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5. ABSTRACT

During the 1950s Australia was@H RI WKH ZRUOGYYVY IRUHPRVW DVWURQRPLFD
work of the dynamic Radio Astronomy Group within the Commonwealth Scientific and Industrial
5HVHDUFK 2UJDQLVDWLRQTV 'LYLVLRQ RI 5DGLRSK\Vhdtwbork dd RVW R
field stations maintained by the Division in or near Sydney, and one of the most notable of these was
ORFDWHG DW 3RWWYV +LOO0O WdHidtribdtiowrklseR/bir6.\ GrigtHarsvhaeDfidIR ddatiomd W H U
called Murraybank was later ablished specifically to exploit the discovery of the hydrogen emidsien

and together with Potts Hill these were the two research stations conducting hyldregeidies in

Australia until 1962.

This paper examines the amazing range of radio tgdescdeveloped at these field stations; the types of
solar, galactic and extragalactic research programs to which they were committed; and the pioneering

young men and women who played a key role in the early development of radio astronomy
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Figure 190: H-line radial velocity contour profiles for the three galactic longitude sections | = 260° (top), 270° (middle) and 275°

(bottom) showing three spiral arms in this direction (after Carpenter, 1957: 15). .......ccceiiiiiiriiieniiiee e 242

Figure 191: Composite diagram of the spiral structure of the Galaxy based on observations from Potts Hill (left half) and Leiden
ULJKW KDOI 7KH *DODFWLF &HQWUH LV PDUNHG E\ D FURVV DQG WKH 6XQYV SI

shown. A distance of 8.2 kpc from the Sun to the Galactic Centre is assumed (after Kerr et al., 1957: 677). ................. 243
Figure 192: A revised spiral arm map based on optical and radio data with the major arms annotated. Note that the Orion arm

was not considered a major feature in this map (after Georgelin and Georgelin, 1976: 74). .......ccccceeeiiiiiieieeriiiiiiiieeeeene 244
Figure 193: Relief map of the Galaxy with contours indicating the departure in parsecs from the Galactic Plane. The lower

portion (b) shows a cross section in the direction of the Large Magellanic Cloud (after Kerr et al., 1957: 678). ............... 245
Figure 194: The measured ratio of neutral hydrogen to total mass in the Galaxy with the space density in the equatorial plane

compared to the projected density that corresponds to the distribution that would be seen from outside of the Galaxy

(after Kerr and HINAman, 1957 559). .. ..iiiiiiiiiiiiie ittt ettt et e et e st e e ket e e e sbb e e e sabe e e e bb e e e e bb e e e s nbeeeanneee s 246
Figure 195: An example of the H-line intensity contour diagram. The galactic latitude b' is the 1932 Galactic coordinate system. .... 247
Figure 196: Derived rotation curve of the Galaxy based on the Leiden (dots) and Potts Hill (crosses) H-line observations. The

assumed distance of the Sun from the Galactic Centre is 8.2 kpc (after Oort et al., 1958: 381).......cccceevvveeriiireriineeennne. 248
Figure 197: The density distribution of neutral hydrogen in the Galactic Plane. The maximum densities in the z direction are

plotted on the Galactic Plane and the points of common density are joined by contours (after Oort et al., 1958: Plate

12 PSPPSR PR 249
Figure 198: Deviation of neutral hydrogen from the principle plane of the Galaxy. Note the image has been colour inverted from

the original (after Oort et al., 1958: PIALE 5). ......eeiiuiiiiiiiieiiiie ittt ettt e e e e s nab e e sbe e e nnes 250
Figure 199: Revised density distribution of neutral hydrogen in the Galactic Plane based on a new rotation model and assuming

an outward motion of the Sun of 7 km/s (after Kerr, 1962: 340). .........cooiiiiiiiiiiiiiii et 251
Figure 200: Position of the new (1958 revision) of the Galactic Pole relative to Ohlsson's 1932 Pole (after Blaauw et al., 1960:

0 ) OO PT ST U R PP 253
Figure 201: Distribution of points of maximum density of neutral hydrogen. Solid circles indicate tangential points measured

from Potts Hill. Open circles indicate tangential points measure from Leiden. The small dots are all measure points

from the two surveys (after GUM et al., 1960: 14L). ..ccoiueiiiiiieeiiiie ettt e ettt st e et e e e sbe e e s be e e e asbe e e e snbeeesbeeeeannnes 253
Figure 2 :LGH EHDP OHIW QDUURZ EHDP FHQWUH DQG QHXWUDO XNEYRIDEYD WBARWWHG

using the 1932 galactic coordinates. The dotted sine curve indicates the newly-derived Galactic Equator (after Gum

AN PAWSEY, 1960: 153). ....uueiiiiuiiieeiitieeaitie e et ee e ateee ettt e e e aae e e e aabe e e e aabee e e ah bt e e aabe e e e aabe e e e oa bt e e e Eb e e e e Abb e e e eR bt e e e b be e e e nb e e e enbe e e e ennees 254
Figure 203: The spaced-receiver records for Potts Hill (top) and Fleurs (bottom) taken at 19.6 MHz on February 26, 1956 (after

Gardner and Shain, 1958: B0). .......ciuuteiiutreeitiieeriete et ettt e ate e e e bt e e ettt e e e be e e e e bb e e e aa bt e e e bb e e e e an bt e e e be e e e ahbe e e e enb e e e ebeeeeannees 256

Figure 204: Some of the attendees at the 1952 URSI Meeting in Sydney. From left to right: First Row: J.G. Bolton, O.B. Slee, M.
Laffineur (France), A.G. Little, R. Payne-Scott, R. Hanbury Brown (England), C.A. Shain, C.F. Smerd, J.L. Steinberg
(France), B.Y. Mills, J.P. Wild, F.G. Smith (England), W.N. Christiansen. Second Row: C.A. Muller (Netherlands),
F.J. Kerr, H.I. Ewen (U.S.A.), J.V. Hindman, J.P. Hagen (U.S.A.), C.S. Higgins. Third Row: L.W. Davies, E.R. Hill,
J.H. Piddington (Courtesy of ATNF Historical Photographic Archive: 2842-43 Image Date: 8 August 1952). .................. 259
Figure 205: From Left to Right are Christiansen, Appleton and van der Pol inspecting the E-W Solar Grating Array during the
1952 URSI meeting (Courtesy of ATNF Historical Photographic Archive: B2842-R61 Image Date: 8 August 1952)........ 260

Figure 206: John Murray in 1949 (Adapted from the Mercury Newspaper, TaSMania)..........ccueeerueieiiirianiiiienieee e 262
Figure 207: Dick McGee working on the 48-channel receiver at Murraybank (courtesy of Miller GOSS)..........cccccveiiiieeniiiiiniieeinineenn 263
Figure 208: The Chris Cross at Fleurs Field station. The Murraybank aerial was based on this aerial design with an increased
diameter and strengthened structure (Courtesy of the ATNF Historical Photographic Archive). ..........cccccevniiiiiiicennne. 267
Figure 209: The ex-British Gun-laying trailer with the Yagi Array used by Bolton and Stanley (Courtesy of the ATNF Historical
Photographic Archive: B1351 Image Date: 3 May 1948). .....ccocuuiiiiiiiiiiiie ettt ettt ettt et e sbee e e e e snbeaesanneee s 269

Figure 210: The ex-British Army gun-laying 200 MHz radar trailer which was used for the alt-azimuth mounting for the
Murraybank 21-ft aerial (Adapted from ATNF Historical Photographic Archive: B3973-1 Image Date: 18 May 1956). .....269
Figure 211: The 21-ft aerial being installed at Murraybank in 1956. The equipment hut is in the immediate background

(Courtesy of the ATNF Historical Photographic Archive: B3973-4 Image Date: 18 May 1956). .......cccccceviiiiiieeeeeniiineennn. 270
Figure 212: The 21-ft aerial at Murraybank with its new feed system. The smaller reference aerial is also visible in the
background (Courtesy of the ATNF Historical Photographic Archive)...........c.ccoiiiiiiiiiieiiiie e 271
Figure 213: Dick McGee working on the primary feed of the 21-ft Murraybank aerial (Courtesy the ATNF Historical Photographic
ATCRIVE: R5B95-8)..... ettt ettt sttt ettt ettt a e ettt e et e ea e ettt e s et e eh e 4R bt e Rt oAbt e 4R et e n ke e e Rt e e bt e en bt e R et e bt e nn b e beeenneenneean 272
Figure 214: A view of the multi-channel receiver equipment inside the receiver hut at Murraybank (Courtesy of ATNF Historical
Photographic ArChive: REB95-18). ......ccuiiiiiiiiieiitii ettt e et e et e et e e et e s bbb e e e e e e nabeeesaeneee s 274
Figure 215: A later view of the receiver and recording equipment following the relocation of the recorder (Courtesy of ATNF
Historical Photographic Archive: B6222-1 Image Date: 28 September 1960). ..........ccuuieiiiiiiiiiiieiiiee i 275
Figure 216: The filters used in the Murraybank receiver (Courtesy of ATNF Historical Photographic Archive: B5985-1 Image
Date: 17 DECEMDET 1959). ...ttt ettt ettt a bt eoa e oo ht et e ekt e e bt e e et e et et e e e et e et s 276
Figure 217: John Murray at the Speedomax recorder in the receiver hut at Murraybank (Courtesy of ATNF Historical
Photographic Archive: RE695-9). .......ciiiiiiiiiiii ettt e ettt e et e e ra bt e ekt e e et e e nb e abae e 277
Figure 218: An example of the two minute H-line profiles produced as an output on the Speedomax chart-recorder (Courtesy of
the ATNF Historical Photographic Archive: B5849-1 Image Date: 22 June 1959). ..........cooiiiiiiiiiiiieiniiiiiiee e 278

Figure 219: An example of a composite H-line profile produced by the Murraybank multi-channel receiver. The profile consists
of 6, two-minute profiles taken over a period of 12 minutes while the aerial was held at a fixed declination in a

meridian transit position (after Murray and MCGee, 1959: 128). ......ccoiiuuiiiiiiiaiiiiiiiiie et e e e e aeneeeeas 278
Figure 220: A block diagram of the digital recording system used at Murraybank together with the 48-channel hydrogen-line

receiver (after HINdman et al., 1963D: 554). .....coiuuiiiiiiiiiiiie ettt 280
Figure 221: A schematic diagram of the digital shaft encoder in the Murraybank digital recorder program control unit (after

[ Ta e Lo a T I A= U TG o ] < ) TSRO 281
Figure 222: A close-up view of the encoding disk pattern which divided the 324° of shaft rotation into 1024 steps (after Hindman

B AL, 1983 557)..e ittt h Rt eh e R b bttt e h bt e bt nes 281
Figure 223: The SILLIAC computer of the Adolph Basser Computing Laboratory of the School of Physics at the University of

Sydney (Courtesy of the Science Foundation for Physics, Univesity of Sydney). ........cccccooiiiiiiiiiniiciiiec e 283
Figure 224: A simplified flow chart of the reduction program run on the SILLIAC computer (after Hindman et al., 1963b: 562).......... 284
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Figure 225: A contour diagram of the H-line brightness temperature in the Taurus-Orion region Contour spacing is 7.5 degrees
of peak temperature. The large numbers represent the mean radial velocity in kms™ over areas 10° by 10° (after
Murray and MCGEE, 1959: 130). .....uuueeiurieeiitie ettt e ettt e ettt e e aate e e e ba e e e bt e e e aabe e e e asbe e e e asbe e e aa ket e e asbb e e e aabe e e e bb e e e e nbe e e anbeeeanneee s
Figure 226: A contour diagram of peak H-line brightness temperature at intervals of 5° K. Radial velocity in km/sec is indicated
as integers on the chart. The shaded area represents a Hll region sketched from the National Geographic-Palomar
Sky Survey. The arrow indicates the direction from the centre of the contours of two stars believed to be
responsible for the ionisation of the HIl region (after Murray and McGee, 1958: 243). ........cooiiiiiiiiiiiieiiiiiiiiee e
Figure 227: A comparison of neutral hydrogen density and Hubble's zone of avoidance (after Murray and McGee, 1959: 132). .......
Figure 228: A contour diagram of peak H-line radial velocities from the Murraybank southern sky survey. Dark grey areas
represent negative velocities. Light grey areas represent positive velocity areas. The hatching denotes areas
where the radial velocity exceeds 15 kmsec™. Co-ordinates are in the old 1950 Ohlsson scheme (after McGee et al.,
ST 1 ) PP P PR PR PR
Figure 229: A comparison of observed velocity curves to the predicted velocity curve assuming differential galactic rotation. The
dotted line and shading represent the predicted curve. The solid line represents the actual observations. The
thickened sections of the line represent the main deviations from the prediction (after McGee et al., 1961: 958)............
Figure 230: A contour diagram of the local distribution of neutral hydrogen shown as the number of hydrogen atoms/cm® in a
line-of-sight column.  The contour interval is 0.2 x 10" H atoms cm?. The hatched area encloses regions where
the profile half-widths were in the range 12-20 km/s. The Galactic co-ordinates are the old system after Ohlsson
(after McGee and MUITAY, 1961D: 264). .....c.uueiiiiie ettt e e e ettt e e e e s bbe e e e e e e e s bbb et e e e e e e e nbabeeeaeeeaanbeeeeas

Figure 231: The variation of neutral hydrogen (Ny) density compared to the cosecantcurve Ny G 1 ®cosecb'G 7KH OHIW

hand column are +ve latitudes and the right-hand column are #ve. Longitudes 0° to 150° (after McGee and Murray,
B L3 o 2 1 ) TP PRU PR

Figure 232: The variation of neutral hydrogen (Ny) density compared to the cosecantcurve Ny G T *cosecb'G 7KH OHIW

hand column are +ve latitudes and the right-hand column are #e. Longitudes 180° to 330° (after McGee and
MUPTAY, LO6LD: 269). ....eiiiiiieiiiie ettt e e et b et e et
Figure 233: Radial velocity as a function of galactic longitude compared to predicted velocities at points 11 kpc above and below
the galactic plane. The thick lines indicate areas of major discrepancies between the prediction and observations
(after McGee and MUITAY, 196LD: 276). ....ccocuuiiiiiiieiiiiee ittt ettt e et e ra et e s bbb e e e e e e sbe e e sbneee s
Figure 234: Radial velocity observations as a function of galactic longitude. The dots represent neutral hydrogen observations.
The + points and X points are derived radial velocities using the relation v = 19.5r sin 2(I' -238°). The + points are
positive latitudes the X negative. Curve (i) is the theoretical differential rotation curve assuming a 1.4 kpc estimated
mean distance of hydrogen in the galactic plane. Curve (ii), (iii) and (iv) are those derived by Feast and Thackeray
based on ionised calcium (Ca Il) absorption lines in the spectra of B-type stars reduced to mean distances of 2, 1.15
and 0.75 kpc respectively (after McGee et al., 1963: 154). ....ccociiiiiiiiiiiiiie ittt
Figure 235: An example of the peak temperature of neutral hydrogen contour diagram produced in the Murraybank survey (after
MCGEE EF Al., 1963: 139). ...eiiiiuiiieiiitiie ittt e e ettt et ee e e et e e e bt e e e aabe e e e bb e e e e b be e e oate e e e e hbe e e ek bt e e eR b et e e aRbb e e e eRbe e e e bb e e e enbne e e anbeeeaarneee s
Figure 236: An example of the radial velocity contour diagram corresponding to the brightness peak of neutral hydrogen from
the Murraybank survey (after MCGee et al., 1963: 1A47). ..ccccuuiiiiiiiieiiiee ettt ettt e e e sb e e s bee e e ennes
Figure 237: A composite contour diagram of peak temperature with contours limited to 4, 8, 16, 32 and 64 °K (after McGee et
= L e 13 L1 ) RSP OUPPSPUR
Figure 238: Examples of triple-peaked H-line profiles from the Murraybank survey (after McGee and Milton, 1964: 129)...................
Figure 239: Examples of the peak brightness temperature (left) and radial velocity (right) contour diagrams along the galactic
equator from the Murraybank survey (after McGee and Milton, 1964: 143). ......ccccciiiiiiiiiiiiieeiiie e
Figure 240: The ridges of maximum intensity of neutral hydrogen for four spiral arm outside of the Sun's galactic orbit over-laid
on Kerr's (1962) map of hydrogen distribution (after McGee and Milton, 1964: 149). ........ccccceiiiiiiiiiieiiiiee e
Figure 241: HI Cloud thickness at half-power points plotted as a function of distance from the galactic centre. The different
symbols and associated numbers refer to the groups of observations. The triangles are from within the solar orbit.
The other represents the four different spiral arms (after McGee and Milton, 1964: 152). ........cccceiiiieiiiieeinieee e
Figure 242: The contours of integrated brightness of neutral hydrogen in the Magellanic System from the Murraybank survey.
The contour units = 2 x 10™° Wm™ st (after Hindman et al., 19638: 572). ....c.c.ccoevevrueeeeeeererreeeeeeeeeeeseseeeeeeenee e,
Figure 243: Contours of surface density of neutral hydrogen from Parkes 18-m (ex-Kennedy dish). The Magellanic Stream is
seen extending from the Magellanic Clouds (left) across the sky (after Mathewson et al., 1974: Plate 6).......................
Figure 244: The rotation curve for the LMC derived from median velocities of neutral hydrogen profiles. The centre of rotation
was R.A. 05:25, Dec. -68° (1960). The position angle of major axis: 5°-185°. A tilt of 55° was assumed. Note that
both sides of the curve are plotted together (after Hindman et al., 1963a: 580). ........cccuiiuiiiiiiieiiiiiiiiiee e
Figure 245: The contours of median radial velocity of the Magellanic System. The contour interval is 10 Km/s (after Hindman et
L R [ T TSy 4 ) TR PSP R TP OUPP
Figure 246: Line profile per square degree of sky from the LMC. The vertical line on each profile is +50 km/s (after Hindman et
= L 13 o A 2 ) R SO SRRR
Figure 247: Line profile per square degree of sky from the SMC. The vertical line on each profile is +50 km/s. Note the large
area of double-peaks. (after Hindman et al., 1963D: 568). ......cccuuiiiiiiiiiiiiieiiii et
Figure 248: Velocities of the main peaks of neutral hydrogen in the SMC showing the systematic separation into two groups
separated consistently by ~28 km/s (after Hindman et al., 1963a8: 581). .......cccouiiiiiuiiiiieaiiiiiiiiee e e e
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8. INTRODUCTION TO THESIS

This thesisexamines the cdribution to radioastronomy ofwork carried out at the Potts Hiind
Murraybank field statiors operated by the Division of Radiophysics, Commonwealth Scientific and
Industrial Research Organization, Australia. While a numberisibries of the early years of radio
astronomy in Austriia have been publishe@.g. Orchiston and Slee, 2005, Robertson, 1992, Sullivan,
2005) there has not been a comprehensive review of the specific contribution made by the Patid Hill
Murraybankfield statiors. Twenty field stationsrad remote site¢Figure 1) operated during the first 16
years (19451961) of Australian radio ¥ WU R QR P\ -B D WekdDfel8dtbH and Slee, 20058otts

Hill and the better historicaltdocumented Dover Heights field statif@g. see Bolton, 1982; Kellermann
et al., 2005; Orchiston and Slee, 2002; Slee, 1994; Stanley, 1994; Westfoldw&884he twamajor field
stations operating duringis period, although by 1952 Potts Hill had become the largest field station of the
Division (Pawsey, 1952f)

The Potts Hill field station was located on vacant land adjacent to a water supply reservoir on the
outskrts of suburban Sydney, some kén to the southwest of the central business district. A wide variety
of instruments was used at Potts Hill and a number of the scientists who worked there emerged as leading
researchers in Australian radio astronomy. For a petiachs the focal site for Australian solar radio
observations, and it was where the Australian confirmation of trm2Hydrogen emission spectiaie
took place. The Hydrogen line emission observations would become central to our early understanding
galactic structure and this was the catalyst for establishing the Murraybank field station so as to further the

receiver development and survey work that had commenced at Potts Hill.

