nuclear experimentation.
The MP Tandem is the most recent
embodiment of the Tandem concept.
It offers, for the first time, a proven and
comprehensive approach to heavy ele-
ment research.

A new booklet describing the MP heavy-
ion performance tests contains a num-
ber of very interesting photomicro-
graphs of recorded particle tracks. For
a free copy and detailed information
about HVEC particle accelerator sys-
tems and components, write to our
offices at Burlington, Massachusetts or
Amersfoort, The Netherlands.

| — - o o~ ——————
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500X photomicrograph of uranium ions
accelerated by MP Tandem striking
photographic emulsion plate at 10
degree incidence. Note frequent col-
lisions with atomic nuclei in emulsion.

\ Y4

MP Tandem accelerator being instal-
led at Yale University has accelerated
proton beams of 20 microamperes in
the range from 10 to over 20 MeV.
Acceptance tesls are now in progress.

led at Atemic Energy of Canada Lid
Chalk River Laboratories achieved 15

MV  terminal
lest of the

voltage during initial
elecirostatic structure.

HIGH VOLTAGE
ENGINEERING
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RADIO ASTRONOMY

(Continued)

prototype, that collects radiation with
a paraboloid mirror and focal feed.
To point in different directions across
the sky the mirror is erected on either
an equatorial or an altitude-azimuth
mount; a less costly but less flexible
alternative is to mount the mirror on
a horizontal east-west axis for transit
observations. With a paraboloid an-
tenna a region of the sky is surveyed
by scanning, the image being built up
point by point.

The wavelength of operation can be
changed simply by changing the focal
feed and associated receiver head. At
long enough wavelengths the aperture
operates at full efficiency (E = 1)
apart from a factor (usually 0.5 to
0.6) which depends on the illumina-
tion of the mirror by the feed. The
shortest wavelength of operation is de-
termined primarily by the surface ac
curacy. As the wavelength is reduced,

the efficiency remains constant until
the surface errors become appreciable
in comparison with the wavelength
after which the efficiency diminishes
rapidly. We shall specily this effect
by the wavelength 5, at which the
efficiency is reduced to one half of its
long-wavelength value.

To optimize the performance/cost
ratio, a different specification is called
for at different wavelength ranges: at
long wavelengths the emphasis is on
sheer size while at short wavelengths
surface accuracy is the prime require-
ment, and the collecting area is limited
in consequence. Historically one may
cite the Jodrell Bank 250-ft telescope
(1956) and the Naval Research Lab-
oratory 50-ft telescope at Washington
(1953) as early examples which helped
to pioneer the two classes. Subsequent-
ly (1961) the construction of the Parkes
210-ft  telescope demonstrated the
feasibility of using very large mirrors
at wavelengths as short as 6 cm. This
trend will surely continue.

The first five entries of table 1 give
the main characteristics of some of

the outstanding instruments now in
operation (see also figures 2, 3, 4) . The
table shows that paraboloids can now
achieve a resolution in the vinicity of
I min of arc near 1 cm wavelength,
5 min of arc at 10 cm, and 40 min of
arc at 1 meter,

At all except the wave-
lengths, higher resolving power can he
obtained by other methods discussed
below. Yet large parabolic antennas
are always likely to remain an essen-
tial tool of radio astronomical research
tor the following reasons:

® They are “filled” apertures and
consequently the quality of the images
they record is uniform and optimum,
whether for sources of small or large
angular size, simple or complex, They
are ideal for recording very weak
sources that “fll"” their beam, and es-
pecially for the detection of sources
emitting and absorbing spectral lines,

® They present their full face to
different parts of the sky so that the
resolution and image quality are in-
dependent of position.

