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radio telescope, is a diractive aerial systes to which a
sensitive recaiver or reecivers are ceoanectad: the excellence
of 1te verformance is determined primarily as with ortical a

telescopes, by the size of the aperturs. Ideally it ghould:-

(i)

(1%)

(i1t)

it
2¥ 3 - Instrumenis and Metheds of Radie Astrenony

The dbasic Instrument used in radio astronomy, the

Cullect a sufficiently large sawple of the radistion

to make nossible tie detection of very falnt sourcas,
The galn of an aseriel systom is given by 53%, where A

fs the effactive collecting =rea at wavele;gth 1. The
atea should therefors be as large as possible, 2nd if

it is a reflocting surface the departures from the
correct shepe shculd ba less then 1/8th of the shortest
wavelensth at which it ie te Le ussog,

Have sufficient vesclution ro pervit individual scurces,
CT rarts 6f &n extended source, to br szelacted separately
for obsorvetion,

The angle, ¢, betwcen two sources whick car just be sep-

arated by a telesgepe is givern by A/D redlisng, or éﬁ%fl

-

sinutes of arc, wheve U is the width of the mrerture.

This eagle is usually referrsd to as the hesswidth, and

is approxi=ately the width of the wmain Jobe of the ves-
ponse patfern between the half-rower points, as illustrated

in Big. 1, As ap example, & parabolic reflectiny dish

of sperture 10 metras has a heam width of just over 5°

when used at s wavelenreth of 10 cms, The rTesoluticn re-
quirements therofore indigcats that the asrtal should ha
a& largze 23 possizle, i
Se capable of being used over a wide rarge of wavelerpgths
without major modificetion (other thar clenging the
recaiver),

This feature is desivalle for determining the spectre of
P

seurces, end for search- o for and observing ermizsior at




. frequencies whose exact value iz not known - e.g. because
of Doppler shifts, or proviocusly undetocted radio fre-
quency lines.

(iv) De abls to bs pointad at will over a large fraction of

the sky, and to track, or follow, a celest’inl source
with procisioen,
This 15 essontial for determining the characteristic of
senrcas whosa output fluctuates, and to achieve maximum
gsensitivity by silowing the receiver ocutput to be inte-
grated for sxtendod paricds.

{v) Be suitable for dstermining the polarization of the in-
coxing radio wavss.

The ferm of rsdio telascope which is a clese analogue

of the optical talescopa i3 the fillsd-aperture device in which

all the enersy falling upon it from a purticular (sharply defined)
direction is brought to 2 common focus and compo.nded to form an
inage. The simrlest and most common form of such a device is
ths paraboloidal reflecter or »dish™, the essential feature of
the parabolic shape being that pavallel rays f2liing upon it

are brought to a single peint focus, independent of wavelength.
The paraboloidal reflector possessss »ost of the desirable
features listed sbeove, Herts was the first to use a raflecting
dish, in his early experizmsnts with electromagnetic waves, and
the first to use such a vaflactor in radio astronomy was Reder.
Paraboloids originally designsd for radar purpesss were common
in the early davs, with dismeters ranging from & to 20 faat,

tut sizes have gradually incressed over the years, the nost
recent and largest haing that of X33 £, at the Hax Planek
Institute at the University of Bonn, ¥West Germany. However,
the most important aspects of the perfermance of a radio tele-
scope are dstermined by fts aperture measursd in terms of

the wavelength at which it is to be used, and the relatively
long wavelengths used in radie astronomy insvitably set a

1imit to the size of the reflecting dlsh which it is practical




or econoaic to construct. There is thus a limit te the
resolution - asd alse the gain - that it is feasible to
obtain with & single filled-aperture device. Evea today
ro radioc telescope has a resolution which is substantially
better than that of the naked eye at optical wavelengths -
about 1 minute of arc, The need for beteer performancs,
pargicuarly hiszher vesolutiocn, at the longer wavelengths

has bean met by devices which are known as interfercmsters,

because thelr operation is based on the interfersnce betwsen

signals which reach the recaiver by different paths.

Interiferometors

An interferometer in radio astreneey is a device which
makes use of two or mors separate but iantercoprected aerials
in such a way as to achieve a resolution equivalent to that of
a coeplete or filled aperture of which they can be considered
as paret, Figure 2 illustrated diagrammatically 2 sisple inter-
feromoter in which two aeriasls separated by 2 distancs D are
connected to a receiver midway between then, Signals arriving
from a direction at rizht angles to the baso‘llne will reach
the voceiver togsther and reinforce each eother. Theose srriv-
ing at ar sngle 6 will only arrive at the receiver in step if
the differsnce in path length, d sin &, is an intzgral mnumber
of wavelengths, Likewise, at angles & where d 2in @ i3 an
odd number of half wavelengths the signals will reach the ro-~
ceiver exsctly out of step, and will thus cancel each other out.
The responss diagram of such a device i3 therefore a multi-
fingered lobe pstitern in which the angle between ssparate maxima
is giveon by D sim ¢ = ph where p=l, 2, 3 etc. For small depar-
tures from the line at right angles to the base line, the separ-
ation between lobes is 5, or if the spacing betwesen aeorials is
n wavelengths, then thonbonn width is % radians,

Figure 2 shows the response from the receiver as a
peint source moves through the lobe pattern, and 2lso that frem

a source which is large enough to be resolved, 1.e. shows an
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.appraehblo disk, In the latter case when part of the source
is in the central part other parts will de is the adjacent
regions of zero response, so the anplitudes of the maxinmg arve
reduced and there will be no 2eros between them, The series
of maxima and minima in the receiver responss are referred to
as fringes, and the ratio of the amplitudes at minipum and
maximum, known as the fringe visibility, provides informatioen
sbout the angular size of the source, If the source is a
large uniformly bright area msxima from some parts of it will
coincide wit§ minina from other parts and the fringe patters
will be smoothed out and may disappear.