®
‘10
158'°®

199 ¢P.

1
16
3§
180 7 ..

Figure 1: The twenty different sites in the Greater Sydney-Wollongong regions associated with radio astronomy. These were
Badgerys Creek (1), Collaroy (2), Cumberland Park (3), Dapto (4), Dover Heights (5), Fleurs (6), ) UHHPDQ YV 5 H@&ebrges
Heights (8), Hornsby Valley (9), Llandilo (10), Long Reef (11), Marsfield (12), Murraybank (13), North Head (14), Penrith (15), Potts
Hill (16), the Radiophysics Laboratory in the grounds of the University of Sydney (17), Rossmore (18), Wallacia (19), West Head (20).
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The dotted outline shows the current approximate boundaries of Greater Sydney and Greater Wollongong (after Orchiston and Slee,
2005a: 121).

Potts Hill was also the site of thdiscovery of he discrete source known SagittariusA at the centre of
our Galaxy, although many historiggorrectlycreditthis to work carried out at Deer Heightge.g. Kerr,
1983: 297; cf. Orchiston and Slee, 2002:.30he first use of Earthotational gnthesis occurred at Potts
Hill, but because it was not further developed, credit is now largely given to Cambridigigidton of this
techniqugChristiansen, 1989b)

To understand the contribution madePattts Hill and Murraybankit is necessaryo understand the
contextwithin which this work was carried out. There have been a number of publications examining why
Australia was able to make such major contributions to early radio astrof@ognyBowen, 1984, 1988;
Christiansen, 1984; Mills, 1988; Pawsey, 1956, 1961a; Roberts, 1954; Sullivan, 2005; Wild, M2r3)
of the histories that have been published are based on the direct recollections of the people involved and in
many cases by the researchers themselNn this context there has been much focus on achievement, and
perhaps rightly so givethe period of rapid developmeint a pioneering field by a nation still finding its
feet on the global scientific and economic stafjer World War Il While it is understandable that there is
a sense of e in the achievements, this theaitempts to stand back and examine these in a broader
context. Without doubtAustralia made a very significant contribution to international radio astmgn
achieved a nundr of worldfirst discoverés and developed new techniq(8allivan, 2005: 11)However,
someof the truly fundamental discoveries eluded Australian resear@@bristiansen, 1989a: 9Gn some
caseswhere the Australimresearchers did achieve wefidt developments they were slow to capitalise
on them(e.g. earth rotational synthesis imaging in Christiansen and Warburton, 19&5m) other cases
they were quick téake advantage ahediscoveries obthers(e.g. Hline confirmation in Pawsey, 1951b)
AustralialV LV R©Odo guRted as a factor thagsearbers faced in the 1940950s (e.g. Sullivan,

2005: 23) yet some of the first collaborationsth optical astronomersand early cooperative international
research projects originated in Austrdliag. Allen, 1947; Christiansen et al., 195T)he work carried out
at Potts Hilland Murraybanlcontains many of these examples and as such provides a rich illustration of

these contrds in the early development of Australian radétranomy

People shape history and Potts Hitld Murraybanknvolved, either directly or indirectly, nearly all of
the leading scientistsn first 10 years of Astralian radio sironomy. Some 4 researchpapers were
published duringl9491962 based on worgarried at Potts Hil(refer to Appendix A for a full listing of
thesg and a further 1papes were produced from Murraybank in the period 19884 (refer to Appendix
B for a full listing of thesd. Many of these appeared in tiheistralian Journal of Sentific Research

which was later to become tA@istralian Journal of PhysicsAlthough thesdwo journals were not widely
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read outside Australia, many of the findings also appearéthiare the Astrophysical JournalMonthly

Notices of th&koyal Astroomical SocietyandThe Observatory

During the International Astronomy Union (l.LA.U.) General Assembly heldSyainey in 2003,
Commission 41 History d Astronomy) and Commission 4R&dio Astronomy formed a joint working
group on Historic Radio Astronomy under Divisgod and XII. Oneof the objectives of this Working
Group s to document the technical specifications and scientific achievements of histegigaificant
radio telescopes and asgted instruments worldwid€Orchiston, 2006) This Thesis cover the
contribution to international radio astronomy of work carried out at the PottallIMurraybanKield
statiors and as sucprovides a detailed record consistent with the objectives dihr&ing Group.

9. RADIO ASTRONOMY IN AUSTRALIA

-DQVN\YV RULJLQDO L GH Q Wadf galdidbtighQvaR publiBhed iR 198Bah3ky, 1L F3R)

Initially there was little follow up in exploring the potential of this new discovery in the wider scientific

and astronomical organizations of thadi This wasot for a lack of publicityas the discovery made the

front page of thdNew York Timesn 5 May(1933)and was widely followed up in other press amdadio

news broadcasts. the 1930s only one scientific papgpearedt,Q UHVSRQVH WR -DQVN\TV C
was a theoretical paper published by Whipple and Greend@8v) that examined the mechanism that

might hare produced the detecte@diation. Some énative observations were madeor fexample

& D O WiPbEapgefhkb and Fotdl ZHUH DEOH WR FRQILUP -DQVN\TV GH&MEHFWLR(
aerial in the Mojave Dese(Reber, 1983)However, theywere unable to obtain funding to build a more
substantial instrument and no results were published. Apart from theeffoits of Grote Reber who

followed XS -DQVN\YV GLVHRIEH hobby shdpratbced a number of seminal pdRetser,

1940a,b, 1944)xhewider scientific community largelpverlooked the potential of radio astronomy for the

next ten yearsToday it is difficult to comprehend why there was so little initial interest. However, the
simplest explanationis that at this time astronomers were not familigith any portion of the
electromagnetic spectrum outside of the optical range and certainly did nat bagkground or training

in radio physics or radio engineering. As Reber observed

37KH DVWURQRPHUV ZHUH DIUDLG RI LW EHFDXVH W ISH\RG DGIQZAINMWU N Q R
LOWHUHVWHG EHFDXVH LW ZDV ¥Rntbbdrépt@NabatdyGvassyQifigio HoYadyghifgR Q VW L W
So, alright, if nobody was going to do anything, maybe | should do something. So | consulted eiframys

decided to build aish “ (Kellermann, 2005: 49)
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As more than one historiaof radio atronomyhas already remarked, Australiaadio astronomy, like
its countepartin WKH 8 . WUXO\ Z&Wrdb intfoDmughsRared (e.g. HanburyBrown, 1991;
Haynes et al., 1996)

$XVWUDOLDYTV LQYROYHPHQW LWUIRMWDM® :TRY H,UQ B I@Qgieh ERY P L
radar technology for the war effort were the events that would ultimately lead to the development of radio
astronomy in Australia. In 1939 the Australian High Commissioner to England, Stanley Melbourne Bruce,
cabled the Australian GovernmenttWWWK D UHTXHVW WR FIHGQGV B UH/XL RIEEfetWR FR
information regarding a new Allied developmdiitaynes et al., 1996) The person selected for this
mission was David Forbes Martywho was a Researchfii@er with the Radio Research Board of the
Australian Council for Scientific and IndustrialeBearch- CSIR (the precursor tthe Gmmonwealth
Scientific and Industrial Research OrganizatignCSIRO). Martyn visited the UK to collect this
information and returned it to Australédongwith a special report to the Prime Minister. This report led
directly to the formation of the Ragibysics Division of the CSIRith Martyn appointed as the first Chief
of the Dvision on 2 September 1939, one day prior to the commencement of World VWhe lhurpose of
this new Divisionwas to specifically focus on the development of radar for thesff@t, and he Division

ended up makingery significant contributions to the introduction of radar in the Southwest Pacific.

Meanwhile in the U.K. James Hey, who had been drafted into the Army Operational Research Group
(AORG) to examinethe perfornance of British Army radar, was investigating jamming by the German
Forces. On 27 and 28 of February 1942 severe jamming noise was reported across many radar sites, but no
enemy attack was evident. Hey recognised that the maximum levels of interferpeaedpo follow the
direction of theSun as it rose in the east and tracked westward, coincidentally in the same direction from

which a German jamming attack would commence. Asrdeglled

3, LPPHGLDWHO\ WHOHSKRQHG WKH 5R\DO 2EVHUYDWRU\ DW *UHHQZL

solar activity, and was informed that although we were within two years of the minimum of the sunspot cycle,

an exceptionally active sunspot was in tiaasross the solar disk and situated on the central meridian on 28
February. It was clear to me that tSanmust be radiating electromagnetic waves directfpr how else

could the coincidence in direction be explainednd that the active sunspot i@y was the likely source. |

knew that magnetron valves generated centimetric radio waves from the motion of electrons in kilogauss
magnetic fields, and | thought why should it not be possible for a sunspot region, with its vast reservoir of

energy and kawn emission of corpuscular streams of ions and electrons in magnetic fields of the order of 100

gauss, to generate metre wave radiafi@dey, 1973)

Hey (1942) wrote a paper on his findings, but this research wlassified under the wartime Secrecy

Act andsoits publication in scientific journals would have to wait until the ehdostilities in 1945.
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Independently, also in 1942, George Southworth was conducting work on developing more sensitive
centimetric receivers at Bell Telephone Laboratories in the U.S. He also detected radiation f8om the
and concluded that this wdset natural blackbody radiation spectrum extending down into radiogineg
for a blackbody of 6,008, which wasthe phobspheric temperature of tisein (unfortunately Southworth
made an error in the calculation of the temperature conversion and so he failed to recognise that the
temperature was actually 18,080(Pawsey and Bracewell, 19850) /LNH +H\fV UHSRUW 6R
initial report was also classifiqgGouthworth, 1942)so it was actually Grote Reber who became the first
person to publish in a scientific jourr@i the radio frequency detection of tBen (Reber, 1944)

$OWKRXJK ERWK +H\ DQG 6RXWKZRUWKTV SDSHUV RI WKHVH Gl
discussedvith colleagues working inadio,ionospherend radio communications research. Their findings
were however often met with a degree isbélief,or more often just ignored. As Bolton noted

37KRVH RI XV ZKR ZHUH DVVRFLDWHG ZLWK ORZ IUHTs@FRadioDGDU GX

noise] as a nuisance which could limit the detection range of enemy di(&ualfion, 1990: 381)

Pawsey(1961la) KDV QRWHG WKDW LQ ) - . HU UtoRbsertt césmiSradibO L P L C
ZDYHV EXW ZDV IUXVWUDWHG E\ FODLPV RI PLOLWDU\ ZRUN"

In early 1945, New Zealandlir Forceradar stations operating at 200 MHz observed similar radiation
from theSun as had been detected by Hey. This work was carried out by Elizabeth Alexamdievas
shared with Australian researchers, apart from a brief repofAlexander, 1945)remained unpublished
(see Orchiston, 2005; Orchiston et al., 2006)

At the end of World War Il, the role of the Radiophysics Divisiaas altered to focus solely on peace
time activities. This was a pivotal moment in the birth of radio astronomy in Australia. The decision was
made by the then Chairman ibfe CSIR, Sir DavidRivett. It meant that a highlgeveloped laboratory
with a traned and experienced staff became avadlafir a wide range of researadnd practical
GHYHORSPHQWYV (GZDUG *HRLLIN: HArDUubBfowsd BtZaH ,Q1992) replaced
Fredrick Whiteas the Chief of Radiophysiesidoversaw this transformation//hite had replaced Martyn
in late 1940, initially on an interim basis, however in 1942 this became permahentMartyn was
transferred to the post of Director of tAemy Operational Researchr@p. Martyn harboured an ongg

institutional and personal resentment against what he saw as a defRoti@ntson, 1992: 26)

Bowen had been heavily involved in the developmerdiiforne radar in the U.K. as part okttvar
effort. At the time the ision had @proximately 200 stafivho werehighly skilled in electronic research

and development. Bowen prepareda draft reporton the Future Progaimme for the Division of

17



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Radiophysics” which was presentefbr consideratiorto the 3%' Session of th€ouncil of theCSIR The
report was 26 pages in length and contained a phcagraph, titted® 6 W X G\ Rthudéf&iddm sources
Rl 1IRLVH 7KHUPDO DQG &RVPLF ~

3/LWWOH LW#¥thiN Qdsg @ndRa comparatively simple series of observations on radar and short
wavelengths might lead to the discovery of new phenomena or to the introduction of new techniques. For
example it is practicable to measure the sensitivity of a radar eedgivthe change in output observed when

the aerial is pointed in turn at the sky and at a body at ambient temperature. The aerial receives
correspondingly different amounts of radiant enefgsry far infra rel) in the two cases. Similarly, the
absorptbn of transmitted energy in a cloud can be estimated in terms of the energy radiated to the receiver
by the cloud. None of thesechniques is at present in us@Bowen, 1945: Section 1.2)

On the basis of this report, rmumber of indepereht research groups were formftusing on air
navigation, cloud physics, electronic computers, transistorsasuiéscribedbove investigation ofradio
noise sources. Thadio noise investigatiogroup was headed by Josdpde Pavsey(19081962: Kerr,
1963) andwould later becme known as the Radio Astronomydsp. Almost from the beginning of the
solar aQG FRVPLF UHVHDUreuKp thére3vnZ ¥ idid§evcatlaboration with the Commonwealth
Solar Observatory at Mount Stromlo, as noted in the first official Programme of ith&ob of
RadiophysicgBowen, 1946: Section 1.2 Solar and Cosmic Noise at Radio Frequencies)

Pawsey had joined the Radiophysigisision in 1940 and had been a team leader of a research team
producing radar systems. He hadrked at the Cavendish Laboratory at Cambridge under J.A. Ratcliffe
and had very early exposure to radio astronomy from his visit during the viae ®ell Telephone
IDERUDWRU\ ZKHUH KH EHFDPH DZDUH RI *HRUJH 6PaXsEyKarsB U W K 1
had access to the then still secret work of James Hiegto the New Zealand solar detections on
equipment that was similar to the radars being used in Australia. With this background Pawsey, together
with fellow researchers LindsaylcCready and Ruby Paysfcott, set out to conduct the first serious
project in radio astronomy in Australia the later part 0945. In Octber 1945, at Collaroy, about 20
kilometres north of Sydney, they used a Royal Australian Air Force (RAAF)M2A8 coastal defence
radar antenna operating in its passive receive mode to conduct solar observationsiot&tiehat the
radio emission that wadetected indicated a tempenatwf up to one milliorkelvin for some regions of
the Sun. At this time conentional optical measurement suggested a surface temperat6@00ikK.

Their results- the first Australian paper on Radio Astronomyvere published ilNaturein 1946 and the
paperwas W L W O H GreqééroyGdn&rgy from th8un” (Pawsey et al., 1946) A separatepaperby
Pawsey(1946)was later publishedin Naturealongside a theoretical paper by David Mari946b)that
predicted a temperature of 1 million K for the coron@avid Martyn was at this timeorking asan

ionospheric physicist at th€ommonwealth Sar Observatory at Mount Stromloear Canberra in
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$XVWUDOLD 7KHUH KDV EHHQ VRPH PL Q Rietefmin&iovi 0fRhé | bilionBY WR .
temperaturgreceded0 D U Wth@dfetical prediction or asconducted in confirmation of the prediaati

Hey(1973: 42)KDV DUJXHG WKDW LW ZDV FOHDWDK BW ZW H LYV HH] B B U0LPUHV
It is interesting to note that PaWssfV SDSHU DFNQR ZO H 6ul HoBviteDvergevertiougiR U N
there had been a number of discussions between the parties prior to publiédetiomentionedearlier,

Martyn had previously been Chief tife Radiophysics Division, but becaus&a combination of issues
associatedwith his management approach amse@arity concerns hehad been secondetb the
Commonwealth Solar Observataapd replaed by Bowen as the head of the/iBion. For this reason he

retained bitternesparticularly towardg8owen,and a keen sense of rivalry towsafds former colleagues.

In adetailedanalysis of events, Sullivgi2005: 19)has concluded that it was indeed Martyn who brought
attention to the earlier astronomical evidence indicating the possibilibeahillion degree temperatuire

the corona, andhat it was also likely tb W ODUW\Q SRLQWHG RetperatukebDndaswalidy uD S S
the Radiophysics teacould actually be equatedtteermal emission from the corona.

In March, 1946 a young Leading Aircraftsman stationed with the Royal Aust#slid&orce in Darwin
wrote to Radiophysics about his own experiments in detection of solar radio noise using a C.O.L. Mk. 5
Radar operating at 200 MH&lee, 1946) This was Bruce Sleavho would go on to become a very
distinguisted Australian Radio AstronomerHe received a very encouraging reply from J.N. Br{ti946)
who was then Head of the Division with details of Radiophyfkies) research as well as an offer to visit

the Radiophysics Laboratory if he were ever in Sydney.

Although the Collaroy work had been succaksbne of the problems confronting the group was th
low resolution of the 200MHz radar antennavith a beamwidth of~10° This limited thér ability to
determine where on tHaun  8sk the emission they detected had occurred, aSuh4 sk is only thirty
arc minutes in diameterhen observed from Earth. In a breakthrough, Pawisgy WadtBbRshedhat
interferometry could be used to improve resolutiomhe first interference fringes were observed on
Australia Day (26 January) 194\ landmark paper was eventually published in 1@M¢éCready et al.,
1947) after a lengthy and controversial delay by the British jourrfatoceedings of the Royal Society
(Orchiston et al., 2006: Note (2))his paperdid the foundations for interferometry and the use of Fourier
techniques in radio astronomf.dedicated Radiophysics field station was establish&baer Heightgo
further the seainterferometryresearch in place of relying on shared access to the RétARatCollaroy
(see Bolton, 1982; Slee, 1994)

The Dover Heights site consisted otancrete blockhouse on the edge &7&ft sea cliff with the
receiving aerials locatedeaby (McCready et al., 1947: 359) The configurationthus acted as an
interferometer. Radio signals from tBen as it rose over the eastenorizon were detected vibe direct

path, but also from the reflected path from the odestinface. Because the path lengths were different the
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DUULYLQJ ZDYHIURQWY FRQVWUXFWLYHO\ DQG GHVWU KdriveL YHO\ L
receiving equipment was first set up at Dover Heights, a very comspaspot group appeared. The
combination of these observatiottgether with the earlier observations at Collamryd a description of

the interferometry approach, was publishedhia initial paper irfNature The earlymorning interference

patterns recorded at Dover Heights established beyond doubt that the strong increase in radio emission
observedas a vertical strip from the interferometer measureroenelateddirectly with sunspot regions

on the solar disk. This paper also suggested the applicatiouoier synthesis as an analytitathnique

although it was not until the advent of the digital computer that this technique could be fully exploited.