® They can be used over a wide

shortest

Table 1. Examples of Radio Telescopes with Filled

Apertures

Geomelric “Minimum®™
area® wavelengtht
Observatory Description m? (Ao) cm
Green Bank 300 ft-diam paraboloid* 6560 17
(USA)
Jodrell Bank 250 fr-diam paraboloid® 4550 40
(UK)
Parkes 210 fr-diam paraboloid® 3220 5
(Australia)
Green Bank 140 ft-diam paraboloid” 1425 1.5
(USA)
Lebedev 72 fr-diam paraboloid® 380 0.8
(USSR)
Arecibo 1000-ft spherical mirror 73000 (42)¢
(Puerto Rico) fixed in ground"
Vertical spherical mirror

Nancay 300 x 35 meters 7000 10
(France) Tilting plane reflector (200 x 35)

200 % 40 meters

Resolution at
e Shy
minutes of arc coverage
6.4 Transit
18 Complete
2.7 60 deg around
zenith
1.2 Complete
1.25 Complete
(4.7E 20 deg around
zenith
16 x 98 Transit
+ 714 deg

* This column corresponds to the ef-
fective area at long wavelengths as-
suming the hypothetical condition of
uniform illumination. In practice the
illumination is tapered toward the
edges of the mirror and the effective
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area is approximately half this value.
For some spherical mirrors, such as
Arecibo, this factor is somewhat lower.

t The approximate wavelength at which
surface errors of the dish reduce the

efficiency to 15 the long-wave value.
Shorter wavelengths are possible with
further reduction of efficiency.

# The minimum wavelength so far uset_t
with full aperture is 70 cm, givingﬁ a
resolution of 8 min of arc




range of wavelengths, and the wave-
length can be readily changed.

® They lend themselves to extreme-
ly low-noise observations, both because
a single low-noise receiver can be
used at the focus and because radia-
tion from the ground can be reduced
to an extremely low level.

® Their circular symmetry makes
them ideal for measurement ol polari-
zation.

As has been said, paraboloid an-
tennas are normally used in radio as-
tronomy with a single [eed element
and receiver. However, their sensitivity
is potentially capable of being in-
creased considerably (that is to give
efficiencies >> 1) Dby the use of a
cluster of focal feed elements (suitably
corrected for aberrations), thus allow-
ing many points of the sky to be ex-
amined simultaneously. The author is
unaware of any application of this
technique in radio astronomy, except
for a plan to use triple [eeds for the
Arecibo spherical mirror discussed
below.

Other filled-aperture designs

Mechanical problems inherent in the
design of steerable paraboloids more
than a few hundred feet in diameter
have led to development of other
kinds of filled apertures for instru-
ments of rather greater specialization.
One design, exemplified by the 1000-
ft radiotelescope at Arecibo (Puerto
Rico), consists of a vertically directed
spherical dish built in a natural bowl-
shaped hollow in the ground (see
table 1 and figure 5). The spherical
surface allows one to move the beam
to different parts of the sky (to within
20 deg of the zenith) by moving the
position of the feed. A special and
rather tricky feed is used to eliminate
the spherical aberration thus intro-
duced. The instrument is designed
for relatively long wavelengths and so
far 70 cm is the shortest wavelength
at which the full aperture has been
used,

: Another approach to filled apertures,
mtroduced by J. D. Kraus!! is to fix
lfle objective mirror in a vertical po-
Sition on the ground and direct the
celestial radiation onto it by using a
tiltable plane mirror centered on the
$ame meridian as the objective mirror.
With this arrangement transit obser-

-

PARKES

(Australia) combines size
and centimeter-wave pre-

cision.