The width of the central lobe of an interferometer is
2 small praction (NX) of that for the component asrials used
individually (A/n where the merials sre n wavelengths apart).
As an example, a dish of aperture 10 petres has a beam wideh
ef approximately 8.5% when used at a wavelength of 1,5 metros,
but for two such dishes used as sn interferometer with =2
spacing of 1500 metres (1000 wavelengths) the besanwidth is
Teducoad to 3.4 minutes of arc. The position ¢f socurces can
thus be deterained much more precisely by means of sn inter-
ferometer, A major difficulty, however, 1s to dacide when
the sourcs lies in the main (central) lobe, anéd this difficulty
is considerably accentuated when several sources are presant
in the region of sky beirg observed, Soas of the early casta-
logues of radio sources derived from surveys carried cut with
interferometers contained many erronesouws entries from this
cause, levertheless a number of ingenious devices based on
interference principles have been develeped which provide out-
standing resolution - almost invariably however at the exrense
of reduced performance in eother respacts,

The first occasion on which intorference principles
were used in radiocastrenomy was in ths experiments of Pawsey
and his associated near Sydnay in 1947 when radic waves fyom

the rising sun reached their cliff top aserial by tvo paths,



.eno dirsct and the other aftsr refloection from the surface
of the sea,. This 1z illustrated in Pigure 3, from which
it can be saen that the latter signals are equivalant to
thaose which would bo roceived by a secoad serial as a mirror
image of that at the cliff top. The devico thus acts =3 a
tvo-nerial interferometer of spacing twice the height of the
cliif,

Australian radio astronomers dave made a iunber of
cutstanding contributions to the desiegn of radioc telescepss.
Cne of the first of these was tite cross-shaped antenna system
developed by B,Y., Mills at the C.S.I.R.0. Radiophysks Labor-
atery, Sydeey, in 1952, to provido an approximate pencil hean
for survey work at metre wavelengths: it has become universally
known as the Mills Cross, It consists of two long arrays of
divola asrials in tho form of a cross, as shown in Fig. 4.
These are comnnscted to a racsiver throuph a switch which joins
thez altornately ias phase and out of phase, The outputs are
conpournded and the net vosult is that the orly signals vecorded
sTe those from the small srea wherse the Loams overlap. The
device thus producss zn effective “pencil beam”, which csa te
“stesred” in decliaation by wurying the conroctions to the
dipoles in the -5 arm., The prineiple of thse Mills (ross has
been followed in a number of other major isstsllations, in-
tluding a larger versior of the Cross by Mill= himself and
the Univaersisy of Zydney at Keskinstown, near Canberra (see
pege aré Plats ) o [See Images 1-3]

W.N, Christiansen, 2lso of the Radionhyslcs Laboratory,
Sydnay, used the principle of a diffrsction grating In his
“grating iatarfaremetsr (1955) to previde a weans of acanning
the Sun and go datermiaing ths brightness variaticns ecross
{ts diask, iis original imstrument used 32 small dishes im
line but a later versior known as the crossed grating inter-
ferometor effectively combired the principle of the grating

with that of the Mills Cross. It consisted of €4 paraboloids



cf dlismeter 1Y foet arrayed in the form of a symmetrical cronss,
ng 32 geripls iz sach ara bsing eaually svaced along s line of
longth 1200 foet, Each avm produces a series of knlfe~edpe
boams which intersect and phase switching s uvsad, as in tha
Mills Cress, so that culy the signals from the intorsectins
"pencil bean” dreas are recordad. The spacing of thes asrials
is srrpged 3o that thase baaxs are i apare, f.¢c. only one of
then falls on tho Sun ut a tlza. As the earth rotates this
bean passns aAcross tie Sun, scanaing a 2trlp iz the process:
the systeas of beams is thsun adjusted so that an adfacent strip
iz acannad; 'arnd 830 on watil zhs Sun's 413k 2a: been coveved
(see Fig. S5). This wvas the first radio telescons to produce
a television-tyza radio picture of the Sun - although the
picsurc rate was slew, takXing some 40 minutas. The principle
cf the Cressad Crating InterfoTometsr has leem copled in 2
ruzher of ather installations, notably by Cbryistiansen Lilmself
in 8 device 1ntended for cosmic studies whieh haa Lsua ersctod
near Sydpey by the Derartment of Clectriczl Enginesring of the
University of Sydney (see page and Plats ). [See Image 4]
Radio telescsre zystens ia whick soraced 2erizls are
combined to simulate the resoluticn of a filled-a2porture davice
of vsry large arnsrture appear to offsr tks onrly means of ebtain-
ing axtrema2ly nmaxrvoy beams, the 1imit baing set - at lsast for
the tize belng - by the maxizum geparations pessibla on the
earth, linfilled aperiure dovices can ba divided inteo tws broad
types according to whethar thay producs an {nspge polnt-by-poirt
{i.6. by Smage aynthesis) c» by compounding the Fourier compou-
ents derived by observing at a zerics of different spacings
{aperture synthssis). The chief characteristica of Filled
and dilute ‘averturs aerials will now be deseridad, with 1llus-

traticns of tynical examples,

Fillsd-Apsrture Instruzments

(1) he first of these devices desipned especlally for radio-

sstronomy was that bujlt by Grote Relier in the backyard
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. source being vegeived, so the quality of the izage nId the

of his home in Wheston, [1linels, in 1537 (ses Plate 1,
page 3 it was a steerasble parabolic reflector, 31 ft,
in dizweter and focussed the radiation on to dipole at
its focus., Aerisls of this type are simple eleoctrically
and can be usad at any wavelength merely by changing the
focal fesd and 2ssociated receiver. They point at tae
resolution is independant of position in the sh&; and

their circular symmsetry makaes then suitable for polarization
measuremonts, Parabolic dishes have therefore been widely
used in ¥adie aatronoay, In recemt years a number of
successful dishes up to 306 ft. in diazmeter and of bigh
surfacgs accuracy have beea buils, The cost howevar in-
crsases spproxinmately as the weipght, 1,2, 33 the cube of

the linear dimensions, and the difficulties ¢of aasintaining
corract shape as the telescepe is tilted alse increass with
slza. Parabeleidel dishaz of dianeter substantially larger
than 308-402 fees in diaxeter, though =meschanlcally fomr2ible
if servo-control of the shepe vf the reflecting surface

were incorperated, ars therefore unlikely te be duilt ualass

sope means becomes 2vailzble of overcoming the rrebless

~associated with the law of weight proporticnal to the gube

of the dismater,
Some of the outstandingz radio astronomy installations usiag
iarge reflecting dishes srs as follews:

Jodrell Bank, The first of ths large steervadle dishes was

the 250 ft instrument of the University of Manchester st
Jodrell Bank, bullt in 1956, srnd originally desicned for
metre-wave observations, Some modificatiens wers imtroduced
following the discevery of the hydrogen line, but the dish

is of limited use bhslow 21 cms, Its distinguishing feature
is 2 s0l1id motal raflecting z2urface of very short feocal
length., A MXII reflector of much higher surface accuracy

wos coapleted at Jodrell Rank in : this 13 ellipticel



in shaps snd gosd for use dowa o cas,

Farkes, Australis. Ono of the west sueccsssiul of the

large dishes 1s the 21¢ £t paraboloid of the Australian
tntloral Fadlo Astrareny Chservaleory =zt Parkas, 5.5,%,:

it was commissionad in 1261 and has bezn skown te perform
with good officiency to at least 6 cas wavalength., A
noval featuvre of tha dezizn i3 uss for the tirst tine of
seTvo contzel cevices to walntala poiating of the dish
accurately iz lina with that nf a precisien cquatorally-
érivon asxis., This has nroved so successful that a numbey
of larg; dishes construce2d zince that time ( e.g. two
telescopes of diea 210 £t huilt by the U,.3, Natienal
Asronautics and Srace Adsin{gstretion) have iacorperated
this mastar equatorial control syastam,

Oreenbank, West Virginia, Por mz=ny yesars the largest

paraboiic dish In existencs was the 302 ft iamstrurent at

the Azarican ¥atignal Radio Astronemy Chssrvatory st
Greonbank, ¢ompleted late im 1962, This i3z a tramsic
instrument, i.e. fixeé inm ths norsh scnkh 2ezidian,

scanning in right ascension besiny nrovided by the earth's
daily retation,

A hizh-precisien dish of diemetsy 147 €t was hroueht inta
operation at Greempbank im ¢t this has beern used with

goed efficiency at wavelengths 2z s2hovt az [See. Images 5-7]

Bonn, ¥est Cermany, ¥hat will be for some years to come

at lezst, the largest s2sorable rsdioc teslescore anywhere

in the world is a I0C metre (333 £t} dizh In ths snarszaly
populatad Eifel Mountains, south wes? of 32nn, Yest Ser=any,
It 13 oparated by the Astronosical Institute of EBann Url-
versity and i3 Jdue to be completed in 1970, Tha surfaca
accuracy in the contral region 60 metres ia diamcter is
suitabls for ocperatiovan at a wavelength of 3 crs and &ffic-
iert ¢operation over the full aperture is pe2silile down to

-

S cms, The Vhele structurs turns in azimwth on a2 single



. circular track, as for the Jodrell Bank Mark I instrusent

+It i3 1llustrated in Plate [see Images 8-9]

ﬁon-S}osrab}o Roflectors

Cae approach to reducing the cost of large r=fleacting tele-
scepes hos been to uss 2 fixod reflecting suvurface whieh can be
supported from the grouad st m=any peints, rotatisn of the earth
being used to provids for chserving st differsnt r{ght ascensions.
Tho lsrpest of these deyvices is is Puerte Pico vhere a vertical-
pointing spherical reflector 1660 it irn diexster has teen con-
structed in 2 natursl bowl-siaved hollow in the sround, suspended
above the surface by relatively short supports (see Plate VIII) . image 10J
The spherical surface allows the tzsx to Dz moved up to 6° from l
tho zenith by moving the feed, but the latter nesaeds to be a very
complicatsd device to remove tke sphorical aberration which is
icherent with & roflecter of this shape.:

Another devico in operazion at the University of Illinols
1s built in @ natural gully, with ths reflsctine mesh placed
directly on ths ground. This is ia2 the for=m of a paradolic
cylinder with dimensions of €50 ft by 400 ff {equivalent tc a
circular dish of dismeter 213 notres) and intended as a survey
instyument for use at a fixed frequency nesr 600 Mz, The bean
can be swung olsctrically between Zdeglirations 10°% and 7e°x,
tho earth's rotatien nrovidizg sweeping 4n rizht asconsion.

Anotihnar approach to fllled azerecres §s that firs? intro-
duced by J.D. ¥raus at the Urivarsity of Ohio in 1953, This
rakes uso of a large flat reflocling surface which carm bhe tilted
so as to dirsc? the rzdlo waves froz tho dasired seurce on to a:
vortically-;mounted soctor of a parabolic mirrvor w»ialch has a
collscting dovice at it3 focus, The width of the raflector
is »uch less than fts height so tha heaw is fomn-shaped. A
later vorsion of this type is in operation at Naneay, Prance, i . 11/
and 1s suitable for operatiorn down to shout 13 caz wavalenpeh,

The fixed teflector is 113 ft 2igh and 1000 ft long, Another

forns of this type is at thae Pulkovo Observatory, axd uses cnly



on® roflacting surface, which is made up of a iarge nunber of
small flat sheats which can he positioned to form a strip of a
parabolic surface., This antenna slse hkas a fan-shapsd bean

and can be used Jdown to wavelengths as short =23 3 c¢ma.

Gthar Typaes

ixrays of dipoles are satisfactory for image formatios
but are unsultable when high dirsctivity is desired because of
the oxtreme complicaticas iavelved in tho electrical problems
aszociated with comnectiag the milliors of individusl dipoles
that would bo.reqnired. Horns of largs dizensions are wary
expensive to coastruct, but thelr directivity can be caleulated
with some accuracy and their use i3 zlmost ontirely confined to

refgrance standards or calibrators,

(i1) Unfillad ArePiures.- Imeze synthesis,

The flrst unfilled aperture device ts ba used 2n radis
asirenomy was the ¢liff intorforometer used Ly McCready,
Pawsey and Payde-Scott with which the sssociztion betuvsen
selar rodio frequency radiation and sunsrots wans discovered
et Sydmey in February 19495, It comsisted of 3 raday array
~ of effective area 2.5 netross located on 2 cliff 273 feoet

abdove 3ea level, together with i2s image in the sea below.
The equivalient aperturs was thus 558 fsetr, In anaeunciag
their diascovery the same authors pointed out that it is
pessible, In principle, to derive the Sriphtress distribu-
ticn, i.e., 2n izage, of 2 source by synthesis of the
Fourrier componants produced by varyinz the sracing botween
the twn antannas, The first to actually do this fer the
Sun was Starvier in 1950,
1i1ls Cross,.