At approximatelythe ame time a group of astronomers led by Martin Ryle at Cambridge University
had independently developed interferometry anddisd correlated radio emission wihrspots.In this
case they used a twadement interferometer rather than the-sgarferomeér techniqueAlthough strictly
speaking their observations occurred later, they succeeded in getting their work published ahead of
Pawsey's groufRyle and Vonberg, 1946)

During 1946 Pawsey had alsdMaWHPSWHG WR FR-@ebbiteR distbVvEry of)fidu@ing
cosmicsourcein the constellation of Cygnus. There is some disagreement in the historical record as to the

success of these initial attempts to detect the Cygnus source. Robetesn

3 ithin days hgPawsey]had confirmed the existence of signals from Cygnus é&ulreoted how
IOXFWXDWLRQV ZHUH QRW XQOLNH WKH (Mob&tdorR19pE XN VWV Y REVI

Bolton (1982)recalled W KDW 3DZVH\ ZDV XQDEOH WR mapiiippdrtedbyfive UHV X
fact that no paper was published on the subjecasthge.

At this same time Pawsey was actively seeking to expand the emergent group and recruited two young
physicists who were to become prominent figures in radio astrontiopin Paul Wildand John Gatenby
Bolton (Wild and Radhakrishnan, 1995) Wild was not actively involved in the observational work at
'RYHU +HLJKWYV DQG ZDV LQLWLDOO\ DVVLIQHG WR ZRUN LQ WKH

to provide the foundations for research at Dover Heights.

It wasDavid Martyn who suggested to Bolton that he investigatgdit@rization properties afurspot
radiation(Bolton, 1982) Martyn (1946a) working at Mount Stromlo using aelement Yagi array that
had been installed by Radiophysibsdobservedhat the radiation wasircularly polarized andeverse
sensewith passage of the centralendian. Bolbn set out to test this observatidwut unfortunately the
Sun at this stage had returned to an almost dormant state. Despite this set back he and his assistant, Bruce

Slee, set out to see if they could detect any other astioabbodies using the two gaarrays in a parallel
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FRQILIJIXUDWLRQ ORRNLQJ RXW RYHU WKH VHD %ROWRQTV NQR
rudimentary. Their reference library consisted of only two astronomy bodélsstonomyby Russell,

Dugan andStewartand 1 R U W Rdp fitlagBolton, 1982) With these they attempted their initial survey

work. According to Bolton(1982: 349) this lasted for only about two weeks when Pawsey arrived to
inspect their progress on the solar radiation work and folaithe Yagi arraysverenot pointng at the

Sunl Their observationsvere cut short and botimenwere reassigned to work back at the Laboratory,
curtailing any furtheresearchat Dover Heigks in 1946. Wild (1987: 99) KDV VXJJHVWHG WKDW
recollection of the circumstance leading to hismssigmentto the Laboratoryseemed out of character for

Pawsey

KDG SURYHG D GHILQLQJ \HDU IRU UDGLR DVWURQRP\ LQ $X
technique of radio interferometry to improve resolution. This technique would become of central
importance toWKH GHYHORSPHQW RI UDGLR DVWURQRP\ WKURXJKRXW V
would be clouded by the rivalry from the Cambridge gr(dpls, 1984). The group had also done much
of the work to clarify the nature o&dio emission from th8un and had alsadentified sunspots as a source

of radio outbursts through the use of interferometry.

In late February 1947 fortunes turned for Bolton. After his banishment from Dover Heights, he had
been working in the Laboratp building equipment for a solar eclipsgpeditionthat was to have been
conducted in Brazi(see Wendt et al., 2008)The expedition washowever cancelled and Pawsey told
%ROWRQ 3,1 \RX FHN@tod& Wi Al tRis dg@pment\R X FDQ KHEdNoH, 1982) He
also allowed Bolton to have Gordon Stanley assist hiBulton quickly gatherd the equipment and
relocatedo Dover Heights. Their first task was to construct receiving equipment that would allow them to
listen © the Cricket Test Match between England and Australia, which they emdgddy 11am on their
first day.

Soon after they had set up their equipment a large bigal@pot appeared on the limb of tisen.
After about a week of monitoring this spatver large solar outburst was detected on 200 MHz, 100 MHz
and 60 MHz receiverhich lasted for approximately 15 minutes in total. This was the first outburst of its
kind to be observed and would later be classified by Paul Wild as a Type |l outbursd ddatweeir
observations of detection time at the different frequencies they estimated an outward velocity for the
outburstin the solar coronaf approximately 1,000km/s, which gave a time i@#vel to the Brth of
approximately 26 hours. On the followirevening a prominent aurora was obserirecsydney an
extremely rare evend L Y HQ WsHKakituéfed ofg4 §§S. Theseobservatios werepublished inNaturein a
SDSHU WLWOHG 35HODWLYH WLPHV RI DUULYDO RH\BPPauasSeow RI VR
et al.,, 1947) The paperappeared together with data by RuPayneScott and DoriYabsley recording

delays of the order of 1 second betwshort solar bursts observedtab frequeries These observations
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showed that solar flareswere associated witltreans of charged particles, electrons and iondnich
travelledat very high velocities through the solar atmosphere. As the charged particlesitbacimore
rarefiedcorona, radio emissioaccured at progressively longer wavelengths, accounting for thaydel
observed between the different wavelengths. The following day as the solar storm copéipnescott

et al.finally managed to detect the circular polarization that they had set out to find in late 1946 and which

Martyn had predicted.

In August 197 a smaller field station was operating at Georges Heights overlooking the entrance to
Sydney Harbou(Orchisbn, 2004b) Like Dover Heights and Collaroy, this shiad been aradar station
during the war. An eexperimentall6-ft x 18-t alt-azimuth mounted radar antenna had been converted to
observe solar radiation at 200, 600 and 1,RB{z. These observations were conducted by Fred Lehany
and Don Yabsley(1949) and contributed to adfter understanding of emissidrom solar flares and
correlatiors to suspots at higher frequencies (600 & 1,200 MHz) and were complementary to the solar
observations being conducted at Dover Hesgat the same time.

In June 1947, Bolton ar@tanleyswitched their attention to nesolar sourcesf radio emissiorand set
out to conducan empirical search usirgpainterferomeg¢rsat 100 MHz and 200MHz. They quickly
detected the Cygnus sourcethat had been previously been reported by Hey and which Pawsey had earlier
unsuccessfullyried to detect. Of key importance was the nature of the interference patterns they detected
which indicated that the angular size of the source could be no hareight arc minutes in diameter,
which was a significant improvement on the early angular size estimate of being less than or equal to two
degreegHey et al., 1946) They monitored this source for some monilsle attempting to improve their
techniques and eventually wrote up their findings in November {Bdlfon and Stanley, 1948b)While
Hey had inferred that Cygnéswas pointlike, BotonDQG 6WDQOH\YV ZRUN QRZ SURYLGHI

On 6 November 194 Bolton and Stanleytwho had been joined by Sleedetected a second source,
TaurusA, which would later be identifieavith the Crab Nebula which is the remmaof a supernova
reported by Chinese astronomersAiD. 1054 (Mitton, 1978: 15) Shortly after this they dected two

other sources, Virgo A and CentauAisand at least two other possible sources.

Thus, 197 heralded the genesis of meolar radio astronomy in Australia. This work was of
fundamental significance in radio astronomy because it raised a number of key questions: What was the
origin of thesaliscretesources? How many other sources were tteare how were they distributedi?hat
was the cause of the variability in the Cygnus sourcBA/ LW SRVVLEOH WKDW PRVW RI
originated from discrete sources rather than large clouds of ionized interstellar gas as Jansky and Reber had

propo®gd?
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While the majority of observainal work was being conducted e field stations, in 1948 some
important high frequency solar observations were conducted by Norman Labrum, Harry Minnett and Jack
Piddington usig a converted WWII search light antenfmirror) O R F D W H Bagley W KdA \tg§l of
the Radiophysics Laboratory in the grounds of Sydney UniveHlityy found the dajyo-day variation in
radiation at the higher frequency of 240MHz was only a few percerand that the emission was
consstent with84% of the radiation coming from a uniform disk and 16% from a narrow ring around the
circumferencewhich they concluded wasonsistent w WK ODUW\QYTV SU@hteiigd RQ R
(Piddington and Minnett, 1949b)This instrumehwas also used to observe th@dh at24,000 MHz
(Piddington and Minnett]1949a) From these observations they concluded thatradio thermal emission
was consistent with thdoon having a solid surfaceovered by &hin layer of dus&about 40 cm in depth.

It was also at this time that the need for a new field statiopeaiAt a siteat Bankstown aerodrome
R.F. Treharne and A. Little were engaged in an program to develop a 100 MHz solar interferometry
instrument that would become the swigiie interferometer described ie@&ion10.4.5 In the September

1947monthly report to the Solar Noise Research Group, Treharne and Littte note

32XU EXLOGLQJ DW %DQNVWRZQ KDV EHHQ 3VROG  acqibith® HfV DQG % X|
another building” (Pawsey, 1947f)

In November 1947, they reportéuhat:

37KH JHDU LV QRZ LQVWDOOHG DW %DQNVWRZQ DQG WKDW GULIW LQW

phase shifter is still under constructiéPawsey, 1947c)

By April 1948, Paynescott was assigned to supervise the svapt irterferometry projet; replacing
Treharne PayneScott wasalsostill working with M. Clark at the Hornsbyalley field station recording
solar observationsvith a circularlypolarised 85 MHz aerial.In their monthly report Payr8cott and
Little noted

3A search for a & to replace Bankstown has resulted in the choice of Potts Hill reservoir (which should
also provide a suitable stretch of water fob&nd interferometry); negotiations with the Waterboard have
begun. Meanwhile equipment is being made to replace til@ahsand some obvious faults in the system

are being remediatédPawsey, 1948c)

The report also noted th@hristiansen had assumed responsibility for the 200, 600 & 1,200 MHz solar
observations at Georgéteights. In his report he notékat it was not possible to perform measurements
due to problems with the aizimuth mount of the 18 x 18-t Paraboloid
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In a letter to Pawsey, McCready reported:

3:HYYH IRXQG D JRRG VLWH RQ D ODUJH DUHD RI IHQFHG LQ DQG UHDV
between Lidcombe and Bankstown. Takes only 5 minutes longer to reach there by car than Geditges Heig

and large areas of water offer some possibilities for Harry Minnett aBdri{l interference patterns. By a

fortunate coincidence the Water Board Engineer with whom arrangements hdste tbeerconducted

visited a RP party sometime ago and quotinBhtNQHZ DOO DERXW 6RODU 1RLVH" +H LV P
X V(McCready, 1948a)

The Water Board employee referred to by McCreadys H. A.Stowe who was the Chief of Electrical
Engineering. Stowéad been one of the early Australian Amateur Radio Operatorbe maintained a
keen interest in the activities tiie RadiophysicDivision that continued even following his retirement
from the Waer Boardin 1957(Stowe, 1962)

By August 1948, Payn8cott and Little had installed the Swéjmibe Interferometer at Potts Hill and
obtained their first lobe patter@8lcCready, 1948c)

Thenew siteat Potts Hillprovided aropportunity b consolidate the solar prograamd he 1 November
1948partial solar eclipse that witdl be visible throughout souttastern Australi@rovided the catalyst for
action The eclipse observations presentedrétre chanceto more accurately determine the locasiof
localised radio emissiolRQ WKH VRODU GLVN E\ REVHUYLQJ WKH WLPLQJ RI
during the eclipe.In the later part of 1948 therefotbe Radiophysics Division established Potts Hill as its
main solar radiastronomyfield station and over the first half of the next decade it would become the
'LYLVLRQTV P DM Rugfotd HttnGtelysWeEuukingt® the urban growth o6 \GQH\TV ZHVWH

suburbs.

9.1. The Division of Radiophysics

Immediatelyafter World War lithe focus of the Radiophysics Division had shiftecoeacetime researciPawsey
(Figure2) headedhe overall research group of tBévision, under Bowen.Sullivan (2005)has extensively discussed
the beginnings of radio astronomy in Australiecluding the key role that both Bowen and Pawsey played in leading
and fostering the developmenf a group that by the late 1950s had produced nresearchpapers in radio

astronomy than any other group in the world.

Immediately following the warthe research group comprised four main subgroups: Propagation, Radar
Meteorology, Mathematical Physics, B#&rds and Vacuum Physicghe Propagation group was so@mamed th
Solar Noise Group and following thhecane known as the Radio Astronomy GrompApril 1949 (Christiansen,
1949a)
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Figure 2: Dr. J.L. Pawsey (Courtesy of ATNF Historical
Photographic Archive: B7454-1).

The June 194%8tructuralchart of the Radiophysics Division shows that the Propag&@ioup was

organised into fousutgroups(1947)

a) Piddington: Minnett
Hindman

b) McCready: PayneScott
Yabsley
Smerd
Bolton
Stanley
Slee
Medhurst

c) Kerr: Shain
Higgins

d) Munro: Treharne

Piddington was the senior méer of the Group as a Princifgésearch Officer. The next most senior
member was McCready as a Senior Research Offdfehis group, PiddingtorMinnett, Hindman, Payne
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Scott, Yabsley and Smerdiould all go on & conduct research at the newelstablished Potts Hill field

station.

ltisintHUHVWLQJ WR QRWH ZKHQ WwaK fitst\wddpidel ahe&RaddpRysRIiVisldiR Q R P\
During a vidt to the U.S. in 1942948, Pawsey was invited to attend a meeting that was being organised
by C.R. Burrows of Cornell University. It was intended that this meeting be held immediately preceding
the March 1948 I.R.EConvention. The title of the meetimgasMicrowave Astronomy|n reply to a letter
from Pawsey on the topic Bowen stated:

3, GRQIW WKLQN PXFK RI %XUURZVYT LQYHQW ARQoOfR lis deKaihywmatW OH 30L F U
PLFURZDYH DQG , DP QRW DW D O QBOWXN)H4BRHWKHU LW LV DVWURQRP\ ’

Pawsey did not attend this meeting, but while in the U.K. received another invitation to submit material
for a session during thilay 1948 U.S.R.l. Conferencéitled Radio AstronomyThis session of the
conferenceavas chaired by J.P. Hagen 7KLV WLPH LQ UHVSRQVH WR 3DZVH\TV DGY

* QFLGHQWDOO\ , OLNH WKH WHUP 35DGLR $VW U RQRyRt\Werp XéiK EHWWH U
FRQVLGHU DGR SWRB@EnLIGASHIHQHUDOO\ ~

JXVW RYHU D \HDU ODWHU WK farrivdily ddepiet) by RamphyEidg With REQdRanp§
of name of thd’ropagation Committeto theRadio Astronomy Committeas noted in the minutes the
meeting of thel1 April 1949 (Christiansen, 1949a)

The headquarters fohe Radiophysic®Division was located on the grousidf Sydney University. This
acted as the hub of activity for the Division. From its beginnings in radar research the Division had
operated a number of remote field stations. Originally these were generally at military Sitesvel]
with the shift topeacetime activities new sites welmingsought out.For a discussion of operatioatthe

variousfield statiors see Orchiston and S|¢2005a)

Pawsey coordinatethe activities of the field stations and the overall research programme through a
series of regular meetings at headquarters, but also by regularly visiting the field stations. Although he had
increasinty less time for his own researclhe had a majornfluence and his contribution was

acknowledgd in nearly all of the published worksnanatingrom the Radio Astronomy Group.

J.D. Murrayf Kcollection(2007) of the early meeting€19481951) of the Solar Noise Bup was that
it always seemed simpte get support to justify solar research within the group, but much harder to justify

looking at cosmic sources. He felt this vieft overfrom experiences duringvorld War ll. The passage
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of two German warships through tBaglish Channel undetected by radar (presumably due to solar noise)
meant that any research that could shed light on solar noise was always well suppug&duld change

substantially in later years with the success in identifying discrete cosmic s(@woites et al., 1949)

Pawsey promoted a strong relationship between theoretical and observational work. On 18 May 1948 he
wrote a three page memo to the group ountjrhis views on the réationshp betweerpursuing research on
theoretical line§ DQG pH[SOR U2 WRclude®hiahteMd as follows:

3$QG ILQDOO\ PD\ , UHPDUN WKDW D UHVHDUFK JURXS LV QRW KHDOW
criticisms of the practical peoplend viceversa Out of the clash of personalities come ideas, but it is

equally essential that the criticism should be open and friendly and accompanied by a generous measure of
DGPLUDWLRQ IRU WKH RWKHU PDQYV VSHFLDOL ks htaneh@f MikdadX JK LW K
DFKLHYHPHQW LQ FRPSD(PawWRW1Z48Y K RQHYTV RZQ

In 1948 Christiange had joined the Division as Senior Researchffi@er, which wasof the same level
as McCready and second onity seniorityto Piddington. After initially working at the Georges Heights
field station, Christiansen joined Pay8cott and Little at the newdgstablished Potts Hill fid station to
observe the partial solar eclipseloNovemberl948 He was joined bywo other teamsPiddington and
Hindman, and Minnett and Labrymvho conducted their own observations of the eclipse at different
frequencies. Potts Hill became the cdtrR1 WKH 'LYLVLRQYY VRODU SURJUDP ZLW
spectracopywork whichhadbeen initiatecat Penrithby Paul Wildandthen relocated to Dapto

In 1951, Kerr returned from a fellowship in the U.S. and toadr from Christiansen th&ork program
on the newlydiscovered Hine. Christiansen returned to his solar reseandtich he maintained for the

remainder of his time at Potts Hill.

As theactivities of thefield stations expanded, coordination became more difficultaedriones their
activities could also be in competitiomhe minutes of the meeting of senior officers of the Radio
Astronomy Group held on 21 August 1951 detailed the demarcation of research and some of the protocols
to be applied within the grou@ills, 1951a) In attendance at this meeting were Pawsey, Mills, Bolton,
Piddington, Bracewell, Shain, Gardner, Smerd Ckéady andVild. The allocations listed inTable 1,

were agreed:

Table 1 - Research Topic Allocations

Area Research Focus Principle Researcher

Observational Research:

lonosphere D-region temperature and echoes Gardner
lonosphere Long waves Bracewell
Sun Metre waves *Interferometry and Spectrometry wild
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Sun Decimetre waves +Examining and continuing records Piddington

Sun Decimetre waves *Interferometry Christiansen
Cosmic 18 mc/s & 19 mc/s Shain

Cosmic Metre waves +ClIiff Interferometry Bolton

Cosmic Metre waves *Michelson Interferometry Mills

Cosmic 1420 mc/s =Preliminary experiments Christiansen (Kerr)
Cosmic 1420 mc/s +Development of gear McCready

Cosmic 1420 mc/s =Subsequent work Kerr (tentative)

Non-Observational Research:

Hydrogen Theory of spectrum emission wild

Sun & Cosmic Review of emission mechanism Piddington
Sun & Cosmic Review of quiet Sun Piddington
Sun Burst theory Smerd
Sun Editing of QBSA in place of Allen Smerd
Sun Terrestrial (meteorological) relations and exploratory Piddington

investigations

At this time Piddington, Christiansen and Kerr were the research leaders at Potthk Wals agreed at
this meetingthat althougtthere was a formialemarcation of researareas, the general goal wstdll to
promote informal collaboration and cooperation. disvalso agreed that no new fields of research would
be undertaken without first discussing the research with Paasdythat all new research papers would be
first presented in draft to the Radio Astronomy Group for review.