210-FT  dish

—FIG. 3

s

PHYSICS TODAY

250-FT DISH at
Jodrell Bank. This
completely steer-
able paraboloid
was the first giant
reflector. —FIG. 2

300-FT TRANSIT
telescope at Green
Bank is the largest
existing parabo-
loid. It is suitable
for decimeter-wave
studies. —TIG. 4
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RADIO ASTRONOMY

(Continued)

vations can be made over a wide range
ol elevations. It is obviously econom-
ical to make the objective mirror rec-
tangular with its width much greater
than its height; the resulting beam
shape is then correspondingly elon-
cated. A large instrument of this class
is now in operation in France at the
Nancay Observatory (see table 1 and
figure 6). Vertical swing is provided
by the tilting mirror, and limited azi-
muth coverage is made possible by
moving the focal leed which is con-
veniently close to the ground. The
maximum effective area is similar to
that of a 300-ft paraboloid, yet the
surface accuracies are such that wave-
lengths as short as 10 cm can be used

with reasonable efficiency.

1000-FT SPHERICAL mirror at Arecibo
(Puerto Rico). —FIG. 5

FTLTABLE PLANE mirror at Nancay (France).
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Mention should alse be made of
what is historically the earliest type
of filled-aperture antenna—the broad-
side array—a type which has often been
used in radio astronomy. It consists ol
many small closely-packed aerial ele-
rectangular

mounted

arranged in  a
I he
on a rigid structure for full or transit

mEnts

mMatrix. array may be
steering; or it may be deployed on
the ground and the beam shifted by
inserting appropriate phases into each
antenna The
offers immediate advantages both for

o
19

line. latter alternative

rapid beam swinging (by electronic
phasing) and for the simultaneous re-
cording of a larece number ol image
points.

Dilute apertures—image synthesis

Although there is no theoretical limit

to the size and therefore the resolu-

tion ol fAlled-aperture telescopes, a
practical limit is eventually set by en-
oineerine or fnancial considerations.
The need for still higher resolution,
(decimeter

and meter) wavelengths, has led to

especially ar the longer
the development of a variety of in-
struments whose apertures are of much
smaller area than the full aperture re-
quired to obtain the same resolution

and yet which are capable of pro-
ducing proper two-dimensional im-
ages, Such dilute apertures divide

naturally into two classes ol instru-

ment distinguished by whether they

are used to build up an image point
by point (let us call it “image syn-

thesis”) or Fourier component by

—FIG. 6

-

Fourier component (let us say “aper-
ture synthesis”).
The frst radiotelescope of

aperture to be developed with

dilute
image
which
consists of two linear arrays A and B
(higure
a Cross.

synthesis was the Mills Cross!?

7) arranged in the form of
Since arm A has high resolu-
tion in the north-south direction and
low resolution in the east-west, it re-
ceives radiation only within a thin
fan-shaped beam elongated in the
east-west direction. Arm B has a simi-
lar beam elongated north-south. Hence
when the signals from arms A and B
are combined in a correlator (that is,
the voltages are multiplied together),
the output signal represents radiation
received only from the overlapping
part of the two crossed fan beams,
that

The

is [rom a sharp pencil beam.
of a Mills cross is the
same as that produced by a full aper-

heam

ture of square shape with sides equal
to the half-length of the arms. When
a single correlator is used, the effec-
tive collecting area is equal to 1/y/2
times the total arvea ol the two arms.
This area can be made very large so
that the instrument is very sensitive
for high-resolution surveys of point
sources. the area is small
compared with the full aperture of
equivalent resolution: the efficiency is

However

correspondingly low and the instru-
ment  comparatively insensitive to
sources of large angular extent. These
remarks apply to all dilute aperture
INSLIUIMEnts.

The parameters of a representative
large cross array—now being construct-
ed by Mills'® and his colleagues at
Molonglo Observatory in Australia—
are eiven in table 2. This instrument
has 1-mile long arms (figure 8) and

yields a 8 min of arc beam at 73.5 cm.
To achieve this resolution with a full
aperture one would be [aced with the
forbidding prospect of building a hall-
mile square aperture.

It can simply be shown that hall
of one of the arms of a cross can be
removed without affecting the resolu:
tion of the instrument and several
such T-shaped arrays have been or are
being constructed.