he fivey unfilled aperture vradlio telescope to produce
effectively e percll bese was the crigirsl Mills Cross,

developed by R.Y. Mills at the Australian Radiophysics
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wher The oty of both was pultivriied the reosultant response
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servatione can record up o 11 noints sisultanesusly,
tiiory exoorles ei tiie 21E1l ross tyre hLave been built
at Bolosne, Ttdly, and Sevpullev irn tie U.5,.S5.0. The fermar
orerYates at wavelerncths asd with gres A iwm lepr and Les &
resolution of mirutsz of arct tre latter Has 5 Tesolution of
3eivutes of urc at by avel !
arerpture has Loen ceveignes
sdic exrzcinl

icy detailed

Senorate

steeratle paratolic asrials sryanged

raoter 1,0 miles and has @ resolutiin of 4.3 sinute
of arc at its eperating wavelenstl of 5.75 netres (80 Mz) sce
Ylate X. Fesvsvecial feature is that, under the coptrol ¢ sk
irkuilt conyuter, the nevigls sre connnected to 48 rsceivers
(=ith aprrovriage rinsecs) sc that 43 heams sre nrudoced siotl-
tanecusly slenp & porth-sguth line, Thiz 1ine of peoints Is
then rade to sweoy reridly in sy east-wost diszs=ctien, taliug
tep 49 d§ffe positicns In each scoont. The ralinhelicerarh
thus rreduces 3 two dinensional picture of the Sun derivel frea
the raster of 43x¢0 = ZREG points recorded ecack second, This
facility of allewinr rvapidly-varving phencwena on thz Sun to be
chserved has made possillec major advsances in cur urnderstanding
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Transcribed in 2022 by Miller Goss to improve legibility

Page 11 of Chapter 3 “Instruments and Methods of Radio Astronomy” by A J. Higgs, draft of never
published book Radio Astronomy, September 1968

....Laboratory in 1952. This operated at a wavelength of 3 % metres as a horizontal cross, each arm had a
fan-shaped response and when the output of both was multiplied the resultant response was that of the
part of the sky common to the two beams. A later version of this device- the Molonglo Cross- has been
constructed by Mills at Hoskinstown near Canberra, with arms in the form of cylindrical paraboloids one
mile long (see plat IX). It is designed to operate at 73.5 cm and 2 metre and has a resolution of 3 minutes
of arc at 73.5 cm. It is fitted with a number of receivers and when used for transit observations can
record up to 11 points simultaneously.

Other examples of the Mills Cross type have been built at Bologna, Italy and Puschino in the USSR. The
former operates at wavelength 73.5 cm and with arms 564 metre long and has a resolution of 4 minutes
of arc; the later has a resolution of about 3 minutes of arc at metre wavelengths.

The Culgoora Radioheliograph: A novel form of unfilled aperture has been developed by J.P. Wild of the
Australian Radiophysics Laboratory especially for detailed studies of the sun. This consists of 96 separate
steerable parabolic aerials around the periphery of a circle of diameter 1.9 miles and has a resolution of
4.3 minutes of arc at its operating wavelength of 3.75 metres (80 MHz). (see plate X) Its special feature
is that, under the control of an intelligent computer, the aerials are connected to 48 receivers (with
appropriate phases) so that 48 beams are produced simultaneously along a north-south line. This line of
points is then made to steer rapidly in an east-west direction, taking up 60 different positions in each
second. The radioheliograph thus produces a two-dimensional picture of the sun derived from the raster
of 48x 60=2880 points recorded each second. This facility of allowing rapidly-varying phenomena on the
sun to be observed has made possible major advances in our

understanding....



. of torplex processe2 in cpersticn in the sclar atposphare
{sne Chapter Y.

(111) Unfilled aporturss - Averture Synthesis

Another varlaticn eof the spaced-asrial technique
which makes posaible the comstruction at zensonnble cost
of radio telescopes of even higher reselution than those
doacribed above is that in which n fixsd aerisl is co=m-
bined with ore which 13 movable and can take up & larce
nuwber of other syacings and orientstions., The mavable
aerial thus occupiez diiferent parts of the full aporture
at diffevent times snd the complets image !3 bullt up
by synthesis of the nec¢9ssaryy Fourler campenants, The
nome “aperture synthesis” was first given 1o an antenna
systas of this kind developsd by 3%yls zad Hewish, To
sirulate the resclutien obrainable with a filled sperture
device of dlameter D the movsble aerial must traverse in
ssquence 2 semicircular areaz of radius 2 ceutred on the
fixed asrial, ©h: patteras of asplitude apd phass being
neasured and rocorded at each positiag for compounding
with these derived at all ether positicns, ¥With this
devices alrost unliplited reasiuticon cap be attained with D
sufficiently lercge. A severe lipizztien, however, is that
synthesis of the full image is Iikely te teke an inerdin-
ately longz time, eveu though in practice the wovable asrial

reed not take up overy possible positios within i1ts Tange.

The Cambridee Averture Synthesis Tealescore

A nupber of interferouster Iinstruments fall ia the eper-
ture synthesis category but the historic enterna of this kind is
that constructed at Cambridge, Sangland, Yy Byle and Hewish in

. It consisted of a fixad cylindrical parabeleld 14350 ft x
55 £t ard n smaller aerial 150 x 65 ft which was mevable on rail-
way tracks at right amgles to the fixed uniz. A later version

of the sperturs synthesis instrurent being used by Ryls ead his
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.coneaguou 2t Cambridge usaes thro~ asatsnnas in line separated
by 25080 fest. ineh I+ a 65 feot dlemeter parabelsid, twe

being fixsd and the third movalle on rails., The rotation of
the carth iz used to swesp the basellne through 130° in 12
hours: about 50 diffevent spacings on 30 different days are
noeded to conplete the imaps cf a reglen of sky abdomt 1% across.
The resclution is cquivalont €5 a filled sperture of elliptical
shape whose major axis is 5000 €r, i.e. 29 sceonds of arc at

21 cws wavelersth in the eptimum directlon [See image 12-13]