At times there were also disj@s as to priorities on research within a field station. A good example of
this was a dispute between Pay@mott and Bolton at the Dover Heights field station. As Pawsey noted in
a letter to Bowemlated 8 December 1947

3, KDG D OHWWHU QOblady] il Whielv be mefdtioned that there had been some sort of
showdown between Ruby [Payeott] and John BoltonThis is not unexpected to me as Ruby seemed to

me to be getting in the way at Dover [Height#js | understand it, Lindsay has the sitoatiwell under

FRQWURO DW DQ\ UDWH ZKHQ KH ZURWH WKH OHWWHU, IGIRQIQ DUUD
think Lindsay had mentioned this to you, and | am only doing so because there might be some future
complications in which Lindsay mht require your backing.0\ IHHOLQJ RQ WKH PDWWHU LV W
actions are likely to be above reproadhalso think that Bolton has, through his hard work and effective

results, earned the right to take control of Dover, so that anyone workirgg gl be doing so at his

invitation.  (Pawsey, 1947¢)

This example shows that Pawsapported a hierarchy of operations at the field stations with clear lead

researchers.

8QGHU 3DZVH\TV OHDGHUVKLS WKH *U RPpr&che rdeaizh Withld th&® SH Q
Group, but also with external groupsften sharing researaiesults pior to publication From the very
beginningthe Goup had a very strong relationship with the Commonwealth Observatory at Mount

Stromlo. Pawsey also maintained strong relationships with overseas groups, pariictiferly.S., U.K,
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Canada, France anithe Netherlands Regqilar visits were conducted and Visitingellewships were

supported.

As a product of Wrld War 1l the Goup had acess to a vast store of surpluditary equipment on
which to draw for the construction of their original instrumé®tsllivan, 2005:12)As time progresthe
Group grew and the size and complexity of instruments and psaatstrippedthe resources of the ex
military stores. Fnding of projects was always assue requiringa great deal ofesourcefulness and
creativity in constructingiew instruments. However, ultinately the early success of thed@p led to

increased tension and competitimver which projects would receive funding.

By the mid1950sresearch athe PottHill field station hadreached its peakinsufficient space at the
field staion and radio interference from the growing suburbs of Sydney had begun to take their toll. Mills
was the first to relocate his discrete source reseauitially to Badgerys Creek and then to the Fleurs field
station. He was later followed by Christsen who needed ade area to construct his cramsay. The
solar monitoring work continued at Potts Hill for a period in support of both Dapto and Fleurs. Finally, the
H-line suvey work at Potts Hillwas transferredo Murraybankand then tdParkes The Potts Hill 36ft
aerial continued to be used as a test bed for receiver trials thatilb4m Parkestelescope was

commissioned imate 1961
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10. RADIO ASTRONOMY AT POTTS HILL

This Section begins with a short history and description of the Rdittssite. It then introduceghe
principalresearchers who carried out observations at Pottsal the instruments they used. Finally, the

overall research contributions are examimedetail
10.1. The Potts Hill Site History

Potts Hill owes its nam& Joseph Hyde Pottsvsho bought the original allotment of land in 1834 from

H.G. Douglag(Perrin, 2006) J.H. Potts washe firstemployee of the firstdnk in Australia, the Bank of

NSW, which later became Westpac Banking Corporation. He was reputed to be a keen mathematician and
URVH WR WKH SRVLWLRQ RI DFFRXQWDQW +H ZDV DOVR DQ HIF
notes(Macarthur, 1998)

The rapid growth ofSydney and its suburbs in the late™1€entury outpaced the ability of the
infrastructure, particularly sanitation and the water sugplgope. As a result of growing lplic concern,
in 1867 the NSW Government appointed a Commission of Enquiry to establish a system of supply of fresh
drinking water for the city of Sydney and its subufbswis, 1979) The Commission heard evidence for
nealy two years before recommenditige construction of a scheme known as the Upper Nepean Scheme.
This scheme involved pping the head waters of the Nepean River and its tributaries, the Cataract,
Cordeaux and Avon River@easley, 1988) A series of weirs wag be used to divert water and feed
tunnels,canals and aqueducts into a system kmas the Upper Canal. From here the Upper Canal
transported water to the Prospect storage reservoir and then via the Lower Canal to a basin at Guildford
(now called the Pipe Head). It was therbepiped to a serge reservoir constructed at Potts Hill and then

on to Crown Street in the city of Sydney.

Much controversy ensd following the selectiof this scheme, primarily fuelled bynsuccessful
rivals $W WKH VDPH WLPH 6\GQH\TV L @oratd W8I X BheVNSWHGdvEinahit Q X H (
employed the English civil engineer W. Clark to conduct an independent review. This review endorsed the
original selection, but also recommendidta number of additional reservoirs be constructed to cope with
the ircreasing demand. In 1879 an Appropriation Act was passed authorizing a public works loan for the
Upper Nepean Scheme. Work commenced in 1880 and continued untivh88&e system was handed
from Public Works to the Board of Water Supply and Sewerdde Board had been constituted at the

same time as construction was commenced, but was only called into being on completion Q@&ks
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As Sydney continued to grow, the need@inupgrade its water supply became apparent and in 1913
construction of a second reservoir was commenced and included the construction of a railway link from
Lidcombe to Potts Hill. This reservoir was signifidgiarger than the first and took ten years to complete.

All twenty-two hectares of the reservoir was lined by concrete that was laid byBeasley, 1988)

Since 1923 théayoutof the eservoirs has remainglde same and they continue to provide an integral
SDUW Rl 6\GQH\YV ZDWHU VXSSO\ 7KH\ KDYH PRUH UHFHQWO\ EFt
recognition of their historical importance to the development of Sy(#G86)

For the period 1948 to 1955 Potts Hill also served as a migrant camp for future Water Board employees.
Many of these migrants worked on the City Watenfiel which was constructed from 1946 to 1957.

In 1948 RadiophysicDivision obtained permission from the Board of Water Supply and Sewerage to
operate a field station on vacant land adjacent to the Potts Hill service redaraditterdatedJune 148
UHSRUWLQJ RQ SURJUHVYV GXULQJ 3DZVH\TV(1pbmBwredEH LQ WKH 8 6

3:H D#liHin the paper stage of negotiations with the Water Board, but all will be quitet@t the

slightest evidence to suggest that they will offer less than 100% coopeftation

7KLV ZDV WKH 'LYLVLRQYV VHFRPQ6Er HeMsRid byL1952 Gad/MdoneliieQ DIV
'LYLVLRQTV O DU JHhe BpetatingCaBangdnBritwiitR e Water Boaes largely informal in
nature. In March 1952 Pawsey met with the President of the VBa@nd, Dr. T.H. Uptonto seek
permission to expand theperations at the field statiqiPawsey, 1952c¢) This was readily greed to and
theyalsoagreed to continue the operationaminformal basis. Dr. Upton requested an article of general
interest that could be included in the Water Board Journal and this was subsegepaitggpby F.J. Kerr
(1953b)

In June 1954 the Wat@oard began constructiorf a welding workshop at Potts Hi{Kerr, 1954a)
Electrical interference was becomimn increasing problem and the interference from the welding shop

when it became operational exacerbated the problem.

Radiophysics continued operations until 1962 when the field sthtaperatios were fully transferred

to other field stations.

10.2. The Potts Hill Site Map

Potts Hill is located 23 kreouthwest of the city centre of Sydnéelyigure3).
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s district of ydney (©2007 MapData

b el 1170 e ) | RREE o ~by = R
Figure 3: Potts Hill (circled) is located 23km to the south west of the central busines
Science Pty. Ltd, PSMA).

Potts Hillis part of the Bankstown local council regiand is now totdy surrounded by the western
suburbs of Sydneyln 1948 Potts Hill was still on the outskirts of surburban Sydhegay, he resewirs
are bordered by Rookwood Road to the east and the Regents Park rail linedetthe

Radiophysics occupied the vacant land to ithenediatenorth ofthe No.1 resemwir (Figure 4). The

southern and eastern sides of the No.1 reservoir were used for theestiand norttsouth arms of the
solar grating arragy/
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Figure 4: The vacant land used by Radiophysics Division is shown marked by a dashed box. In

this diagram North is up. (© 2007 MapData Science Pty. Ltd, PSMA).

Figure5 shows an aerial view of Potts Hill taken from the north looking south. The main part of the

field station is shown in the foreground of No.1 reservoir.
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|

Figure 5: An aerial view of Potts Hill taken from the north looking south. The main part of the field station
is in the immediate foreground (Courtesy of ATNF Historical Photographic Archive: B3253-1 Image Date:

19 March 1954).
In a letter to Pawsey in 1948 soafter the field station was established, McCready notes:
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S3RWWV +LOO ILHOG VWDWLRQ >LV@ D EHDXWM¢tEréady,1M8t) ZLWK DOO !

Figure6 shows arequivalent view toFigure5 today. The layout of site remaimuch the samas the
1V 7KH WUHHV KDYH JURZQ VRPHZKDW DQG WKH UHVHUYRLU
occupation by Radiophysics have gone. Only the remains of some foundations and two small huts remain.

Figure 6: Potts Hill in 2007. The image shows a similar aspect to Figure 4 (©2007 MapData Science Pty. Ltd,
PSMA Image ©2007 DigitalGlobe).

Figure9 shows a Ioser view of the field station, again taken from the north looking south. The 36
Transit Parabola is visible in the foreground andli x18-ft Paraboloid is just visible on the left of the
image. The Solar Grating Arragan be seen in the backgnelion the southern and eastern sides of the

reservoir Figure10shows the position of the Mills Cross prototype near th# £6L8-ft Paraboloid.

Figure7 shows a sketch of the original plans for Potts Hill field dating from mid 1948e plan shows
the proposed site at the northern end of thelNeservoir. In this plan south is up.
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Figure 7: A sketch plan for the Potts Hill field station from mid June 1948. At this stage only the Swept-Lobe
Interferometer, the 16-ft x 18-ft and two Yagi arrays appear on the plan (Courtesy of the National Archives of
Australian +972098 - C3830 - A1/1/1 Part 3 Box 1).

In this sketch planhie positions of the Swepbbe Interferometer aerials (Aerials 1 to 3) had not yet
beenaligned on an eastest baseline. Aerial 4 was the refege aerial used in conjunction with the
interferometer. The 18 x 18ft Paraboloidis shown orthe planin its correct position This should be
compared tdrigure 8 which shows the full complement of instruments that were eventually installed at
Potts Hill.

Figure 8 shows the locations of the major instruments that were operated at Potts Hise @le
described in detail iSection10.4
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Figure 8: Site Map showing location of major radio telescopes used at Potts Hill.
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Figure 9: A closer aerial view of the Potts Hill field station looking toward the south. The E-W and N-S Solar Grating Arrays are visible

on the far and left banks of the reservoir respectively. The main field station with instruments marked by circles is visible in the
foreground. From left to right these are the 16-ftx18-ft Paraboloid, the Four Element Yagi, the central Yagi of the Swept-Lobe
Interferometer, the Single Yagi used in conjunction with the Swept-Lobe Interferometer, the 36-ft Transit Parabola and its reference
aerial. The 68-in and 44-in Parabolas are just outside the image located to the left (due east) of the 16-ftx18-ft Paraboloid (Courtesy
of ATNF Historical Photographic Archive: B3475-2 Image Date: 19 March 1954).
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Figure 10: Potts Hill field station looking west with visible instruments marked by circles and the crossed lines. The Mills Cross

prototype is in the foreground. Next to it is the 10-ft Portable Parabola and the 16-ft x 18-ft Paraboloid. In the background are the 36-
ft Transit Parabola and its reference aerial. The Yagi arrays are just out of the picture to the left, however one of the equipment trailers
is visible. The 68-in and 44-in Parabolas are behind the photographer and to the left (Courtesy of ATNF Historical Photographic
Archive: B3171-4 Image Date: 7 October 1953).
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10.3. The Potts Hill Researchers

This section provides a brief overview of the peogh® conducted researelt Potts Hill. The instruments

they used and their research programs ascdbed in detail isections10.4and10.5

At the outset, three main groups began researétotts Hill The first of thesgroupswas headed by
Ruby PayneScott whohad taken over development of the Swept Lobe Interferometemearsdworking
with Alec Little. This work continued until Payrgcott resigedin 1951.Figurell shows Payn&cott and
others at Potts Hill in 1948.

Figure 11: Potts Hill in 1948-9. From left to right are Ruby Payne-Scott, Alec Little, George Fairweather, Alan Carter and Joe
Pawsey (Courtesy of ATNF Historical Photographic Archive: B12759-1).

Christiansen was placed in chamgfethe main solar instrument at Potts Hill, thefix6.8-ft Paraboloid
and initially worked with Yabsley and Mills and later with Warburtonthe Solar Grating ArrayAfter a
short stint in solar researdbllowed by some initial discrete source investigatjdvdls left the group to
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conduct his own researcn discrete cosmisources antb setup the Badgery Creek and then Fleurs field
stations. He returned briefly to Potts Hill to work wikec Little on theconstruction of thgrototype for
the Mills Cross.The thrd group was leady Piddington working with MinnettLabrumand Hindman.
From the outset Piddington was interested in conductisgnic as well as solar research. Hiterests
shiftedaway from observational research to concentrate on theonmetsesrch. He later collaborated with

Wade and Trenwith Hindman taking a lead role in observational research

The team structures during the life of the field stationewmot rigid. At diferent times,different
alliances were formed. For example for the initialiré confirmation, Hindman joined Christiansen on
the receiver development and initial survey. Thend work was subsequently taken over by Karhis
return froma fellowship at Harvard Observatory in the U.8nd Hindmarcontinued to workvith Kerr for
the remainder of the survey.

Several junior researchers began their careers at Potts Hill, notably Davies and Roliasties
worked with Piddington on solar research &uwbinson on the Hine survey with Kerr. In addition, wo
Indian radio astronomers, Swarup and Parthasarathy, took part in a CdRbanbgrogramme research
fellowship at Potts Hill. Unfortunately, Radiophysics had no budget to support research students
undertaking their PhD researclhis meant that the up and coming researchers were forced to seek
positions overseas to further their caredPawsey had noted théeriouslimitation on talent development
as early as 195(ullivan, 2005: 28)

Both Christiansen and Mills left Radiophysics near the end of the life of the Potts Hill field station.
They had championethe construction of alternate instruments to that of the Parkes Radio Telescope.
B8OWLPDWHO\ WKH '"LYLYV bEURERN thegeXaltedrtate/ instRidedS aiRviifs and Christiansen
left the Dividon to pursue their research at the University of Sydney

Of the Potts Hill GroupMinnett would go on to becom€&hief of the Radiophysics Divisiowhile
Robinson would becomelaader of the Astrophysics Group at Epping in the 197@hristensen, Mills,

Minnett, Piddington and Robinson were all elected as Fellows of the Australian Academy of Science.

10.3.1. Christiansen

Wilbur (Chris) NormanChristianser(19132007:Figure 12) joined Radiophysics in 1948 from Australian
Wireless (Australasia) A.W.A. where he had worked on aerial degitgnwas unique amongst the lgar
recruits to Radiophysics in that despite working on radio adgaign, he had harboured a lelegm

ambition to work as an astronom{&ullivan, 2005: 14)
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Christiansen was recruited into a senior role within the Division, filling a vacancy that had been created
E\ /HKDQ\TfV WUDQVIHU W RetNntldgy.LHélwdd $0eh dstabliCheld-a8/tbeRead researcher
of the solar research program at PottdsHilOne of his major achievements while at Potts Hill was the

development of the Solar Grating Arrays.

Christiansen, working with Hindman, was also responsible for the Australian confirmation cfitiee H
detection. They went on to conduct a preliamn survey of the Milky Way and obtained the first
indications of a spiral arm structure in our Galaxy based on neutral hydrogen observations. After
completing the preliminary survey, Christiansen handed the leadership oflihe fdsearch program to
Kerr and returned to his solar research and the construction ofgh8dlar Grating Array.

Figure 12: W.N. Christiansen in 1957 (Courtesy of National Archives of
Australia: Image No. A1200, L23589)

In 1954, Christiansen spentyaar as a Visiting &llow at Meudon Observatonear Paris, France. On
his return,he decided that rather than relying on earth tiotaal synthesis to produce tvadmensional
scans of the @, it would be possible to construchaw type of array basemh Mills fcross design that
could producelaily two-dimensionaimages of the @. As Potts Hill had insufficient space to construct a

cross array, Christiansen decided to move operafaning Mills at the new Fleurs field station.
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At Fleurs he builtthe p & K (CtogsY Thiswasa highly successfuinstrument thatontinuedoperation
for manyof years. Ultimately Christiansen sided with the group within Radiophysics that preferred the
program of contiuing with constructing spectalurpose instrumestrather than investing in the ftiu
purpase, but very expensive, Parkes RadéeScope. He lefRadiophysics in 1966 join the University
of Sydney wherehe continued with the development of what would becothe Fleurs Synthesis
Telescope.

H & K Chrigtfansen died in Canberra on 26 April 206@r a more detailed biography see Chrompton
(1997)

10.3.2. Davies

Rod D. Davies (Figure 13) joined Radiophysics in January 1951 as a graduate recruit together with
Warburton after having completed a Physics degree at the Universitdetfide As part of his induction

to the grop he was assigned to work at Potts Hill under the direction of Christiansen. During 1951 he
helped with the construction of theW Solar Grating Array as well as spending tiat¢he Radiophysics
Laboratory. His laboratory work led to collaboration with Pidtiom on an analysis of the lotgrm solar
recordsand his first scientific publications.

Figure 13: R.D. Davies in 2001 (Courtesy of the European
Space Agency)

After the announcement of the detection of thdind in the U.S., Davies was assigned to help

Christiansen and Hindman with the Australian detection attempt and the subsequent survey work.
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In September 1953, Davies left Radiophysics to take up a poaiian assistant lecturer in the Physics
Department of Manchester University in the U.K. Here he began research at Jodrell Bank under Lovell
and was involved in the staup of the Hline group at Jodrell Bank. He went on to have a distinguished
careerin radio astronomy including the directorship of Jodrell Bank from 1988 to 1897992 he was
electedas a Fellow of the Royal Society arsdcurrently Emeritus Professor of Radio Astronomy at the

University of Manchester.

For a more detailed overvieR| 'DYLHVY WLPH DW 3®R0BWYVY +LOO VHH 'DYLHV

10.3.3. Hindman

James (Jim) VHindman Figurel14) was a long term member of the research team at PottsHdilktarted
at Potts Hill working with Piddington on ebrvations of the partial solar eclipseloNovember1948 and
also worked with Christiansen on the mdifdquency solar observations program.

In 1951, hejoined forceswith Christiansen to work on the confirmation detection of the Hydrogen
emission line and went on to make the firstHLQH VXUYH\ RI WKH *DOD]|\ 2Q .HUUY
Hindmanworked withKerr on the construction of the g6 Parabola and thewent on to survey both the
Magellanic Clouds and the Milky Way at-2in.

Figure 14: J.V. Hindman in 1952 (Adapted from ATNF Historic
Photographic Archive: B2842 Image Date: 8 August 1952).
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Following completion of the Hine survey in 1959, Hindman worked with Wade on some source
investigations at 1,400 MHz again using thef8®arabola. This was to be the last program of

observationst Potts Hill, and the last using the-fs¢*arabola.

Hindman continued a long associatiwith Kerr, collaborating with him on Hine research using the
Parkes Radio Telescope and publishing their last joint paper, part five of a series on a survey of the Milky
Way, in 1970.