We have seen
ficuration s
perimeter of a square. Another form
of dilute aperture is obtained by using

the cross con-
the

that
equivalent 10



NEW MODEL LR-1
LASER-SOURCE RAMAN
SPECTROMETER
SPEEDS STRUCTURAL
DETERMINATIONS

For the first time, a high-performance,
low-cost Raman Spectrometer is available
to the spectroscopist. Compact and easy
to use, the new instrument combines a
gas loser source with a high-resolution
grating monochromator to provide a to-
tally new approach to a well-known ana-
lytical concept.

Raman spectra provide important supple-
mentary information to any research
laboratory conducting qualitative or
quantitative analyses with infrared spec-

froscopy. Simpler than infrared spectra
because of the lower intensity of over-
tone and combination bands, Raman
specira permit better analytical discrimi-
nation between substances in a mixture.
Since Raman line intensity is directly pro-
portional to concentration, quantitative
calculations are easy to perform.

Raman spectra are essential for structural
analyses, Only a combination of infrared
and Raman spectra will permit determina-
tion of geometric and symmetry proper-
ties. Raman lines correspond to energy
differences in the vibrational and rota-
tional states of the molecule.

The P-E Laser-Excited Raman Spectrom-
eler, Model LR-1, is a complete recording
instrument at a comparatively low price.
For full information and sample spectra
write to Instrument Division, Perkin-Elmer
Corporation, 736 Main Ave., Norwalk,
Conneclicut.

PERKIN-ELMER
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CONFIGURATIONS of the four dilute-aperture instruments discussed.
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MILLS CROSS at Molonglo (Australia).
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RADIO ASTRONOMY
(Comz'm;d_)-

the perimeter of a circle and methods
have been worked out!* for combining
the received signals in such a way that
a pencil beam is generated with the
same resolution circular filled
aperture of the same diameter (see
figure 9). This configuration has the
advantage of circular symmetry as re-

das a

gards beam shape, side-lobes and the
distribution of directions from which
fluctuations are received. Such
an aperture has been adopted in a

1noise

radiotelescope under construction at
(Australia) designed pre-
dominantly for observations of the sun
(see table 2 and fgure 7).1% It consists
of 96 steerable paraboloids each 45

Culgoora

feet in diameter arranged around a
circle 3 km in diameter. It operates at
the long wavelength of 3.75 meters
and the resolution is 4.3 min of arc
The sun can be followed for 4 hours
each day and the diameter of the in-
stantaneous field of view is 2 deg. Out-
side this feld, grating responses are
present owing to the finite spacing he-
WEET antennas.

With image-synthesis systems, such
as the two described above, the direc
tion of the pencil beam is varied
simply by changing the phase at each
antenna (for example, by changing
the length of cable between antenna
and mixing point) .

When we come to compare the sensi-
tivity of dilute with full apertures we
that dilute-aper-
ture arrays can very conveniently be

have to remember
connected so as to record signals ar-
from several (n) directions
simultaneously. This facility can be
achieved by a branching network which

riving

connects each of n receivers to all ele-
ments of the array with phases appro-
priate the chosen direction of
pointing—a technique introduced by
Blum13. It reduces the time required
to survey a given region of the sky
by the factor n, and so increases the
efficiency by a factor of n. This fac
tor has been taken into account in list
ing efficiencies and comparative el-
fective areas in table 2. The Molongo
Cross will view 11 points simultane-
ously, the Culgoora circle 48. In the