The Christiansen Compound Intoyferpmeter

B} the addition of four fully steersble paradoloid
dishes of diasvater 45 fecot to his original crossed grating
interferczeter of 64 19 ft paraboloids doscribed on page
Christisnsen has preduced a device capable of producing a
pap of a cne-square-dsgrze arsa of 2%y in s shorter tise
(spproxirzately one day} than is pessidle with any other aperiure
synthesis instrument., The outputs from each arm of the orlyg-
fnal cross tozether with that fres the 45-ft dishes are fed to
an electronic compbter where they ave apprépr!ately compounded

te producs the inforpation from which the final conteur map

is drawn, Plate II is 2 view of the aesrial sysitex, [See Image 14]

The Westarbork Arrsy [See image 15]

A preject which bezap aa the “Berelux Cross™ and
has subsequently beon carried through entirely by the hNether-
1ands s dus to coms into operation in 1570, This employs @
total of 12 paraboloids ef diamster 83 ft: tom are fixed along
a base line of length 3000 feet sad the other two ars movable on
tracks at right angles to the base line. The lerge ctollecting
area of the 12 dishes will pive this radie telescope the highest

sonsitivity cf any of the existieg instslinmtions,

Sumssry
Thoe stesrable parabeleidal reflector yields high

quallity izzges which nre independent of the sizz and coaplexity
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'.of the sourcus belng chsssved i3 completely flexibla; and

i3 suitsble forF all types of radloeastroacmy observation, the
only qualificstion being that considzration of cest and wech-
anical feasidilizy set 2a upner linit to the aperturs and
hence the gain and rosolntion that can be attalraed. Larger
effcctive sreas ara porsible with fixed reflectors and hence
higher resolution bdut with loss of mechaniecsl and {ususlly)
electrical flsxibility, zrrays of largs nunbars of yeflecting
dishes can b usad o provids fine pencil heans and lend them-
selvos to maltibsaw epsrstion and hence rapld scamning: there
is o aechaﬂical 1imit to the apertures possible, hut the
elsctronic complexvities ipcreass rapidly st the number of
separats reflectors involved,

The unfilled aperture srrays ars atiractive whon ths
prizme requirement 15 high resoluticn for surveying weak souress
of small angulzr dimensien. The highest raselution possidle
can be provided by means of aperiure syntheals providsed an
izpedliozs answer 13 not recuired. The disadvantage of these
devices is the very low rvate of cbsgrvatien; deternined by the
tine required to synthesise sll the necessory Fouriar cozponents

over 2n extended observinz peried,

Recalvers

_The radiatien collected by even @ iarge gerial systen
{5 aimost always tos weak to be detected at tha foecus and
go a recelver i3 reauirszd te provide sufficient saplificaticn
to valse the sienals to a level which will gegate the recerding
devica beinyg used. The power level from distaat scurcaes is
pxtramsly low and often w31l below the “flux urit™ used by

1% Lates w3 (c/s)'z) 30 con-

radioastrororers (defined as 197
sidorable amplification iz usually required, Trors i3 little
difficulty in achieving this with the electronic devicos now
availegble, and without less of essontial information sbost phase

snd spoctrum contained in the incoming signals, A wide varlety

of radlo receivers is u4ed in yadicastronomy, most of thes
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.oparating_ at 2 desizned wavelength, or evar a llanited timing

range, A basic difficulty is thet the incoming wanted radio
aignals cerry ne distinctive neduluation sinee they avis2 frea

essentially randoe rrocesses nt thelr sovrce, nrd se are in-

genorstod by the randen rmotien of the electrons in the componsats

cf the recsiver, The unwanted nolse sigrals srisipp withian the
recelver ore smplified equally with the cosmic 2izrals, ané set
2 1linit to the amplification that can deo uweed, 2nd to the sens-
ftiviey of the receiver, 1.e, to the smallest signals thas can
be distinguishad. Graat advaneos in raceiver design thaz

have ce¢currsd during the past decade have come fyom reductions
in intsrnal recelvsy noise, nnd have made nessible the attaine
ment of highar semsitivitios 2t sone wavelespths that can be
svalied of. A prectlcel 1i-it to the sensitivity iz rosched
when all the sources which ths serial is canable of rsselving
can be detcctad: vwhen this peint {2 veschad no nore sourcas
car be worked on no zatter how =uch sere sensitive the reeelver

may bo.

Rolse Fluctuations

¥hen a redie telescepe is pointed at a2 scurce the
oufpnt of itz associated receciver will contairn contriluticons
not only from the source beiug observed, hut from fluctuatien
rolse asrising within the receiver iteeif and the sssociated
feed snd travsmissicen line from tse siy baekgreund, Including
other scurces too faint to bLa vezolved and also fros the
ground. The thersal noise generated p2r urit Sand width froa
the fluctuation meise within a resistance at wespersturs T °X
can be shown to e X.T (whbere X is 2oltzmsnn's comstant) and
it is usnal to specify the sipnsl ceomponents in teres of the
temperature of a resistance at the serizl input tareinals w=hich
would give the some cutput: he serial tamparaturs dus 0 thas
source is usually refarrsed to 23 Ta and the remaining compononts

as a systems noise temporaturs TR' The chlef componsant of the
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lattor is almost always that arising withln the receiver, Tha
worit of a recaiver is indicated by 1ts offactive noige temper-
ature which ahoulg obviously be a3 i1ow as possidls; asny of tho
2arly discoveries ipn radio RELrolesy weis made with recolvers
having npise tezperatures of 5000y Or 8o, in weried contrase
with figures as low as 3%, 5% vhich are currently attainable,

An alternative nethod of Specifiying recotver p-rforpanco is in
terms of a noise factor, which is defined a3 the ratie of the
actual powey utrut from tio recelver to thae which be given by
sn idsa} enigeloss receiver (in whieh the only output would be
that from th; fluctuasion noise in {ts aerial),