10.3.4. Kerr

Frank John Kerf19182000: Figure 15) joined Radiophysics in 1940 having completed a BSc in Physics
and an MSc on the refractive index of gases at radio frequencies with the University of Melbourne. The
onset of WWII had prevented him from undertaking a PhD at Cambridge University; however he was
subsequentlyawarded a DSc by Melbourne University in 1962. During the war years he worked on
airborne radar and the effect of supefraction on radafKerr, 1948)

L HUUTV L Udradid Bstudndmy @ame in 1948 when he worked on a project to obtain radar echoes
from the Moon(Kerr et al., 1949) He also went on to consider the feasibility of obtaining echoes from the
other planets and the Sggerr, 1952)

In 1951, Kerr was awarded a Fulbright Travel Grant and a research scholarship to Harvard to study
astronomy. He wathe first member of Radiophysics to formally undertake studies in astronomy. It was
during his time at Harvard that tf2d-cm hydrogen emission lingas first detected. A full description of
WKLY GLVFRYHU\ DQG .HUUYfV LQYROXHPHQW LV GLVFXVVHG LQ VF}
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Figure 15: F.J. Kerr in 1952 (Adapted from ATNF Historic
Photographic Archive: B2842 Image Date: 8 August
1952).

Kerr returned to Australia in 1952 to take over leadership of tHmeHresearch program from
Christiansen. A new dedicated-86Transit Parabola was constructed at Potts Hill and working with
Hindman, Robinson and later M.S. Carpenter, Kerr conducsenivay first of the Magellanic Clouds and
then the southern Milky WayThis survey was a major undertaking and would span from 1952 until the
final paper in the series was published in 1959.

During 19521953, Kerr collaboratedclosely with Gerald de Vaucouleursfrom Mount Stromlo
Observatoryto determine estimates of the rotation rates l@mntemasse®f the Magellanic Clouds This
ZDV WKH ILUVW Wads® hhadizerd BsDriaféd Wased on radio data, as veebedng the first
detection of neuwal hydrogen emission from an external galadtiywas also one of the first examples of a

joint optical and radio research project.

Kerr worked closely with the Leiden growghich conducedthe northern sky Hine surveyfrom 1954
to 19%7. Togetherthesetwo groupsproduced the first maps of trepiratarm structure obur Galaxy.
One unique discovery in thiSHULRG ZDV WKH GHWHReWal& dskwiichukedrU S q
suggested may be the result of a tidal action from the Magellanic Clo&dst of this work led to the
redefintion of the coordinates of the GalactiaiRe. The I.A.U. adoptethese new coordinates in 1958.

By this time Kerthad becomene of the leading experts in the field of galactic structure.

With the first Hline survyH\ FRPSOHWHG . HU tUMpYs HI) 3150 @arrte PoHeQdNas [id the

useful life of the field station itself. Kerr went on to be heavily involved in the conceptual studies for the
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ParkesRadio Telescope and planning for futurelide surveys. In 198, he left Radiophysics to take up a
position as &/isiting Professor at the University of Maryland, where he remained until his retirement in
1987.

Besides research publications, Kelsopublishedpopular articles on radio astronomy at Potts {dily.
see Kerr, 1953c; Kerr, 1958mxluding a report specifically for the Sydney WaBaard(Kerr, 1953b)

For a more detailed biography see Wester(2000)

10.3.5. Labrum

Norm R. Labrum(Figure 16) hada uniqueassociation with Potts Hill, being a member of a team working
with Harry Minnett on observation of the pgattsolar eclipse of 1 Novembé&®48 which was one of the
first solarobservations at Potts HillHe then had an 11 year break in his involvenimiore conducting
observation of the 8 April 1959 partial solar eclipse.

Figure 16: N.R. Labrum in 1948 at Potts hill attending to the
68-in Parabola (Adapted from ANTF Historical Photographic
Archive: B1581-3 Image Date: 26 October 1948)

Labrum went on to a long career within th&ision, specialising in glar radiophysicsaandculminating
in the publicéion of the classic book titleBolar radiophysics: Studies of emission from $umat metre
wavelengthgMcLean and Labrum, 1985)
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10.3.6. Little

Alec G.Little (19251985:Figure17) had joinedRadiophysics in 1940 as a messenger afteirigaschool
at the age of 15. Hsoon acquired a position as a junior laboratory assiatahthisabilities as a gifted

technician were quickly recognis@@reeman, 1991: 94)

In 1947 Little was assigned teork with Treharne at Bankstown aerodrome on the development of the
SweptLobe Interferometer. In 1948 PayBeott took over from Treharne and she and Little relocated the
development work to Potts Hill. The Swepibe Interferometer presented many tachl challenges.
However, these were overcome and Pa$oett and Little went on to conduct a highly successful program

of observations.

Figure 17: A.G. Little in about 1948-49 (Adapted from
ANTF Historical Photographic Archive: B12759-1).

In 1951, Payné&cott resigned from the Division. Little was much in demand as a skilled techamzian
in 1952 he joined Mills to work on the design and construction of the Mills Cross Prototype at Potts Hill.
The prototype proved highly successful and led to the construction of the full scale Mills Cross at the
Fleurs field station.

Little went on b work with R.Q. Twiss and then took two years leave as a research associate at Stanford
University that had been organised Rgn Bracewell. During this period Little obtained his M@&ih
researclon parametric amplifiers. On his return to Sydney heidiel to leave Radiophigs and joired
Mills at Sydchey University. He went on to a distinguished career including the Directorship of the
Molonglo Radio Observatoryuntil his untimely death of a sudden heart attack on March 20, 1985.
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For a morealetailedbiography see Mill§1985)

10.3.7. Mills

Bernard Y. Mills Figure 18) had only a brief association with Potts Hill, although he went on to have a

very distinguished career in radio astronomy.

OLOOVY aylihwWadiRastronomy was as part of a team lead by Christiansen conducting
observations of the partial solar eclipse of 1 November 1948. Prior to this Mills had worked on wartime
research with Radiophysics. Mills was keen to establish an indeperdearch topic and decided to
investigate the discrete radio sources. He used the $wbptinterferometer in its gia lobe mode to
examine Cygnu#\.. Working with Thomas he established a refined position estimate for the source and
determined that thebserved source fluctuations were due to thiedton of the ionosphere. Although he
initially proposed an optical identification of the source with a faint galaxy, he was discouraged by
Minkowski from making the association due to the large positiamaisestill present in the measurement.

In fact, it would transpire that this galaxy was the source of the radio emission when a later more accurate
position was determined at Cambridge.

%\

Figure 18: B.Y. Mills in the mid 1950s (Adapted from W.T.
Sullivan).
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These initial observations l&@ Mills to further explore the discrete sources using interferometry
techniques. At this point he egtew Potts Hill and maad his observations to a nevelfl station at

Badgerys Creek.

He returned briefly to Potts Hill in 1952 to construct a prototypa new crossype radio telescope
which would become known as the Mills Cro$ée prototype was highly successful and made the first
radiofrequency detection of the Magellanic Cloudshe full scale version of this array waater
constructed at the Fleurs field station and was the main instrument used for survey and discrete source
investigations. The subsequent history of observations andigbeete source survegontroversywith
Cambridgehas been describeal detailby Mills (1984)(also see Sullivan, 1990)

10.3.8. Minnett

Harry Clive Minnett(19172003:Figure 19) joined Radiophysics in April 1940 soon after graduating from
6\GQH\ 8QLYHUVLW\ +H ZzDV DWW D F Kb endihioh@d id Yhel Waiime xdab U U H
development work.

In 1947 Minnett teamed up with Piddington to conduct observations at microwave frequencies on the Sun
and Moon, initially from the roof top at Radiophysics headquarters. Later, Minnett, workingakitim,

was one of the first to conduct observations at the Potts Hill field station. They observed the partial solar
eclipse of 1 November 1948 from Potts Hill.

Following the eclipse observations, Minnett worked with Piddington on a galactic soureg thav
resulting in the discovery of the discrete source Sagittdriasthe centre of our Galaxyriddington and
Minnett, 1951a) Piddington and Minnett were keen to continue their galactic survey work and proposed
the construction of a larger 20 Paabola.However, heir proposal wasiot suppoddue to the increasing

funding competition for building instruments such as the Mills Cross
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Figure 19: H.C. Minnett (after Thomas and
Robinson, 2005).

In 1952 Minnett left radio astronomy with his appointment as leader of the Radiophysics Microwave
Navigation Group where he worked with Yabsley. In 1955 he returned to radio astronomy when he was
appointed by Bowemsthe liaison officer to the design coamy Freeman Fox and Partners in the U.K.

who had been awarded the contract for theigh study of the 6¢h Parkes Radio @lescope.

Minnett continued a career in both radio astronomy and navigation aids. In September 1978 he was

appointed as Chief ohe Division of Radiophysics and retired in 1981.

For a more detailed biography see Thomas and Rob{2605)

10.3.9. Parthasarathy

R. Parthasarathy joined Radiophysics in March 1953 together with Govind Sisaeupectiol0.5.1.3 as
part of a tweyear Colombd’lanFellowship. Togethetheyconducted research at Potts Htllthe second
year of their Ellowship. They usethe EW Solar Grating Array, modifietb operate at @ MHz, to
investigate limb brigtening of the 8n. Their findings of the evidence supporting limb brighteniag30
MHz was published in asummary paper iThe Observatoryand two detailed papers in tiAaistralian

Journal of Physics

Parthasarathy had ehmisfortune to fall into the Potts Hill reservoir, but was rescued by his friend
Swarup(2006)
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On completion of the éllowship, Parthasarathy returned briefly to India before accepting an
appointment at the Geophysical Institute, University of Alaska. He remained with the University of Alaska

until his retirement as Emeritus Professor of Physics.

10.3.10. Payne-Scott

Ruby Violet Paynescott(1912198L: Figure20) ZDV RQH RI WKH IRXQGLQJ PHPEHUV R
astronomy group. She had graduated with first class honours irmmtibsand physics from Sydney
University in 1933 and in 1936 olm&d her Masters in Physics becoming only the fifth woman in
Australia to obtain an advanced degree in physics.

Figure 20: R.V. Payne-Scott (Courtesy of Miller

Goss).

After completing her Msters, she worked in medical reseanmthcancer radiology before joining
Amalgamated Wireless Australl&AWA) as a librarian.In 1941she joined Radiophysics as an Assistant
Research @icer. Here she quickly gained a reputation for her forthright personality, intellect and
technical skill. Sheworkedwith Pawseyin the first unsuccessful attempt to deteasmic radio emission
in March 1944, and their subsequent classic solar investigdtainintroduced Fourier analysis to radio
astronomyMcCready et al., 1947)

PayneScott conthued her solar investigations, mgoncame iio conflict with Bolton at the Dover
Heights field station over overlapping research interests. In a move to réstopeace, McCready
relocated Payn&cott toHornsby field statiorfPawsey, 1947¢)

51



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

In 1948, she took over leadership of development of the Suady Interferometer and its subseqt
installation at the new field station at Potts Hiliittle and PayneScott used to Swejhtobe Interferometer
to conduct a highly successful series of observations, locating the source of radio outbursts on the solar
disk.

Even in thepostwar period the policy of te Commonwealth Civil Service remain#tat a married
woman could not hold a permanent appointment in any Commonwealth organisé&ameScott held
the strong view that the marital status of an employeeldh®t be the business ofetlcovernment. In
1944, she had mardeWilliam H. Hall, but chose not to officially declare her marital status. Such a
declaration would have meant that she could not be employed by Radiophysics in a permanent position,
placing her at a significant senity and financial disadvantage.

In 1951 with the pending approach of her first child, Paggoett made the decision to resign from
Radiophysics. Her resignation was a major lossonlyto Radiophysicsbutradio astronomy as a whole.
Pawsey highlwalued Payné&cott as a earcher. In 1952 havited her to submit a paper to the URSI
meeting that was being held in Sydney that y@awsey, 1952a) This meetingwas one of the most
important events in the history of Australian science and recognition of the achievements of the

Radiophysics group. Although Pay8eott did not submit a paper, she did attend the conference.

PayneScott never again returned to estlific research. Instead she concentrated on raising her two
children and worked for many years as a high schooltea@t#d GLHG RI $O]KHLPH WiV GLVH]
1981

For a more detailed biograpkgeWilliams (2004) Also, a book on the life of Paystgcott is currently
in preparation by Goss and Kee.

10.3.11. Piddington

Jack Hobart Piddingtof19101997:Figure21) was a long term member of Radiophysics hajomgedthe
group during the wartime development work on radar. In 1947, Piddington begaarch on solar and

cosmic radio noise, shiftingis focus away fronthe application of radar for peatime purposes.

Piddington was one of the first to conduct observations at Potts Hill and together with Hindman
observed the paal solar eclipse of 1 Novemb&®48 at Potts Hill.Earlier in 1948 hebegan collaboration
with Minnett to investigate both solar and cosmic soufoeasing on a switadradiometer technique.

Theseinvestigationdncluded the detection of microwave radiation from the Mbased on observations
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from the Radiophysics headqtexrs atSydney University One of thé surveys at Potts Hill led to the

discovery éa new discrete source at the Galactimnte that would later become knowsiSagittariusA.

2YHU WLPH 3LGGLQJWRQTV LQWHUHVWY VKLIWHG SURJUHVVLY!
he had decided to focus solely on theoretical research. In this role Pawsey made Piddington the senior
leader in theoretical work, although he Huile interactionwith the other members of this group, Smerd
and Westfold.

Figure 21: J.H. Piddington (Courtesy of ATNF
Photographic Archive: SP014).

Piddington hadnaintaineda strong relationship with Martyiellowing their wartime collaboration, and
often consulted him on his theoretical workhis may have been a factor in the strained relationship he
KDG ZLWK %RZHQ ZKR GLG QRW Ydr@riKuiord &4n@ G4ad® acsBozof hity deldiie U H W
for Piddington to éave the group.$Q H[DPSOH RI %RZHQYfV DWWLWXGH WRZDUCG

letter he wrote Pawsey in 1948 on progress in the group:

37KH PLFURZDYH ZRUN LV VWLOO L (G faigditoprevilSanyispivation Mot & 3LGGLQJV
the work and ideas come from Harry Minnett and, while there is nothing exciting to report ab&uinthne

is getting quite interesting results on tleon” (Bowen, 1948h)

While he focused otheoreticalwork, he was still abléo collaborate with some of the newer members
of the Radiophysics tearwho conducted research at Potts Hill. He workdthvDavies, drawing on the

long-term solar records and with Trent and Wade on later cosmic source investigations.
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Figure 22: A drawing of Piddington in 1952 (Courtesy of
the Daily Telegraph Newspaper).

JURP WKH ODWH  befavhelhcBesIn@idodaedirom the rest of the Radiophysics group as
he pursued his theoretical interest on a solo basis. When Radiophysics moved its headquarters to Epping,
Piddington transferred to the Division of Physics and remained at the UnigtsityHe retired from the
C.S.I.LR.O. in 1975.

Figure 22 shows a drawing of Piddington in 1952or a moredetailedbiography see Melrose and
Minnett (1998)

10.3.12. Robinson

Brian bhn Robinson(193062004: Figure 23) joined Radiophysics in May 1952 as a fixed term research
officer after completing an MSc at the University of Sydney. He was initially assigned to work with Kerr
and Hindman at Potts Hillrothe construction of the d6 Parabola for use in a-khe survey of the
southern sky. Working with Kerr and Hindman he was involved in the first detection of neutral hydrogen

from an external galaxy, the Magellanic Clouds.
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Figure 23: B.J. Robinson (Courtesy of ATNF
Historical Photographic Archive: SR017-2).

During hisshorttime at Potts Hill Robinson also worked on the construction of #&e3dlar Grating

Array, along with other more junior members of staff.

In 1953, Robinson was awarded a Rutherford Memorial Scholarship at Cambridge University that
allowed him to begin a PhD at Trinity College 1954 under the supervision of J.A. Ratcliffe and K.
Weekes. After completing his PhD, Robinson was reappointed to Radgigdiybut was immediately
seconded to the Netherlands Foundation fadi& Astronomy (N.F.R.A.) as a Visitingegfow. During his
time at N.F.R.A.Robinson completed important work onvaéoping receiver equipmeitat would later
be used in the Parkes dkta Telescope.

Robinson went on to a distinguished career in radio astronomy at the C.S.1.R.O. He retired in 1992, but
continued his involvement in radio astronomy as an ldaary Fellow with the Australia Telescope

National Facility.

For amoredetailedbiography see Whiteoak and S{&006)

10.3.13. Smerd

Stefan (Ste®) Friedrich Smerq19161978: Figure 24) joined Radiophysics in 1946. During the war he
had worked on radar development in the U.K mmahigratedto Australia on 29 May 1946.
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Figure 24: S.F. Smerd in 1952 (Adapted from
the ATNF Historical Photographic Archive:
2842-43 Image Date: 8 August 1952).

Smerd was principally employed astl&®oreticianand bgetherwith Kevin Westfold, made up the
original theoretical section of the solar noise grotiis main research intesewas radio emission from the
Sun. Although workingmainly in theory, he was also placed in charge of the long term-fregtiency
solar obsrvation pRJUDP DW 3RWWYV +LOO 2QH RI 6PHUGYYVY PDMRU FRQ
theory of free-free transitionsn an ionised gas to the quietrS(Smerd, 1950b) His paper on the radio
frequency representation of the solar atmosp(temeerd, 1950cand a chaptefPawsey and Smerd, 1953)
in the book by Kuiper titledThe Sunthat he ceauthored witiPawsey, became standard references in solar
radio astronomy.

Smerd did not publish any research explicitly based ofttes Hilllong-term solar observations other
than contributions to th@uarterly Bulletin on Solar ActivityAs Wild (1980:5)has noted he was most
famous for his unpublished works. During the International Geophysical afe 195758 Smerd

established a World Datae@tre for solar radio emission.

6PHUG EHFDPH RQH RI WKH ZRU O &ifi 970 $UbcEed€y . K. RidCas/th8add\V L F L V
the solaradio astronomy group and theltDJUHFWRU RI WKH 'LYLVLRQYV 6 R®Oded 2EVHL

in 1978 while undergoing heart surgery.

For a more detailed biography see Rober{2002)or Wild (1980)

10.3.14. Stahr-Carpenter
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Martha StahiCarpenter Eigure 25) spent a year during 1956 working at Radiophysics on a research
IHOORZVKLS IURP &RUQHOO 8QLYHUVLW\YV &HQWUH IRU 5DGLRSK
worked with Kerr and Hindman at Potts Hill on thdike survey of the southern Milky Way, @uthoring

the paper that would appear in 1957Nature on the large scale structure of the Galaxy. She also
presented the preliminary findings of the survethatl.A.U. Symposium No.4 on Radio Astronomy held

at Jodrell Bank in August 1955.

Figure 25: Martha Stahr-Carpenter in 1954 (Courtesy of

Sydney Morning Herald Newspaper).

10.3.15. Swarup

Govind Swarup(Figure 26) joined Radiophysics in March 1953 #tiger with R. Parthserathy on a two
year Colombo PlandHowship. Prior to this Swarup had been workimghe National Physical Laboratory
in New Delhi, India under K.S. Krishnan. riskhnan had attended the 1952 URSdneral Assembly in
Sydney and had returned to Indidere he describethe developments in radio astronomy anspired
Swarup to apply fothe Fellowship.
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Figure 26: G. Swarup in 2007 (Courtesy of Queen

Victoria Museum and Art Gallery, Launceston

Australia)

8QGHU 3DZVH\TV G Ldpgenthid/firsk vehv@ Zrididho8 a rotation witheach of the major
research groups in Radiophysics in 1953. The=eled by Christiansen (Potts Hill), Wild (Dapto), Mills
(Badgerg Creek andPotts Hill) and Bolton (Dover Heightg)Swarup, 2006) During his assignment at
Potts Hill, Swarup first worked with Christiansen and Warburtotherproduction othe twedimensional
map of the 8n using strip scans taken with both th&Eand NS Solar Grating Array He then worked
with Mills and Little onthe Mills Cross Prototype that wasderconstrucion at Potts Hill.