_—

Lo



latter case the points will form a
north-south row of points; special fast-
acting phase changers will allow the
48 points to be rapidly swept in the
gast-west direction. By this means a
two-dimensional picture of the sun
with 48 x 60 points will be formed in
a period of 1 sec, thus allowing rapidly
varying phenomena to be recorded.
One may ask how far this procedure
of multiple receivers can be taken to
give continuing improvement of sensi-
tivity. It can be shown that a two-di
mensional array of N antennas is
fundamentally capable of yielding an
image of ~N= points. I[ this full po-
tential were realized and if the an-
tennas of the array were effectively
butting against one another, the com-
parative efficiency would become of
order unity—that is, the sensitivity ol
a filled aperture would be achieved.
However the technical realization of
this goal by using branching or elec-
tronic networks and receivers seems
almost prohibitive for practical arrays
with large N. The ultimate solution
may be found in the use of optical
analog displays in which the radio
signals from each antenna are used

to modulate a coherent beam of light
in such a way that an optical image
is formed directly. This technique was
proposed for radio astronomy by D. J.
McLean and ]J. P. Wild!® and has
been successfully demonstrated in a
simulated radar application by L. B.
Lambert, M. Arm and A. Aimettel7,

Dilute apertures—aperture synthesis

Although the cost of dilute apertures
of the kind suitable for image syn-
thesis is enormously less than that of
a filled aperture with equal resolving
power, a stage must be reached where
continued increase in size becomes
limited by cost. On the other hand the
alternative (“‘aperture synthesis™)
method of operating a dilute aperture
allows one to build up an image grad-
ually by recording with different parts
of the aperture at different times; in
the extreme case this can be done by
using no more than two small anten-
nas one ol which is moved about on
the ground so as to occupy each part
of the desired aperture in turn: more
precisely, to simulate a filled aperture
of diameter d, the mobile antenna

is required to cover sequentially a

Table 2. Examples of Radio Telescopes with Dilute Apertures

Molonglo Culgoora Cambridge Fleurs

Observatory (Australia) (Australia) (U.K.) (Australia)
Type of Simple Compound

array Craoss*® Ring** interferometer® interferometer*?
Type of

synthesis Image Image Aperture Aperture
Shortest

wavelength 73.5 375 21 21

(cm)
Maximum

resolution 3.1 4.3 0.5 1.0

(min of arc)
Number of

receivers or 11 48 2 64

correlators
Efﬁcicnq' 8 x 10-° 7 x 10 s 10=2 6 x 10-*
Comparative

effective 4.8 % 104 45 % 10 3 x 104 3 s 10

area (m?)
Observation 11 points in 2 deg field of 1 deg field of 1 deg diam field of

Iite 5 sec (transit 3 x 10° points ~3 x 10* points 5 x 10' points in

observations) in 1 sec in fifty 12-hour two 8-hour days

s =
under construction

[ ——

days (~500 points
per day)

OBTAINING A PENCIL BEAM for
image synthesis with dilute apertures
(one method). Upper photo shows the
radiation pattern obtained with the Cul-
goora circular array when all antennas
are connected in phase. Middle photo
shows the pattern when suitable phase
shifts are inserted around the circle (note
central dark spot). Lower photo shows
the result of subtracting middle pattern
from upper pattern. Outer fringes (inner
diam: 2 deg) are from grating response.
(Ref. 14 gives details.) Photos taken by
D. J. McLean and R. N. Smart using an
optical analog method. —FIG. 9
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RADIO ASTRONOMY
(Continued)

semicircular area of radius d centered
on the fixed antenna. The measured
pattern of amplitude and phase as a
function of position on the ground is
then fed into a computer which works
out the square of the Fourier trans-
form of this pattern. The result is just
the required image. The theory of this
process is identical to that of Fraun-
hoffer diffraction in optics.

Almost unlimited resolution thus be-
comes possible with relatively simple
equipment, but the time required to
form an image can become unduly
large.