The “wanted™ #lgnals from the Jource are i{ndicated by
an iacrease in the total power oUlput from the Teceiver when the
source is in tha baam, This level is constantly flucogating
howaver, 1n particular bocsuze of the random character of the
various components centributive to the total output, asd there
is & lizit te the mininum signal that ecan Be éistinguisbod,
determined by the smplitude ef the fluctuations about their
Bean lavel, Some of the fluctuazions may Eo dua to variations
in the overal: amplification of the Teceiver and a great deal of

care is taken o aininize these by stabilizliag the PoO¥er supplies

Parison sysgem (sueh 28 thar cuz to Dicke) in whien the recsiver
iaput s switched Tapidly f{s.p. az 220 times rer s2cond) between
the 22rial snd & duvay reslstance oy othoy calibrating noise
fource maintained a2 n2arly tho gams terperaturo as the aerial,

s¢ that only tha difforence signal is roacorded, The fiuecesations

which romain 2re duo zlnast entiraly to the randow nature of the

colliisicns hbatween electrons which 3¥e responsible for the original

eignals,
If the Tecelver accapts a Sand of frequancics 3 cycles
F8T second then the dotecter output consists of &prroxinately B

independent contributions per second. Tho fluctuvations can be

Jed
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\.su?n:xtanu;ily raducad by averaginy or intseratinz thes t(hy

adding a conderssr across the outpnt) ever suitahle pariecds,
which can vary from saconds to ninutea as long as the wantod
signals are not of 2 tyesnoient patuve, Ly this =e2a3s the
residual reot-pean-seuare Fluctuations can be yaducad by 3
factor 7%? where ¥ 1s the total time over which averaging
takes place,

As on example, with a veceivsr of bandwidth 20 Nc/s
shich has 3 nolse temperature of 156° sxnd used with an serial
system whers the sky baciground is 2¢ and the ground spillover
16% (i.e., & tetsl systems moise tespsrature of 162%) the r.m.s.
fluctuations can be reduced, by lutegraticn over 5 seconds,

A 1.0, 1860, The snallest signal
Y20x10 %8

by a factor of

shut can be ryeliably detected ia the presonce of noize is usually
taken te b3 about thres times the r.m=.s, fluctuatlions, i.e, with

the recezivar used a3 abeve this weuld bz about W53 .

X, It asy
scem repariable thaz signals can be detscted when thelr leval
is such m 3mall fraction of that of thse aubient nclse, but thi

is a ceemeonplace in radio astronosy.

Types of Heceiver

Radicastronemy bezen in the metre and decipetre waves
bands, usiag sensitive receivers developed for radar use during
%orld ¥ar I1, and gradually spresd to shorter wavelenpgtks as the
neceszary technicques and conponents wWere daveloped, The need
for extrevely sersitive receivers at these wavelengths hss indeed
proevided & vealistic stlizulus te desigrers - and thisz has led to
renark¥able spdvances whichk, of courss, will ultimately benefit the
electronic industry 23 & whele, A veriety of techanigques is
needad to cover the vange for § za te 300 =motres.

Tor obzervations in the continuum the nezd to reduce
nolise flucewailms calls for wide bandwidths end figures %
teps to LURdreds of megahertz can profitably be uvned, sssociated

with tize constants that provide integretien times of 10 seconds

or more. Receivers for speetral line observations, on the




’athar hand, ree#d 1o sccept signals over a very much narrower
band whose width is determined by the spsctral resolution
required, Spectral lines wsually show Dennlzye shifts corres-
ponding to the velocity of the sourca in the lire of sight, and
to delineatz this in the case of some MO clonds, fer example,
requires bandwidths as parrow as 1 iz, In the best receivers
elaborate precautions arxe thlen o casure the hichest pessible
stability within the recsivers and, in sdditien, comparison
techaiques are enployad, In centinuun recsivers the vecelver
iz switched rapidly hetween the acrial and a reafersnce noise
gource aad eﬁlyh ~the differcnce signal rocordad: while in
spectral line receivers the tizing alternatas rapidly between
twvo frequencles, cre within 2the line »rofile and the other in
the conatinuum jfuat outside the 1ine,

Superhetorsdyne roceiver: dsvalered for radar were
ussd In the early radioastroncey ehservationa, often with
crysteal detcctoi&; The ueed to onarate at hicher fraguencies
wigre the cosnic neiss lavel bacemes rrazressively lewar was
wet initially by the developmezat of Ieﬁ-nais; tricdes and later
of semi-conduetor devices, with erysts) =ixsrs atiill posular as
detectors et the shortesat wavelengths becsuse ¢f their 7slative

sinplicity and goed stability,

Improvenent i low-noise gun-structures for travelling-

¥aye tubes wade possible pood zensitivity at centimetre wave-
lenpths because of the extremaly wide bandwidthe available with

trarvellings wave tubes, Thess tubes have not hecorme pepulsr,

hovever, because of the difficulty iz elbtalnine azdeguate mechonleal

stadbility im their interral structure sad honco of reducing gain
fluctuations to an adequately low level te =make use of the wide

bandwidth avallablo, A mz2for step ferward caze with the in-

troduction of dovices which explelt inkerent low-nsisez preperties

rather than bandwidth, These ar» hased on the use of physical
principles not provieusly upplied to the desivn of amplifiers,

end draw their power from a radlo-fregusacy source called the
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.mp“ snd usually Bigher in frosusncy than the siznal 26 be
amplifisd, vather than from s D.C. seurce ax ¢n conventional
azplifioras. There ara two distinct types, ths "massr” (abbrevi-
ated from Microwavs Anplification by the 3tizulsted Zalssion of
Radistien) and the “prrasetric nmplifier”: both make wse ef the

special propertiss avallable in solld-state devices,

he ﬁnstr

Tha onersticn of the paser can be sxplained in terms of
the quantum theeory, in accordancs with which the snergy of an
atoa 1s rastrictsd to s nusber of discrete levels, ¥hen it
changes from one level te the next higher energy lovel a guantun
of energy is absorbed; {f it moves to 2 lower enerzy level
radiation is emitted, Radistion quanta of appropriate valua
falling on a suitable substance »ay Ye abserbed by scme atces
end raisze them to a higher level, or Lt may czause atems alresdy
at the higher level to emit rodiation, whkick will te In phaae
with the original radiation mnd se increzse if or reault in ee-
plification, 7This is callsd "stinalated emiszsien”, IUnder pormal
circumstances there ars more &iczs in lower enerzy states than in
the uppor, but in = rmasey the sction of the *pump™ is to provide
quants which will incroase the pepulation of the upper levels so
that.when the wanted signals pass through the material seme of
the atoms in the higher levels will spentansously emit guanta
of radi:tlon‘and s increase the emeryy of the wanted signals, i.e.
produce smplification.