In their final yearof the fellowship, Swarup and Parthasarathy were able to work on a project of their
own choice. They chose to investigate kbrightenirg of the Sun at ®0 MHz. With Christiansen
overseas during 1954, they modified th&\ESolar Grating Array tmperate at @ MHz and were able to
confirm limb-brightening. They published their findings in a summary papeirre Observatonand two

detailed papers in th&ustralian Journal of Physics

Upon returning to Australia in early 1955, Christiansen decided to construct a new crosat dhay
Fleurs field statiorrather than continuing research with the Solar Grating Arréywarup sggested to
Pawsey that the-B/ Grating Array could be donatea tindia and this was supported by both Pawsey and
Bowen. Swarup returned to India in August 1956 tougeh radio astronomy program at the National
Physical Laboratory. However, after it became clear there would be delays in shipping eVtiSoI&r
Grating Array antennas to India, Swarup elected to travel to the U.S. where he completed his PhD at
Stanford University under R.N. Bracewell. He returned to India in #&@8vent on to use the antennas of

the oldPotts Hill Solar Grating Array in a new cliguration for research.
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Figure 27: Swarup working in the Radiophysics Division

Laboratory in 1954 (Courtesy of People Magazine).

Swarup went on thavea distinguished career in radio astrongimgcoming the Centre Director of the
National Centre for Radio Astrophysics (Pune) and Professor of Eminence at the Tata Institute of
Fundamental Research (Mumbai, Indidjle also has the distinction of beioge of the two Potts Hill
researchers to beeglted as a Fellow of the Royal Society.

JRU D PRUH GHWDLOHG UHYLHZ RI 6ZDRXQTYV WLPH DW 3RWWYV +]

10.3.16. Thomas

A.B. (Bruce) Thomas had a very bfieareer working at Potts HilBetweenMay and December 1949
working as a research officdre collaborated witiMills on observations of Cygnus using the Swept

Lobe Interferometer. From their observations they obtained a more accurate position estimate fer Cygnus
A, and determined that the fluctuations observed in the source were due teetfierFof the ionodpere.

Prior to this he had been part of the group examining -¢atrastrial radar echoed’homas left the radio

astronomy group in 1950.

10.3.17. Trent

During 1956G.H. (Gil) Trentcollaborated with Piddington on a 600 MHz survey of the southern sky using
the 36-ft Parabola at Potts Hill. They published the results of the survey and a catalogue of 49 discrete
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sources in thédustralian Journal of PhysicsFollowing this research, Trent went on to work with Wild

and K. Sheridan on solar spectroscopy.

10.3.18. Wade

CampbellM. Wade joined Radiophysics on Junior Research dlowship in December 1957having
completed his PhD at Harvard3DZVH\ DQG %DUW %RN ZHUH LQVWUXPHQWDO |
to Radiophysics(Goss, 2007) During his Fllowship, he conducted observationis Rotts Hill with

Hindman using the 38 Parabola and a 1,400 MHz receiver. They examined a number sources and later
published the results of the observations of the Eta Carinae Nebula and CeAtaurie Australian

Journal of Physics

Following thecompletion of his fellowship, Wade returned to the U.S. and took up a position with the

National Radio Astronomy Observatory.

10.3.19. Warburton

J.A. (Joe)Warburtonjoined Radiophysics in January 1951 as a graduate recruit together with R.D. Davies.
He was the main collaborator with Christiansen on construction of fitet Solar Grating Array and the
subsequentsolar research program at Potts Hill. Warburtarorked briefly on the Murraybank

multichannel Hline receiver project, befoteavingthe radio astronomy group in 1957.

10.3.20. Yabsley

Don E. YabsleyFigure28) wasone of the pioneers of solar radio astronomy in Radiophysics. Working
with F.J. Lehanyjn 1947 they conducted some of the first mdliequency solar obsertrans at the
Georges Heights did station. Yabsleyhad also collaborated with Pawsey apaperaboutthe thermal

origin of the radd-frequency radiation from theui (Pawsey and Yabsley, 1949)
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Figure 28: Don E. Yabsley in 1948 (Adapted from
ATNF Historical Photographic Archive: B1031-9
Image Date: 1 May 1947)

In 1948 he joined Christiansen and Mills in a team to observe the partial solar ecligdevaimber1948.
Yabsley conducted the observations at Potts Hill using tHe4&8-ft Paraboloid.

In 1950 he left the radio astronomy group to work on the design of distance measuring equipment for
use in civil aviation. In later years he returned to radio astronemyking with the Parkes Radio

Telescope and later on the design of the Australia Telescope.

10.4. The Instruments

A wide variety of instruments asoperated at the Potts Hill field statispanning both solar armbsmic
research programsThis section gives a descriptiai each of the principle instruments, their receiving
equipment and some explanation of the observing techniques used. A site map showing locatons of th

various instruments at thegffil station is given in &tion10.2

Ten different types of radio telescope were operated at Potts Hill. A summary description is given in

Table2. Each instrument is referred to by a lap®lJ) whichis used as a cross reference in later sections.

Before describing each instrument in detail it is useful to provide an overview isGtles facing both
antenna and receiver design during this period. Two principle issues farzetbglgner of a radio
telescopesensitivity and resolution. Consideration also needed to be given to polarisation measurements

which were of interest for &ar and galactic observations.
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For simplicity, the approximate beamwidth) f a simple circular parabolic aerial is given by:

1.7 /D Q)
where
is the wavelength in metres and

D is the diameter of the aerial in metres.

Table 2: Summary of Potts Hill Instruments

Freq o Source
i inStrtument (MH2z) » (M) I & Investigations
200 1.50 21 Solar
A 16-ft x 18-ft 600 0.50 7 Solar, Cosmic
Paraboloid 1,200 0.25 3.5 Solar, Cosmic
1,420 0.21 2.3 H-Line
B 10-ft Parabola 600 0.50 12 Solar_
1,200 0.25 6 Cosmic
44-in Ex-Search
C Light Parabola 9,428 0.03 2 Solar
D 68-in Parabola 3,000 0.10 3.4 Solar, Cosmic
E Swept Lobe 97| 3.00 0.03 Solar, Cosmic
Interferomter
E Solar Grating 1,400 0.21 0.05 Solar
Arrays 500 0.60 0.14 Solar
36-ft T it 1,420 0.21 1.4 H-Line
G St ranst 600 | 0.50 3 Cosmic
Parabola
1,400 0.21 1.4 Cosmic
H Mills Cross 97| 3.00 8 Cosmic
Prototype
2 4.84 -- |
| Yagi Arrays = 8 Solar
98 3.06 -- Solar
J Suspended Dipole 20 15.31 -- Jupiter

% HDP ZLGYNKas stated in the published material, or where resolution was not explicitly stated,
beamwidth has been calculated using the formula given below and assuming D = aerial diameter. Note that
Appendix A *Publications from Potts Hill

contains a cross reference to the published research from each instrument.

Therefore, the smaller the aerial or the longer the wavelength (the lower the freqtiendgyver the
resolution of the a&l. For wavelengths oveensof centimetrs, the size of the aerial grevprohibitively
large in terms of bothost and engineering difficultyherea resolutior> 1°is desired.

The gain(g) of the aerial is given by:

g 4 AIS? )

whereA s the effective aperture collectiregea
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Essentially this shows that the collecting area of the aerial for a given wavelength will determine its
gain. However, the aerial is only one component of the radio telescope. The other essential component is

the receiver.

7KH UHFHLYHU Teon&K ths sigviad rdceivall B the aerial into a form that can be displayed
recordecbn the detecting equipment. Thetwal signal received frosolar andparticularlycosmic sources
is extremely weakThe receiver noise temperatures were of the asflaundreds to thousands of degrees
Kelvin. The input stages of the receiver were most vulnerable to nbiseng the period Potts Hill was
operating, receiver design fell into two broad groupor frequencies above ~500 MHzuperheterodyne
receives that used crystal mixers and no signal frequency amplification gesrerallyused although
superheterodyne receivers watsoused at lower frequencieSor frequencies below 500 MHthe signal
amplification could proveimpractica with the available equipment and therefameermediate frequency
conversion waglenerallyused to convert the signal to the intermediate frequency of a crystal mixer before
further amplification.The intermediate frequency ampdifigenerally operated 80 MHz. Alternatively,

valveswith low noise output were used as first stage amplifiers followed by a mixer tube.

The sensitivity of the receivers was not only limited by internal thermal roigeyasalso subject to
gain variations over time. Whemainssupplied power was used, the receiver was subject to gain
variations caused by fluctuationstime supplied voltage. Where battery power was used the receiver was
subject to longeterm gain drift as the power of the battery supply decreased imi¢h tThis variation in
gain created difficulty incalibrating the receiver to determine the absolute temperature of the received
signal. This led to a variety of techniques being employed for calibration and to check the receiver gain
during observations Alternatively the need for this was negated byngshighly stabilised D.C. power

supplies.

The receiver gain drift couldlso be overcome by using a differential method developedioke
(1946a) This involved the rapid switching between the aerial signal and a reference signal to produce a
difference signal. While this produced an inherent reduction in sensitivity as the receiver spent only 50%
of the time connected to the aerial signal, it lblicve the advantage receiver gain stabilityn detecting
weak signals and wasssential in the later Hydrogenine studies. It is interesting & note that one
weakness quoted msummary of receiver technology at this tigRawsey and Bracewell, 1955: 44as
that the Dicke method did not allow aural monitoring of the signaln the early radio workaural

monitoring was considerathportant in the detection of interfence from tegastrial sources:

3$00 NQRZQ H[WUDWHUUH V Wmhbivd SwisiiRgXsotnd \chaddc¥eHbtidVoK FHeceividrOnOise;

crackles, crashes, clicks etc, appear to be solely of terrestrial. 6¢(igawsey and Bracewell, 1955: 51)
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Terrestrial interference would become an increasing problem at Potts Hill, particularly as the suburbs of
Sydney wee expanding rapidly in the 1950

10.4.1. 16-ftx18-ft Paraboloid (A)

The 16ft x 18ft Paraboloidwas originally constructedt the Georges Heights field stati@s an
experimental research radas part ofRadiophysic§f ZDUWLPH UHVHDUFK HIIRUWYV ,Q
converted for solar research work by Lehany and Yal{gl@é49) The aerial waa secton of a @raboloid
measuringl6-ft x 18-ft. Figure 29 shows the aerial and receiving equipmenthatGeorges Heightfield

station
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Figure 29: 16-ftx18-ft Paraboloid at George's Heights Field Station (Courtesy of ATNF Historic
Photographic Archive: B1164 Image Date: 13 Sep 1947).
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In its original configuration it was fitted to an -altimuth mounting which made tracking of celestial
objects difficult. Because of this Lehany and Yabsley used a drift/scan technique for their original solar
observations. This involved positioning the aerial ahead oBuhesia a hanecrank mechanismand then
DOORZLQJ WKH (DUWKYV URWDW L R Qn\ORce/tAeBuUH IsadvihBvdd Dhidligh @ EHD |
aerial beam the aerial was repositioned andpitoeedurerepeated This resulted in apicket fHQFH

responsehat is apparenn their recordesbservations. An example is shomrFigure 30.

Figure 30: ([D P S O HpidRét fence frecording as a result of the drift/scan observation technique (after
Lehany and Yabsley, 1949: 50).

The aerialwas relocated to Potts Hill ithe latter half of 1948 in preparation for observations of the
parial solar eclipse of 1 Novembé&848. Anew polar mount was constructedgether with a motor drive
for right ascensiorio improve itstrackingcapabilities This mount shown inFigure31, allowed tracking in
declination from +40to -40°. The right ascension and declinatipasition of the aerialvere indicated by

scales on the mount.

65



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Figure 31:16-ftx18-ft Paraboloid on the new polar mount at Potts Hill field station (Courtesy of ATNF Historic
Photographic Archive: B2649-3 Image Date: 2 January 1952).

For the original solar research the aerial was fitted for simultaneous reception ifréquesncy bands
(1,200 MHz, 600 MHz and 200 MHz) using three separate dipoles located at the primary focus of the
aerial In this configuration the aerial was linearly polarisedjure 32 shows a closep of theprime focus

plate
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Figure 32: Close-up of the prime focus plate showing the three different feed dipoles. Note that a pair of

dipoles was used at the two higher frequencies (after Lehany and Yabsley, 1949: Plate 2).

Unusually, he theoreticalbeamwidth of the aeriabased on the 18 dimensionwas quotedit theone
guarterpower pointgather than the standard hplbwer point being21° at 200 MHz, 7° at 600 MHz and
3.5%at 1,200 MHz.The receivers used in this work were primarily designed for radar reception; however
components were specifically selected with the aim of reducing instrument noisedute signal loss at
the highest of the threfeequencies, the first stagi@f thereceivers were mounted directly on the aerial
frame.The 200 MHz receiver was located sepdyatem the aerial as thieederlossesat this frequency
were much less. This same configuration was used by Christiansen for observation &fNlowember
1948solar eclipseat 600 MHz(Christiansen et al., 1949b)

The 16-ftx18ft Paraboloidwas used for solar @searchbetween1949 to 1953 as part of a multi
frequency observing prograr®n 17, 21 and 2of February 1950 a series of major solar outlsursts
observedat a range of different frequenciesth the 16-ftx18-ft Paraboloidcontributingobservations at
1,200 MHz and 600 MHgChristiansen et al., 1951)

While solar research continued to be thiengry use for this aeriajrowing interest irtheinvestigation
of discrete sourcesieant that time was alsssignedfor cosmicsource investigationsThus, Piddington
and Minnett were allocated some restricted periods for observations duringrb@yused thé6-ft x 18
ft as the main aerial in Bicke radiometer configuratiofl946a) When it was not availabléa¢y reverted
to the use of a 1@t Parabolaas the main a&l. However this had amuchlower sensitivityand resolution
than thel6-ft x 18ft antennaThe receiver noise at the observing frequency of 1,210 MHz was much
higher than the noise power of thbesmicsources that were being observed. While this was not an issue
for the strong solar sources, clgaa different receiver configuration was necessarydietection of the

weaker sources and hence the use of the technique developed by DiekBicke method involved
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continuous switching between the observed signal and a dummy load to produce a omoddl&e
signal. The observed signal svéhen subtracted from theidmy load signal. This produced a more
sensitive signal that vganot as susceptible to receigain drift. In this instance instead of a dummy load a
second reference aerial was usé€bis was a 5.5t parabolicreflector with a simple dipole feed at the

prime focus

The reference aeriaZ DV SR L QW H Greb W tHe siy-$0 @h&t fhe main aedalild be subtracted
from this signal. A rotatinglisk wave guide switchdriven by a 1,500 rpm synchronous moteas used

to achieve the signal modulation. A block diagram of the receiving system is shBigaiie33.

Figure 33: Block diagram of the 1,210 MHz receiver system (after Piddington and Minnett, 1951a: 460).

Rather than tracking the source as had been done for solar observations, a drift scan technique was
employed. The aal was pointed ahead of the source and the samasallowed to drift through the
aerial beam cougsy of the Erth'§ rotation. The aerial temperature differefarean observed sourceas
generally only in the order of a feielvin and hencedhe longesipossible time constant was usedtie

observations By way ofexamplethe ratio of source power to receiver noise can be compared as follows:

power KT v 3
wherek = 1.38 x 17 JK*!

Receiver Noise:

assumingl = 1,000K will result in a thermal noise powerl.38 x 1G° WHZz*

Source Power:
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a typicalstrong radio surce, say Cygnus,As 1,000y = 1 x 1G3° Wni*Hz*
Power delivered to Receiver:

the effective area of 16t x18-ft antenna= 4.9 m x 5.5 m = 14.8'm

allowing for an efficiency of 70%, the power delivered = 1.48 ¥10m*Hz*

thus,

source power 1.48 10

0.01
receiver noise 1.38 10

These observationssing the 16t x 18ft Paraboloidproduced the first recorded detectioh the
discrete source at the Galactier@re(Piddington and Minnett, 1951a)

Arguably the moshotable contribution of th&6-ftx18-ft Paraboloid was its role in the confirmatioh
detection of the Hydrogeline emission at 1,420 MHz in 1951 by Christiansen and Hind(Ramsey,
1951b) For this work, andhe subsequent Hydrogdine survey, the declination range of the polar mount
was increased to +5@o -50° by displacing the receiver feeds in the focal plane of the Paraboldiis.
was achieved by changing the length of the guide wires that braced the receiver plate at the priase focus

shown inFigure34.

Figure 34: 16-ftx18-ft Paraboloid showing guide wires supporting the prime focus receiver plate (Adapted from
ATNF Historic Photographic Archive: B2649-3 Image Date: 2 January 1952).
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While minor displacement of the feeldlad little impact on the directivity of the a&lridisplacement
beyond+1(® led to degradation of directivity. A maximum displacement-@8° was used during the

survey work.

It is interesting to note thatith the publication othe preliminary survey in 1952Christiansen and
Hindman, 1952b}Yhe arial was hence eferred to in metric terms as &.25 square metreection of a
paraboloidRQ DQ HTXDWRULDO PRXQW"~ *RQH DUH WKH UHIHUHQFHV

referred to as a polar mountthe published research

The mostinportant component for detection of the Hydrogjea emission was the receiver. This was
constructed by Christiansen and Hindman who had initially been working independently, but later
collaborated tgoroducethe final working versionOrchiston and Slee, 2005a: 139t was principally

similar to that used by Ewen and Purdéelthe U.Sand by the Leiden group led by Muller and Oort.

Figure35 shows a block diagram of the magmmponentsf the receiver

Figure 35: Block diagram of the H-line Receiver (after Christiansen and Hindman, 1952b: 439).

The receiverconsisted of a superheterodyne receiver with defrbbpency change. It had two
intermediatefrequeny channels. The firsiperated at 30 MHz with laandwidth of 2 MHz and the second
at 5 MHz with a bandwidth of 0.05 MHA second heterodyne oscillator was used to continuously sweep
the tuning of the receiver back and forth over a 1 MHz range. The signal from the hyldnegemission
was detected @a small increase in signal where thassband of the receiver swept ovdre Hline
frequency. As the signal increase was very small an additional balancing method was used to improve

sensitivity. This was done by switching the first heterodyne oswillt 25 Hz between two frequencies
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0.16 MHz apart at around 1,390 MHz. This caused the centre frequency of thpasanth alternate
between the two frequencies and therefore allowed comparison between the signals. Any difference
between the signals pgared as 25 Hz component of the rectified receiver output. This component could
then be recognised by using a selective amplifier and a {seaséive detector which was synchronised

with the 25 Hz generatofs the receiver was tuned over the 1 Mirfuency band where detection of the
Hydrogen emission line was predicted to appeargetiergy produced by the-lihe was first detected in

one banepass of the two switch components 0.16 MHz afdris causedn inphase 25 Hz signalt was

then dete@d in the other componeats an out of phase signal. This caused a characteristiovause

signal on the recorder output as illustrate&igure 36.

Figure 36: lllustration of H-line receiver operation and theoretical output signal - R =
receiver pass-bands, H = H-line signal, D = Recorder signal output (after Christiansen
and Hindman, 1952b: 440).

The 50 KHz bandwidth gave a relativelocity resolution of 10.5 krifsand with a total bandwidth of 1
MHz, the system had eelative velodty resolution of210 kms', which was just sufficiento provide
coverage for the Galactic-khe profiles which typically havéalf-widths of 410 kms' and cover range
of 150 kmg.