A simple but powerful instrument
of this kind is now being operated by
Ryle and his Cambridge colleagues!s
who have consistently adopted and de-
veloped this method for many years.
Two fixed antennas and one movable
antenna, each a paraboloid of diameter
60 feet, are mounted along a base
line 5000 ft in length and of fixed
orientation (see table 2 and figures
7 and 10). The earth’s rotation is
then used to rotate the baseline through
180 deg in 12 hours of observation
time. Some 50 different spacings on
50 different days are required to com-
plete the image of one region of the
sky about 1 deg in diameter—the di-
ameter of the useful part of the beam
of one antenna. The resolution is
equivalent to that of an elliptically
shaped flled aperture whose major
axis is 5000 ft. In the optimum direc-
tion the resolution at 21-cm wavelength
Is 29 sec of arc. The ellipticity varies
with the declination of the source
region,

At first sight the efficiency of such
a simple system might appear to be
very low because the antennas are
small and very many separate posi-
tions are required to survey a region
of sky. However the simultaneous for-
mation of the image over an exten-
Sive region containing many picture
points acts in compensation. The com-
Parative effective area of a linear two-
‘antenna system that makes use of the
€arth's rotation is in fact roughly equal
10 the total area swept out by the
mobile aerial as it moves along the

baseline. It thus achieves with rela-
tively simple equipment (plus a com-
puter) the sensitivity of an array of
vast dimensions, such as an image-syn-
thesis instrument that uses a single re-
(The potential of the large
array remains much greater, however,

ceiver.

since it can be operated with many
receivers.) A limitation of simple ap-
erture-synthesis systems is the extreme-
ly long time (months) required to
form an image even though the sen-
sitivity may be great enough to allow
a suitable image to be formed in a
much shorter time.

The next degree of complexity in
aperture-synthesis techniques is to be
found in the use of a large number
of antennas (for example, in a linear
array) and making many simultaneous
correlations. This arrangement leads
to the production of images of the
same quality as those obtained with

APERTURE-SYN-

THESIS interfer-
ometer at Cam-
bridge (England)

consists  of three
60-ft  paraboloids.
The one in fore-
ground moves on
rails. —FIG. 10

COMPOUND
INTERTFER -
OMETER under
construction at
Fleurs (Australia)
will  operate by
aperture synthesis
at  2l-cm wave-
length. —FIG. 11

two-antenna systems but in a time
shortened by a factor equal to the
number of correlators. Such an instru-
ment is now being constructed by W.
N. Christiansen and his colleagues!? at
Fleurs (Australia) .

The Fleurs telescope (see table 2;
figures 7 and 11) will involve no mov-
ing antenna. Sixty-four correlations at
different east-west spacings between 0
and 2400 ft will be simultaneously and
continuously recorded. The east-west
line will again be spun relative to
the celestial sphere by the earth's ro-
tation so that a complete image of a
given region would in principle be ob-
tainable in a period of 12 hours. How-
ever, a second identical arrangement
will eventually be used along a north-
south line; this will reduce the fore-
shortening effects that would otherwise
impair the resolution in some direc-
tions. The correlators will be shared
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between the two arrays (for example,
on alternate days) and the resulting
performance will allow a field of ap-
proximately 1 deg diameter to be sur-
veyed at 21-cm wavelength with a max-
imum resolution of 1 min of arc in a
period of two eight-hour days. The
image will not be entirely free from
grating responses owing to the peri-
odicity of the array. These responses,
which can lead to ambiguities in the
recorded image, will be capable of re-
moval by the addition of two more
antennas in each arm.

If the complexity of aperture-syn-
thesis instruments is increased one
stage further, the apertures would es-
sentially resemble the same kinds of
dilute aperture that are used for
image synthesis. We saw in the pre-
vious section how image synthesis sys-
tems using arrays of N elements achieve
their full potential sensitivity when a
branching network feeding ~N?2 re-
ceivers is used. The same array system
may equally be used as an aperture
synthesis instrument of about the same
sensitivity, in which case ~N?2 correla-
tors are needed. The technical com-
plexity of the latter is probably the
less forbidding of the two but requires
extravagant use of a large computer
and is less flexible in operation. An
alternative to the use of ~N2 cor-
relators is to record the voltage sig-
nals at cach antenna directly on tape
(preserving the detailed phase rela-
tionships); this procedure greatly re-
duces the technical complexity but
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