A nusber of materials in the form of single cryatals
have energy levels which can bo vased in this way, one of the most
sultable being yuby. ¥hen maintained iz a steady magnetis field

of sbout 2009 pauss this paterial provides amplification at Hydro-

gon line fraquancies arcund 21 cas, One of the gzreat disadvantages

cf the masey hgweveyr iz that it Is secessary to oparate a3t Very
low tempsraturss if susful amplification is to be obtaired., This
15 because the noise temprerature of the msser and the bandwidth

charscteristics are better whor the degree of population of the
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highor levels 1s greatest, which cccurs at liquid helium temp-
aratures, The whole device is usually immerssd in a dewar
flask containing liquid helium and the problems involved in
arranging for the recessary facllities have limited the applic-
ation of masers, particularly since parametric devices are
capable of comparable performance. Maser receivers have been
constructed with a noise temperature of , and with a
travelling wave version down to » which is approaching the

ul timate perforrmance at microwave frequencies.

Parazatric Amplifiers

Th; parsmetric ampiifier is not dependent upon
guantum theory: it derives ita narme from the fact that rhythmic
variation of cne of the receiver parameters (usually = capac-
itance) is used to produce amplification, The action is analo-
gous to that of a child who is building up his motion on 3
swing: hLe ralses his centre of gravity by straightening his
legs cach time the swing passes through its rest position (thus
increasing the amplitude of that osciliatioq) and lowars his
centre of gravity when he reaches the end of that swing. The
energy #cquired by the increased amplitude of swing is provided
by the boy himself and is applied twice per cycle, i.e. 2t
double the frequency of the swing's oscillatioms.

In a parametric smplifier the swing is replaced by an
electrical circuit consisting of a canacitance C and inductance L:
connected in parallel the condenser is alternatcly charged from
and discharges intc the inductance, at a {requency LC. If the
capacitance 1s suddenly reduced when it is fully charzed this
will incremse the voltage across it, thus increasing the energy
in the system., If the capacitance is increased to its former
value when the condensor is discharged, i.e. when there is no
voltaze acyoss it, no change in total energy of the systea occurs.
The energy is the system can thus be Increased Ly varying the
capacitance at double the frequeney to which the circuit 1s tuned,

In practice the resonant circuit is tuned to the frequency of the
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sisnals to be anplified and ths capacitance varled slectronically
in ore of 2 nusber of ways, the nost effective being by the use
of semicenductor dlodes, called "vaveeters” in which the dusired
variations ars a fuaction of the bias on the dlode.

Paranetric soplifiors aveld wmany of the dJdifficulties
foouad with wasers end sre widely used in radiocastronomy: in tie
docimetre range they provide 3 perfoymance coaparsblo with that
ef naser aystens st 2 fraction of the cost and which et Jonger
vavelenpths meets post of the reouirsments, At room temperatures
noise temraraiures below 50 P cen be achieved, while coeling
with Ilouid nitrosen has reduced ucise in the smplifier te below
20 %% and in ljeuid kelium to still Jower values, Ia post cases
however the neise contributed by other roceivey CoRPoneRls
s3sentlal for stability, together with siy background sad ground
rediation, will exceed that geverated withln the azplifier itself,
Tepresentative values for a goud pavametric amplifier for use at
21 cms, coded in liguid altregen are:- amplifier molse temper-
ature 25 and ground spillover 36° aad remaiﬁiag syste=s nolses

$2°,

Tunnel Disdes

The tuknel Jdiode is 2 sezi-conductor device which has
the attractive festure of Jeveleping a negative resistance char-
acteristic mersly by the applicstics of a low pewer E.C, Lilas
voltage. It is thus suitable for use 1o negative-resistance
amplifying clrcuits withent the nsed for the pump-supply required
for . masers and parametric auplifliers, 1ts nelss temperature at
sicrovava frequencies however Is rvelatively hizh (A/:53°) tut the
simple cireniting involved males it astiractive, perticulariy for
usz when the 3iy backzround tamperaturs is high. It {5 also

usaful 83 a mixer whe

L]
i

, In contrast with & conventional crystal

in this arnplicaticn, &t can zive apprecial:ls conversiom galn,




.L’arralaticm Techniouss

Correlation technigues have foumnd incraasing application

23 2n easontial nare of zcrme of the lavge and costly arrays now
in use, particularly iz asseciatiern with auitable digital com-
suters, In the Australlian Mills Cross for example the outputs
from the 177 froguency comvertars and IF pressnlifiers in the
¥-5 syray, and the 22 mixers and nreamnlifiers ip the E-¥F array,
ere cozbined with apprepriste chase delsys and multiplied so eos
to producs 11 sisultarecus hezvs at diffevent declinations. By
correlating s nuwber of phese arranpsmentz of tie outputs for

the B-W arrey wlth those for the K-S array the reaulting series

of hesus can ho used to form a gimultarcocus “image” of 2 vepion of

the sky, This technique is used extensively in aperture syn-
thesls Jevices, o,¢, #3 doveloned at Cambridge, kaglend,
Corrsiation techniques Rave alse teen used irn spectral
ins receivers 2.3, es developad by welwiebk at the U8, Yationel
Redio Astrycnery Chsarvrvetery at Croenbsnk, The receiver nolsze
ourrut is auvto-correlated, the pecsssary delsys ‘elng derived
from separzte recsivsra, delay limes ey digltal computers, The
resultant cutput is the sveetrupe of the receiver noiss plus that

of the radlation beine recoived.