Thereceiver for the Hine detection was assembled in approximately six weeks. As Christiansen has

commented

32XU UHVHDUFK ZDV GRQH FUXGHO\ EXW LW ZDV JRRG IXQ DQG WKH U

student Ewen came over and saw the gear | had, with cables lying all over the floor and ancient oscillators, he
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VDLG O\ *RG , FDQ XQ@Qcdidid WibD exEeek& and it took me two yeargChrompton,
1997)

And,

37 KH | HbBwem &he discovered it [the-Hne] in the USA came out and when he saw the equipment that
Hindmanand lh& XVHG IRU LW KH VDLG p, FDQYW EHOLHYH L\Abshlut®V¥ ORRNV

UMM J DQG V H D(Bhatdal, 0BG 37)

During 1951 the aerial continued to be used for source workedistive regular solar monitoring.
Piddington and Minnett used the aerial for observations of Cygnas 1,210 MHz(1952) From the
acknowledgements itinis paper it is cleathat the aerial wastill well andtruly considered the property of
Christiansen,

37KH DXWHrRteff tdddU 1 &KULVWLDQVHRS IREV\WKHRGRDDRHRILDO
(Piddington and Minnett, 1952: my italics)

Christiansen maintained a program of daily solar observatio®30aMHz and 1,200 MHz. Although
overallfew papersvere published based dmeseongoing longterm observationdwo papes did appear
in Naturein 1951 (Christiansen and Hindman, 1954)d 1953 (Piddington and Davies, 1953aJhese
sought to draw some conclus®based on théong-term observation A further paper appeared in the
Monthly Notices to the Royal Astronomical Soc{Egvies, 1954)

In 1954 the need for a large aerial thauld track objects for finel-line structure was identifieKerr,
1954a) Considerion was given tonstallinga 25ft diameter parabola on the mounting used for the 16
ftx18-ft Paraboloid. However, by this time interference was becomingcaeasing problem at Potts Hill
and it was decided to sap new field station at Murrayank fa this purposeUltimately the16-ftx18-ft

aerial was superseded by the new instruments

10.4.2. Portable 10 -ft Parabola (B)

The 106ft Parabola wererecycled exJ.S. Army surplus TPS radar aerialgFigure 37) that had been
developed during the war by the3J.Army Signal Corps as a lighteight portable 600 MHz early
warning radaiOrr, 1964) These aerials were also known as {lagtish Type 63 Radaf The aerial was
made up of 8 x 45&luminium framesectionscovered by wire mesthat could be packed in a very
compact bundle and quickly reassembled throughrees of speedlips, so that two men could assemble

the aerial in about 5 minutéslurray, 2007)
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Radio Set AN/TPS-3

16 June 1944 — CAMP EVANS SIGNAL LABORATORY — CAMP EVANS, BELMAR, N. J. — SCRI-9000

Source KW, Ancrews Fom 2t popens

Figure 37: AN/TPS-3 Radar Set in operation on 16 June 1944 at the Camp Evans Signal Laboratory,
U.S. Army Signal Corps. (Courtesy of CE LCMS Historical Office Department of the Army, USA.)

At least threeaerials were modifiegspecificaly in preparation for the eclipse observations lon
Novemberl948. They were originally testedn their role as radio telescopatthe Georges Heights field
station(Orchiston, 2004b) Figure38 shows one of the parabolas undergoing trials at the @gdtgights
field station in August 1948.
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Figure 38: A 10-ft Parabola undergoing trials at the Georges Heights field station in August 1948 (Courtesy of
ATNF Historical Photographic Archive: B1511 Image Date: 13 August 1948)

The 10-ft Parabolavas one of the first instruments at Potts Hilld during 1948 it was used for some
preliminary observatins of radiation from near the Galactier@e(Piddington and Minnett, 1951a: 465)
These light weight portable aerials were usedairvariety of other applications. They provided
observatios at the remote sites &ockbank inTasmaniaand Strahan iVictoria duringthe partial eclipse
of 1948(Christiansen et al., 1949b)he aerials wereriginally mounted oralt-azimuth mourg that were
hand steeredrhis requireda table of azimuth and elevatigiositions for theSun to be calculated for each
location in case of cloudy conditions during observatidis.the 1949 partiadolar eclipse observations
the aelals were modified to includenotor driven polar moustto make tracking theud simpler.The

receiver feed for thaerial consisted of crossed dipoles and reflectors as illustrakéglire 39.
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Figure 39: Portable 10-ft Parabola at Potts Hill showing crossed dipoles and reflectors at

the prime focus feed (Courtesy of ATNF Historic Photographic Archive: B1803-2 Image
Date: 29 May 1949).

Cros®d dipoles were used to measure polarisation. Separate parallel coaxial transmissito fieeds
receiver weraised for each of the dipoldBy usingtelescopic pieces of coaxial line the lengths of the feed
lines could be varied. By making one line “longer than the other, circulaolarisation in one sense
could & measured. By thateringthe length difference by “2in the other transmission lirtbe sense of

polarisation could be reversed.

The receivers used for these observations at 600 MHz consisted of a-gaaeetransmissictype
cavity-resonator, followed by a crystal meerter, 30 MHz intermediate frequency amplifier and a diode
second detector. After rectification the signal was passed through a D.C amplifier vakiclonmected to
a recordingmilli-ammeter. Receiver gain drift was a major issuretliis type of receer. To ensure a
constant receiver temperature the receivers were run for several hours prior to obseandtoeasures
were takerto ensure input voltage stability. Additionally, during observation the aerial beam was moved
away from theSun every fav minutes so that the receiver gain could be cheelginst the background

sky.
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This same type of aerial was used by Piddington and Mirasetthe main aerial for their initial
exploration ofcosmicsources at 1,210 MHz in 1948. When the nmseasitiveex-Georges Heightd6-
ftx18ft aerial becam available during 1949, the -fOwas only used askackup main aerial fowhen the
16-ftx18ft aerial wasunavailable(Piddington and Minnett, 1951a)The 10-ft can be seen in theght
foregroundn Figure31.

Christiansen and Yabsley also used twiathe exTPS3 aerials as a spaced interferometer setup to
explore limbbrightening,something that Yabsley had been considering doing at Georges Helghtse
minutes of the Radio Astronomy Committee of November 17, 1G4#@stiansen, 1949khey report that
WKH\ DWHHD &\ WR FRPPHQ FRadPotis Bl HSHorty AfterRigsVWabsley, who had been the
instigator of this exp@ment, left the group and no results of these experiments were ever published. By
March 1950, Christiansen had tabled the concept for his solar grating array at the Radio Astronomy
Committee meetingChristiansen, 1950@nd further work using thex-TPS3 aerials in an interferometer

configuration was abandoned.

10.4.3. Ex-Searchlight 44 -in Parabola (C)

The 44in Parabolavas construed using a surplus enilitary searchight mirror. It was originally located
at the headquarters of Radiophysics in the grounds of Sydney Univamsitynounted on a small flat
roofed tower on top of the Radiophysicaboratory NQRZQ DV WKH pRiguied®ishbwsltHe/ W

aerial at Sydney Unarsity.
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Figure 40: The ex-Searchlight 44" Paraboloid shown mounted on the p(DJOH V oft HOpWHf| the
Radiophysics building in the grounds of Sydney University (Courtesy of ATNF Historic Photographic Archive:
B1641 Image Date: 4 January 1949).

The aerial was originally used by Labrum, Minnett and Piddington for solar obsenatid28MHz
and 24,000 MHz and fouhar observations at 24,000 Mi{i949a) For these observations the aerial was
equatorially mounted and had a small telescope on its frame for visual alignment.

In late 1948the aerial was relocated to Potts Hill to take part in the solar progirarhis role it was
used forthe observationfahe 1 Novemberl1948 partial solar eclipsa 9,428MHz andwent on to be used
for daily solarobservationsat this frequencyAt Potts HIl the aerial had & equatorialmounting which
would either be operated by hand or using a synchronous electric. n#it&,428 MHz the half power
beamwidth of the aerial wa$.Zhe speed of the aerial tracking in right ascension could be compared with
an accurate clock to ensure tracking was within tolerance onyctitays. When th&un was visible the

small telescope attached to the mounting could be used to check alignment.
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The receiver wsd during these observat®was based on the Dicke radiometer princil®46a) It
used the same componentsthsseemployed earlier for theuhar observationdhowever atthe lower

frequency 00,428MHz. A block diagram of the receiver is shown Figure41

SYNCHRONOUS MOTOR

PARABOLIC MODULATING DISK

REFLECTOR

v 30 ML/
I AMPLIFI'ER'
]
HORN | "
l RYSTAL,
o IR MIXER
25 cfs LOCAL
- OSCILLATOR
GENERATOR
25 cfs.
RECORDING METER
O-1MA.
30 Mc/s. 25 cls. D.C.
FREQUENCY AMPLIFIER | AMPLIFIER fﬁMPLIFiE_R
STABILIZING DIODE SYNCHRONOUS
CIRCUIT RECTIFIER MIXER

Figure 41: Block diagram of the receiver used in both Lunar and Solar observations (after Piddington and Minnett,
1949a: 66).

A rotating disk of absorbent material was rotated through the waveguide to allow comparison to the
aerial signal at a rate df5 Hz. This produced a modulated signal which was then converted to an
intermediate frequency of 30 MHz using a beat oscillator and passed through a preamplifierstagesse
of the receiver (showwithin the dotted line box ifrigure 41) were located in a box mounted near the
prime focus of the aerial. The signal was then fed via a coaxial watile amplifier and recording stages
of the receiver Thesewere located sepatdy to the aerial. The receiver produced a response of two

channels 30 MHz wide centred on the local oscillator frequency of 9,428 MHz.

10.4.4. 68-n Parabola (D)

The68-in parabolavas constructed to perform daily solar observations at 3,000 NitWas alsanvolved
in the observations of the 1 Novemb#948 partial solar eclips@”iddington and Hindman, 1949y he
aerialhad an equatorial mounting that could either be driven manually or via an electric seaféig(re
42: Arrow B). The declination of the aerial could be adjusted using a lead deigawg42: Arrow C). The
receiver was essentially similar to theted for the eSearch Ligh#44-in and descried isection10.4.3 It
consisted of a horn fee#igure42: Arrow D) which fed the signal tarotating disk of absorbent material
that passed through the wave guide. This was driven by a nkogoré 42 Arrow E). The first receiver

stage(Figure42: Arrow F) fed the remotely located amplifiand recorder via coaxial cable.
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A screen Figure42: Arrow G) could be mounted in front of the parabola reflector to allow either left or
right- hand circularly polarised components of ttagliationto be received depending on its orientation. A
frontal view of the aerial ifrigure 43 shows a clear view of the polarisation screen. Th8aearch Light
44-in aerial also can be seen in the background. The screen was operated by taking a measurement with the
screen set at ayg@n orientation and then the screen was rotated by 90° and a second measurement taken,

thus giving an indication of thelative intensities of theomponents of circular polarisation.

Figure 42: The 68-in Parabola at Potts Hill (Piddington and Hindman, 1949: Plate 1).
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A A AN ~

Figure 43: Frontal view of the 68-in Paraboloid (Courtesy of ATNF Historic Photographic Archive:
B2475-1 Image Date: 24 April 1951).

Piddington and Minneftl951a)also used this aerial for the&iosmicsource investigationshowever for
these observations the aerial aperture was increased to 7.5 feet by fitting wing extensions to the main
parabola dish. This increased the sensitivity of theaband decreaséts beamwidth at 3,000 MHz tb.?
at the halpower points.
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Figure 44: 68-in and 44-in aerials at Potts Hill with associated equipment (Courtesy of ATNF Historic Photographic Archive:
B3171-1 Image Date: 7 October 1953).

Figure44 shows the wing extensiemot fitted to thes8-in aerial, butying in the grasso the left of the
hut in the centre of the image. 68-in is to the right of thel4-in and the polarisatih screen can be seen

leaning against the left hand side of the hut.

For the 3,000 MHzcosmic source observations, Piddington and Minnett developed an oliearvat
WHFKQLTXH WKDWWZK RV IERdJ A HceiveRibh® ¢dnstant of about 10 sdsthe aerial
was pointedat a given direction relative to the Earth (position A).rdmained at this position fame or
two minutes and then the aerial was shifted several degrees to the west to a new position (position B). It
remained pointing gbositionB for the same time interval it had pointedpasition A. The difference in
aerial temperature between the two positions was measured and plotted againghdimecedure was
then repeated for the time interval that the source had taken teilmobM RP $ WR % YLDtioMKH (DU
Assuming the source causad increase in aerial temperature @f @and assuming a uniform background
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radiation, then theurveof the aeial temperature difference wowgry through a total range of 2as the
souce movedbetween A and. Piddington and Minnett estimated a minimum detectable flux density at
3,000 MHz using this technique wasZ@m?Hz*.

For the later observations @fygnusA by Piddington and Minne{tl952)the aerial extensiahad to be
removed as the aeriabald ot be pointed far enougtorth in declination withle extensions fitted. The
beamswingng technique coulchot be used at this declination and therefore, with the extensions also
removed, the sensitivity of observations was greatly redutéeé.steep radio spectrum of CygnAsalso
compounded the difficulties of detection at this frequeng&ydrift-scan technique was used in an attempt
to detect the Cygnus source, but with the limitations in sensitifigéy source could not be detected,
however an upper limitfor theflux density at 3,000 MHz was established.

10.4.5. Swept-Lobe Interferometer (E)

In order to investigate solar burst radiation in more detail, a new instrument was constructed at Potts Hill
by PayneScott and Little inthe latter partof 1948 This instrument had its genesas$ the short lived
Bankstown feld station but was relocated to Potts Hill after the Bankstown building was Ao$ihgle

aerial with sufficient resolving power to accurately locate the source of the burst soldahelisk would

have been prohibitively large and expensive to construct. Indteadpnstruction of the new instrument

drew on the experienad the grou§ earlier work using interferomet(icCready et al., 1947)

Previous research using iferometry techniques both Australia and the U.K. to determine source
positions had relied on the interference pattern being produced by holding the aerial beam at a fixed
position relative to the Earth and allowing the source to drift through the GeBfBEHY FRXUWHV\ RI W
rotation. This obviously worked well where thadiationwas relatively constant in nature and emanated
from a discrete source at a fixed position. However, for solar bursts this was not the casebursis
often had duatiors of only a few seconds and appeared to move rapidly in position. To accommodate these
observations a netype of space@lement interferometer was required that could accurately measure both

the position andhe polarisation of these shaltiration lursts.
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Figure 45: The western aerial of the swept-lobe interferometer at Potts Hill (Courtesy of ATNF Historic
Photographic Archive: 2217 Image Date: 28 July 1950)

In an inspired piece of design such an instrument was constructed at Pdftsttiland PayneScott,
1951) It consisted of threequatoriallymounted and physicaHigentical crossed dipole, fivelement
Yagi aerials Figure45). The crossed dipoles allowed for switching between the horizontal and vertical

elements for polarization measurement.
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Figure 46: Site map showing aerial locations of the swept-lobe interferometer (after Little and
Payne-Scott, 1951: 494).

Three aerials were usddr the interferometeand werepositioned to give twdifferent spacingsfor
interference pattern measuremerithese spacings were Al to A2 and Al to A3 as illustratédginre 46.
The fringe spacingt the largest spacing can be calculated as follows:

D = the spacing Ato A; = 280.495 m

Therefore the fringe spacing is given by:

O 3.077
D 280.495

u57.3 q 0.63 4)

In a two-aerial array position can be determined accurabeligue to the large number of lobes prodyced
and their angulawidths being smaller than th8un, there wa the possibility of ambiguity in thgosition
with two lobesbédng positioned on thesun at any given timeBy using a different aerial spacing for
comparisonthis ambiguity ould be eliminated Some of the lobes produced at the different spacang

coincident and thus the position couibe determined as being located in the coincident lobes that are on or
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near the solar disk. Using this methamdaccuracy of 2 minutes of arc could be achieved at the observing
frequency of 97 MHzThis frequency was chosen &oid interference from a ndwgy radio transmitter.
The aerials were located on the northern sidehefMNo.1 reservoir at Potts il with the reeiving

equipment located in aubas shown irFigure46.

A separate Yagi system operating at 98 MHz was used in conjunction with the interferometer to provide
continuous recording of solar signal and to provide an independent check on pofarisadisurements
performed using the interferometemhis consisted of two crossed Yagi aerials connected to a standard
receiver and an Esterlirfengus recorder. These were switched at intervals of 30 seconds to receive right

and lefthanded circularly palrised components.

As a fixedbeam interferometetthis system would have been unable to identify the position of short
duration sourceand was largely similar to the twaerial interferometer used by Ryle and Vonberg at
Cambridge The innovation usea Potts Hillto overcome this issue, was to electronically sweep the lobes
of the aerials across the source rather than waiting for the source to move through the lobes. This was
achieved by varying the electrical length of the receiver feeds from #neelements to introduce a phase
change in the signal over a time constdifte main innovation was to put the phase shift in the local
oscillator signal at 171 MHZ phase change of one waveléMK UHV XO W H &f ob&lobewmicthZ HH S
By repeating te sweeps rapidlywith phase changes @#4 , it was possible to produdevo interference
patterrs in the signal androm this the source position could be derived.

Figure47 showvs a block diagram of the interferometer receiver configuration-afmifies were used
for each of the three aerials. The signals were then fed to a-gHeasging unitvia coaxial cake. This
unit was driven by a 1,500 rpm synchronous motor that produced a total relative phase change of twice the
electrical line length, 25 times per secorithe output produced a 25 Hz interference pattern which was
displayed as a sine wave on a catmy tube. The position of the minimum of the sine wave varied with

the position of the source.
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Figure 47: Block diagram of swept-lobe interferometer (after Little and Payne-Scott, 1951: 494).

A 16 mm cinecamera was used to photograph the output signal on the cathotlde screen together
with a clock, a film frame counter and a meter which registered the receiver output current. The camera
was triggered to te three consecutive photographs automatically when the rdcsigeal reached a
threshold level. The first frame was of the signal produced by the aerial spacing Alredeh20Figure
46) as received by the horizontal elements of the Yagi array at B receiver was theautomatically
switched to display the signal from the vertical elements of aerial A2 and the second frame photographed.
The teceiver was then switched display the signal produced by the longer spacing of Al ta#Bthe
final frame of the sequenceken. The entire sequence of the three frame photographs was about 1 second.
Figure48 shows an example of the recorded output of the theseefpphabgraph for a circularhpolarised
source. Comparing frame 1 (bottom) with frame 2 shows a shift in the interference pattern phase of one
guarter of a wavelength indicating circular polarisation. The direction of the phase shift indicated whether
the sigral wasleft or righthanded circularipolarised. Foml randomlypolarised signal the interference
pattern would disappear iither framel or 2, and for linearlypolarised signals the amplitude of the

interference in one of the planeassignificantlyless depending on the alignment.

The idea for improving interferometry techniques dates back almost to the beginnings of the
Radiophysics solar noise investigations. The minutes of the second formal meeting of the solar noise group

held on &' June 1947ecords the following project which was assigned to R. Treharne:

86



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Improved Interferometry Object: To make equipment capable of yielding interference patterns in a fraction
RI D VHFRQG ZLWK D YLHZ WR H[WHQGLQJ WKLV WHFKQLTXH WR 3EXUV
WR DHULDOV FRQQHFWHG E\ D WUDQWawseW19R®@) OLQH )YUHTXHQF\ OF

Figure 48: Example recording showing three photographed
frames of a circularly-polarised source (Little and Payne-Scott,
1951: Plate 4).