Praclise lopcation of Badio Hsuress

he demand Yor nreclise pesitien fixing of redio sources
¢ame with the reslizatisn that theve are other scurces in the
skies besides the Tup, aud that these ars not associated with
any cof the bripht stars, Progress in slucidating the naturs
of the sources znd the proceases which rvesult in the eaission
of radie waves se such more stromaly than light waves was ch-
viously dependsnt uron identifying sone at least of thea wuich
could 2130 be studied by sntlical tachnliques, Tha filrst such
identifications with the vemains of a surernova and with two
serevhat uruswal galaxies were promising smough, hut a major
stinulus came twe years lster when the stroreest source ir the

skies Cyesnus A =ss found to be coincident with = strange cbject
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3o distant a3 to avpear optically the 13° magnitude, i.8, only
'\risiblo with the ald of ths largast mlescopes.,

An cssnntlu}tgiquiranant for accurats location of
radio scurces is that sesrchaing Jevice should havs hiph resolu-
tion, 1.2, a vary parrow “rencil™ beam, preferably cireular in
sectien arther than fan-shaped, and reecelve enerpy frem ne other
dirgutions, i.0. have negligisle side lobes, Asscciated with
this should be enoupgh sensitivity to hring = r2230nnhl2 aumber
of faintar zcurces within range of dotaction, Both these re-
nuire=ents are not from fillad-arcrture dovicses, particularly
isrgze steerable parabolic dishes but, as wa have seen above,
prsctical considerations linit the performence that can be
gchleved to some 5 mizutes or arc st 10 ¢c» wavelengths, and 40
ninutes at 1 zetre., Some of the best survey and ldentification
wori hzs beoen dene with the Parkes 210 ft Jdish, in the course of
wvhich a grid of calibrator scurces has bson produced from those
of essontially point Jinensions whase idontificatien with sptical
objects i3 regsrded as certaim, The posiziion of the calibrators
is thus knows with Ligh precision, and they .serve a3 sbsslute
reforencd voints agasing? which the nosition of sther scurces
can ke determined with comparadble accuracy,

For bigher reselntion st longer wavelengths, it is
gchr:lly necessary to use interfere=eter devices. In additien
to considerable slectronic complexities inherent in ths more
sc;histicatéd exexples of this type of radio tslescops are the
uncertainties of using a device whose beam ia not circularly
symsetricsl and can have xore than ome prominent lobe, Groat
czre 12 therefore needsd in specifvyine positicns as derived with
thess instrusents: 3ome of ths sarly surveys includad a nunder
»f arrors from this cause,

A technique which dees not suffer from any of these
defects and i3 yet conable of the hipheat procision is one whickh
is based on the occultation of sourses by astronomical bodies

whose poaition is known with high nceuracy., Thia method con-

veniently provided by nature has boon confinod almost sxclusively
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_.to the Moon 2nd was ussd with drs~53%8i¢ success by Hazayd and
Hackey with the 2180 ft Payses Telescope to cbserve the quasa
36273, in 1363, whe ohseyvation consists of notire tha times
of ircersien and emersion and recording the sienal strempths,
If this be dene zhe Moon's pesition is known well snongh %o
enable that of the soures to he spscified to within seconds of
ac. I» eddivion, the Mees also ascts as 2 diffracting edse
snd variations in wsipgnal sirength a3 the soures enters and
gmprees frow 0¢lipse can provide Inforamation about source struce
ture ané the zize of the components (see Figure §). Ey this
meany the my3terious gqusser 30273 was fivst located with suff-
jcisat precision te snable 1t tu‘ke identifiad, snd shown to
have = compesite struvcture which matched that of its eptical

counteypart (sse Chapter 3.

Angular Size of Sourcss

The eariy identificatien of a few of the discrets
sources with nebulae but none with wisibie stars susgested
that the majority, pevbaps, wavas net of stellar dimensiens,
The first vadis evidence of thisz cane in 1951 during a survey
by Mills ir Sydney 2t 2 wavelenpgth of 3 metres: he found that
sayeyal sourees gove a smaller rezpense ox a widely-spaced intor-
forometor thsn oR 2 Darrew cae, indicating an extout of about
g degree faor thess scurcas. FPiddingten and ¥irnett, alseo in
Sydney, <iscevered about the sime tims the sxistonce of another
scuree in Cygous shieh was abowt 2 desrees by 7 degrees in ex-
tent - they called 12 Cygmus 3 te éistinguish it from Solten's
Sygous A source. indzpendent evidence 29 to the size of sevaral
of the brighter radio scurcos came in 1958 froe observers ic
Cambridge snd Manchester, Since then istorferomster measure-
nente st aradually fucressing base lines have succesded in
rutting dixernsiens on 3 large rroperticn of the haown radle
soaurces,

Ey 19082, hewever, a sxall number of sources Lad been

found for which the cerrespending ebject on a star chart for




P L

that ares appearsd to be of stellar dimensiens. These chjecsts

thevefore camo tc be known as quasi-stellar objects and are dise_ -

cussed in wore detsil In Chapter » The problens of sccounting
for theil very zrest luminasliity hss led to an intensive effort
to detersine thelir enmpular size., A number of thess chiscts
showsd zo slgn of being resolved Dy interfavoreter systens of
increasiagly grest separstions, in which the componant azrials
ware linked by land-line 22d radis links, sad it ka3 been nsc-
@38ayy to separate them by intsreontinental distances: this

is known as-"very leng base line interferometry™, or V.L.2.I1.,
end has only been made possible by tho avallalility of atomic
clocks (particudirly asing cassium ard rubidiuw) which are
capable of veintalning 2 sufficlently conséant rate ¢ scrve

as tine-marking devieos at each end of the chosen base lina,

Ti:a ocutputs from very stable receivers 2t cach statlon which
have been tuned to exasctly the sume Ireguancy (f.e. aftap
allowing for the differing Porpler shifts at the twe stations g
due te the earth's rotatien) ars recordad on maanetic tanes, . :1
together with tining maris from thelr atomic clocks, and the §
two tare3 are subsequsntly synchronissd {with the aid of the z
tizing merks) ané compounded, Frluges are obsorvad, as with
] #ara conventional interferomater, if the sourcs dinansions - B
are less than the reseolution correspandiang to tha station
shacling.

The precautisns nocessary for success in V,L.3,I. 3
work Te cnormously narve complex thas indicsted in this simple
utline Hur thisz tachnigue has zlrazdy  besn used successfully

ae Paz¥es, Ausztralia, znd €31ifoynis snd Creenbank in the
ud a4, Canada (=29 Pig, 8), 1.8, ovor baselinss L

teat tha =un length thzt ¢an be o¥tsinable on




Final paragraph of Higgs page 25, transcribed to improve legibility by Miller Goss, 2022

The precautions necessary for success in V.L.B.l work are enormously more complex than indicated in
this simple outline but this technique has already been used successfully between Parkes, Australia and
California and Greenbank in the US and Ottawa, Canada (see Fig 6) i.e. over baselines comparable to the

maximum length that can be obtained on earth. [See Images 16-17 for images of OVRO,
component of the US VLBI Network.]

a major
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