By September 1947, A. Little had joined Treharne at a site at Bankstown aerodramoekton the

construction of equipment. The 23 September minutes of the Solar Noise Group record the following:

Bolar Interferometry Research ProgrammeBankstown (R.F. Treharne & A. Little). General Aim To

establish interference methods of deteimarthe distribution of sources of cosmic radio frequency radiations
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with particular reference to theun Physical Applications: In particular the following physical applications

appear to arise from such methods:

1. Determination of the size of sourcesPEXUVW’ ™ RU VKRUW GXUDWLRQ UDGLDWLRQ D\
correlation with optical frequency sources. In particular, confirmation or otherwise of the hypothesis that
SEXUVW™ UDGLDWLRQ VR XSURae/sriraler\tize thak thé)dde WhiciRdivé¥ Ksd to the
3 JHQHUDO HQKDQFHG C3HYHO™ RI WKH GLVWXUEHG

2. /RFDWLRQ RI VRXUFHV RI (EXUVW" UDGLDWLRQ DW D IUHTXHQF\ R
optical frequency sources. In particular, camfition orotherwise of the hypbesis that burst radiation
emanates from positions on tiSein corresponding to the positions of optical sunspots. Furthermore,
FRUUHODWLRQ RI KLJK LOQWHQVLW\ VKRUW GXUDWLRQ 3RXWEXUVWYV

3. Determination of dsULEXWLRQ RI VRODU VRXUFHV RI 3HQKDQFHG JHQHUDO
Mc/s and correlation with optical sunspots.

4, '"HWHUPLQDWLRQ RI WKH U P B Buhabaie pudhtyRoQ1 0K Bnd\EBri¢latidriKuith
'U ODUW\QTV WtHiHtR HWLFDO GL

5. '"HWHUPLQDWLRQ RI SRODULYVDWLbYsuppressikaglrddraildd rezélvédHfdmRohe TXLH W'
solar hemisphere and correlation with solar magnetic theory.

'"HWHUPLQDWLRQ RI WKH VL]H RI WKH VRXUF#H Rl FRVPLF UDGLDWLR!

7. Determination of the sizes of circumpolar cosmic sources of 100 Mc/s radiation.

8. Extension of experiments to other radio frequencies such as 65, 200, 1200 and 3000 Mc/s.

Technigue The technique of interferometry to be employed rests largely on thef i&® or more aerials at
YDULRXV SRLQWY RQ WKH HDUWKTV VXUIDFH VHSDUDWHG E\ GLVWDQF
space. Then by varying the phase difference between the signals received from the aerials taken two at a time

and reording the resultant amplitude as a function of phase displacement the necessary information can be

deduced.

The first experiment to be carried out consists of setting up a two aerial interferometer operating on a
frequency of 100 Mc/s as shown diagramioglly in Figure SK(E)3363.

In the first instance the aerials will be so placed as to give an angular null separation of about one degree.
Continuous 360 degree per cycle 25 cycles per second automatic phase changing will be obtained by using
remote fregency converter units at each aerial fed by a common local oscillator. The phase of the local
oscillator will be varied continually by means of a rotating transmission line phase shifter of approximately

180° electrical length synchronisation to 50 c/$nsa

The resultant noise amplitude of 2 Megacycles bandwidth will be detected and integrated over a time interval

of 4 x 10% seconds and displayed on a 25 c/s time sweep oscillography.

Visual display methods will be used at first, and photograpdtording, at a rate determined after visual

inspection of the desired phenomena, will be used.
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The conflicting bandwidth requirements imposed by signal path differences and by phase scanning rate have

been taken into account in planning this experiment.

Drift Interferometry It is proposed to adapt the system of SK(E)3363 for very slowly varying phenomena by
using the natural drift of th8unto produce the interference patterns and to record them by Esterline Angus

mechanical recorders. In this cake phase and oscillograph are not used.

Extension of Technique:Extensions of the technique will be guided largely by experience but will probably

fall into the following groups:

(i) Calibration of system in phase and amplitude to permit both size andit@hgosition to be established.
(i) Extension to more than two aerials to give higher accuracy, two dimensional position for point sources or

plane distribution for multiple sources.

Immediate PlanstThe equipment indicated in SK(E)3363 is under constructioth will be tested at the

laboratory. The system will be set up at the Bankstown field station. It is hoped that:

(i) Interference patterns from bursts will be observed and the size determined.
(ii) Drift interference patterns from enhanced general level widbserved.

(iii) An experimental technique of phase calibration established to enable absolute positions to be determined.

1RWH E\ 'U 3DZVH\ RQ 7UH KHispl@rHooKs\furgherrRidadtRrap the others [plans described
in the minutes]. Many aspeatsll not be touched for some time, perhaps never. Details of specific planning

require discusion at intervals in the future(Pawsey, 1947b)

In the November 1947 monthly progress report, Treharne and Little report that:

37KH JHDU KDV QRZ EHHQ L Q \iibtedferene daternz dined WAReCQIdd QilGbe3nstalled almost
immediately and attempts to amure source distribution etchile the motordriven phase shifter is being constructed.
Another assistant is urgently required. The matter is inHWygs [Technical 8cretary of the Division] hands(Pawsey,
1947c)

As it turned out the drift interference patterns obtained at Bankstown where not real, but rather caused

by gain fluctuations in the receiver due to problems with a power s(idpl@ready, 1947)

By February 194 7Treharne and Littllhad been joined by another assistant, Johnatawhthey report:

S3UDFWLFDOO\ DOO WKH LQVWUXPHQ WD av B&histod WovE piddegdifigRdnd OHW H G
interference patterns can be taken as soon as a mains stabiliser (ex. Dr. Builder) isidebpeeted within a

few weeks)” (Pawsey, 1947d)
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By April 1948, PayneScott had been assigned to head the programme in place of Treharne and she and
Little were forced to search for a new locatiam the experiments after the building they were using at

Bankstownwassold. They report in the monthly progress report:

3$ VHDUFK IRU D VLWH WR UHSODFH %DQNVWRZQ KDV UHVXOWHG LQ W
provide a suitable sttch of water for Kband interferometry); negotiations with the Waterboard have begun.

Meanwhile equipment is being made to replace that stolen, and some obvious faults in the system are being
remediated” (Pawsey, 1948a)

As described earlier, the equipment was installed at Potts Hililynof 1948.

The use of phase variation to produce a sweeping aerial beam would later be used byabJgadnat
%DQN WR GHYHORS RHtatiw:Lobv& KQWADUO 8 tHamBiIrBrdwWr et al., 1955) This
technique would go on to underpin the lorgséline interferometry at Jodrell Bank used to determine

source sizes and that would ultimately contribute tartkasurement of the angular diameterquafsars.

At Potts Hill, he swepiobe technique was suitable only for strong sources as the phasbirsyv
device introduce considerable noismto the system.However, for weaker sources of longer duration the
system could also be used as a fixed lobe interferometer. Bopuhposethe coaxial feeds were
connected directly to a 97 MHz receiver hwé banebass of 150 KHz and the output fed to a recorder that
wasconnected to a mechanical tirsiginal clock. This configuration was used by Mills and Thomas for
investigation of the Cygnud discrete sourcéom May to December 194Mills and Thanas, 1951)

They used théixed lobe interferometer to determine a position for the Cygnus source and to investigate
intensity variation®f the source signal. The right ascension of the source was determined from the time of
transit through the aeriddeam. The declination was determined by measuring the fregque the

interference pattern akescribedelow(Mills and Thomas, 1951)
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no
dsinH,

cos G

©)

where

is the wavelength;

d is the distance between aerials;

n is the number of a minimum in the interference pattern courtimg an assumed central
minimum; and

H, is the corrected hour angle at whitle nth minimum occurs.

7KLV ZDV GBL&aeNeNcd lin using interferometry teciuds and this sparked his interest in
further examining discrete sources. In order to achieve higher resolution a longer baseline for the
interferometer was requiredn 1950limited space was available at Potts Hillherefore Mills chose to
constructa new interferometer at the new field statioBatigerysCreekwhich was located further tibe
ZHVW RI WKH 3RWWV +LOO VLWH 7 K the indedtigdtibG oBdisvale sourde® O TV L
using interferometry. However, the technique wouwdtmue to be developdtere, butfocusedsolely on
solar observations.

With Payne6 FRWW TV UHYV RadpphisicdnQLIbU([Rde sectiornl0.3.10for further detail),

further work using the swejbbbe interferometer was discontinued.

10.4.6. The Solar Grating Arrays (F)

Following observatiomf the partial solar eclipsen 1 November 1948, Christiansen washang for a way
to perform highresolution solabbservations that didot rely onsolareclipses and would not involve great
expense.He was primarily interested imigh-resolution observatiorast wavelengths of around 20 cm. To
achieve a resolution of 3 seconds of arc iatwavelength would have reimed a singleerial at least 1,000
wavelengths wide (~76R) if the same design as ti&-ftx18-ft parabola was used. Clearly this would

have been impracticable.

Christiansen devised an approach that was aoagig a diffraction grating. He reaéd that by using a

number of aerials arranged in a straight line at a unifgpacing the combined response of the array

would produce multiple beams which would be separated from each other proportionally as theofnverse

the spacing between aerials. As such, the array could be configured so that only one of the response beams
could be positioned on thifaun at any given time.  aKULVWLDQVHQYV LQVSLUDWLRQ IRL

indirectly and was influenced by his amt& design background
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Harry Wendt

37TKH LGHD RFFXUUHG ZKLOH UHDGLQJ D GHVFULSWLRQ RI %HUQDUG

passbands are produced at widely different frequencies. This may seem particularly indirect when the
analogy which is morebvious is the optical diffraction grating, but to me as aerarddesigner thecos
n.cos 2n.cos 4series of the Loyt filter immediately suggested an antenna array and an array af arrays

(Christiansen, 1984: 118)

Keeping the cost of the design to a minimum level was of prime concern to Christiansen. He was given
permission by Bowen and Pawsey to construct the array provided that the material cost for construction
could be kept undet500 (Christiansen, 1984: 1183lthough o a different occasion Christiansen recalled
that the cost needed to be kept below £(Bfathal, 1996h) The mechanicalesignfor the array was
performed by K. McAliste{Figure49), who also proved extremely resourceful in meeting the cost target.

Figure 49: Keith McAlister, the resident Mechanical Engineer at Radiophysics who was responsible for the
mechanical design of many of the aerials (Courtesy of ATNF Historic Photographic Archive).

The construction of the array commencedulty 1950. The array consisted of 32 aerials evenly spaced

at 23ft along a eastwestbaseline of 708t located on the southern enfithe northern reservoir at Potts

Hill (Figure50).
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The aerials were constructed in the Radiophysics workshops in the grounds of Sydney University. The
array was assembled by the Radiophysics staff. A series of 32 wooden posts wasislignadheodolite

by Warburton and Davies, and as Davies has noted:

S$W WKDW WLPH ZH GLGQIW-KQRHE WKR¥W$32005: BHD QW 3RVW

Each aerial consisted of a-66solid parabolic reflector plat&hristiansen and Warburtoh953a) A
dipole receiver and reflector were mounted at the prime focus. In this form all of the aerials were
horizontally polarised. To observe circularly polarised radiation thelaecould be configured so that
alternate aerial dipoles were sairizontally and vertically so that there was a 90° phase shift between
pairs. Each of the aerials was equatorially mounted and could manually be stepped in right ascension via a
series of holes in the mounting post and a locking peg to allow tracking &uh. During observations
the aerial positions were changed approximately every 15 minutes. This involved someone running down

the length of the array and adjusting each of the 32 elements by hand.

Figure 50: The 32-element array at Potts Hill (Courtesy of ATNF Historic Photographic Archive: 2976-1 Image Date: 14
January 1953)
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The aerials were combined by a branching system of transmission lines. To keep costs down, the
transmission lines were a braced opére system separated by a ¥Yand supported by polystyrene

insulators and spacefseeFigure5l).

Figure 51: The array showing the bracing weights for the open-wire transmission lines (Courtesy of ATNF Historic
Photographic Archive: B2976-1 Image Date: 28 November 1951).

To achieve the branching configuration the transmisknas were stacked verticallin five levelsand
connected via short verticeabnnectorsFigure52 shows a schematic of the transmisdioe system.
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Figure 52: Schematic of the branching transmission lines on the 32-element solar grating array (after Christiansen and
Warburton, 1953a: 192).

The directivity of the array can be calculatéd the formula giverbelow (Christiansen and Warburton,
1953a)

sin” N
(7 —— (6)
Nsin® p
where
p @sin

- is the power received from the source, relative tqtweer received from one aerial;
N is thenumber of elements in the array;
d is the spacing between elements
is the wave length; and
is the angle between the perpendicular to the baseline and the direction of the source.

Thearray produced a series of fahaped beaswhich had a calculated beam width of 2.9 minutes of
arc at 1,410 MHz. The spacing between beams 1.7%nd since the diameter of the radio Sun at this
frequency was ~0.5°, this meant that the Sun could anin lone of the falbeams at any one timEigure

53 shows the beam response produced by the.array
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Figure 53: Beam response diagram for the 32-element array. The power received from the source is shown on the Y-
axis and the direction of the source relative to the array beam on the X-axis (after Christiansen and Warburton, 1953a:
192).

A superheterodyne receiver was connected to the array transilissiafa a radiefrequency switch
thatcontained a rotating condensehnich switchedthe signal at aate of25 Hz between the transssion
line and a dummy load. The modulated signal was then passed to a crystal detector which was coupled to a
line-tuned heterodynescillator and a 30 MHz amplifier with a 4 MHz bandwidtter the 30 MHz
amplification was a further detector, a 25 Hmpdifier and a phase sensitive detector. This then fed a
recordingmilli-ammeter. A typical output of the recording is showigure54.

Figure 54: An example of the output recording showing the passage of the Sun through several beams of the array
(after Christiansen and Warburton, 1953a: 193). In this example a strong source of emission is present near the right-
hand limb of the Sun.

When the array wasonfiguredto measure polarisation the output recording characteristic would

change. For linear or randomly polarised radigtgurccessive records would be substantially similar in
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strength as shown ikigure 54. For circularly polarised radiation successive records would show a

diminished response dependingtbastrengthof polarisation.

The solar gratingarray became operational in February 1952 and was used to make daily observations

of theSun. This was generally done by observing over a two hour period centred on midday.

One of the limitations of observationsing the easivest array was that fareams could only scan the
Sunin one dimension. To calculate the distribution of radiation fronStireit was therefore necessary to
assume a symmetrical distribution. From visual observation it is clear th&uttie an oblate spheroid
and solar eclipe observation indicated that thelar corona was far frosymmetrical(Blum et al., 1952)
To overcome these limitations Christiansen realised that bg asgecond array arranged in a ndadhth
direction theSun could be scamed at a variety of angles. ThelEUW KV URWDWLRQ DQG RUE
wide variety of angles for observations. By performing a Fod@alysison the onedimensioml scans
taken over a wide variety of angles it was possible to asstsdrtwedimensional brightness distributicof
solar radiation Although not widely acknowledged, this was tleR U diGt{application of Earth

rotational synthesis in astronor(@ghristiansen, 1989b)

Figure 55: Range of scanning angles covered by the arrays (after Christiansen and Warburton, 1955a: 479)

To achieve these objectives, in 1983orthsouth arraywas constructed on thegern sideof the
reservoir on which the eastestarray was located. The aerial design for this array was quite different.
Instead 632 elements, the NortBouth Aray had16 elements consisting of operesh parabalaerials

mounted on mch more robust equatorial mourdas shown irFigure56.
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Figure 56: North-South Array (Courtesy of ATNF Historic Photographic Archive: 3116-1 Image Date: 20 July 1953)

The array wasalso somewhat shorter than the BaA&st array being 760 wavelengtims length as
opposed to the 1028 wavelength of the Bsst array. This meant that the aerial produced a slightly
wider beam of 4 minutes of ar€he open transmissidine feeds wereeatained and can also be seen in
Figure56 with the EastWest array in the distant backgroundrigure57 shows an aerial view of the two

arrays. This view is taken from the northeast looking southwest.
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Figure 57: Aerial view of the 32-element east-west and the 16-element north-south arrays (Courtesy of ATNF Historic
Photographic Archive: 3474-1 Image Date: 25 September 1954).

Daily observations were made using both arrays from September 1953 to ApriiClgtstiansen and
Warburton, 1955a) By observing over a long period Christiansen and Warburton were able to make use of
the seasonable variations of thenfV RULHQWDWLRQ ZLWK Uhug SieyFnsre\dlie to/ KH W.
achieve coverage of 140° outth& 180° range of scanning angles indicated @

During the URSI General Assembly in Sydriryl952the French representatives invited Gtignsen
to work with them for a period. So, in 1994e moved to the Meudon Observatory near Paris on
secondment from Radiophysider one year In &KULVWLDQVHQYTVY DEVHQFH 6ZDUX
modified the receiving equipment on the BA&tstArray to carry ousolar REVHUYDWLRQV=DW (
60cm)(Swarup and Parthasarathy, 19558 this frequency the width of the fan beam waseasedo a
theoretical value of 8.2 minutes of arc at the half power peiiitsa beam spacing of 4.9%Swarup and
Parthasarathchecked thdeam response usirigygnusA as a reference and found the actual beam width
to be closer to 8.7 minutes of arc. From July 1954 to March 1955 they used tiWeStairray to
measure the onmgimensional distribution of radio brightness oktlquiet Sun and to look for limb
brightening effects. By tracking tf#n over a period of months they weableto scan theSunat angle

from 90° to 60° wh respect to the central meridian.
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Christiansen returned from France in 19%%uring his absencée had determined to build a new array.

The seed for this array had been sown in 1953 following a discussion with Mills. As Christetesen

recalled

3;KLOH YLVLWLQJ 3RWWYV +IMiiasReq rhe RvRyUvg L@ hol. c@uple the two arrays to
produce high resolving power iwb dimensions. During the ensuing discussion it was agreed that for this to
be effective the centres of the two arrays must not be separated (as they were in tHidl Botena), and

also that some means had to be devised to multiply the outputs of the array. By the next morning Mills had
devised the Cross Antenna consisting of a pair of thin orthogonal antennas with their outputs muitiplied t

give a single narrowesponse’ (Christiansen, 1984: 122)

Mills went on to build the Mik Cross prototype discussed iecB8orn10.4.§ Chrigiansen decided to
abandon the &th rotational synthesis techom he had developedargely because it was too time
consuming to be useful for observing short term changes in solar radiation. Instead he returned to the idea

of the crossed array Potts Hill did not have sufficient vacant land on which to build aayawith a
common centre, so Christigars moved his activities to the fieltaion at Fleurs Werea new arraywas

constructed.

However, aprototype of the aerial design thabuld be usedat Fleurswas tested at Potts HillFigurg

shows the larger prototype aerial located next to the original-sotith array.
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Figure 58: The prototype of the larger aerial in the background that was to be used in the new crossed array being tested
at Potts Hill (Courtesy of ATNF Historical Photographic Archive: B3881-2 Image Date: 13 December 1955).

Figure59shows another view of the prototype aerial

The new crossed array began operation in 1957 producing daily images of tf@r&iaton, 2004c)
Again, this array was designed and constructetoimse in the Radiophysics workshops. This move
effectively made the original Solar Grating arrays redundant and hencewtrey earmarkd to be

scrapped. Fortuitously, as noted by Swarup;

33DZVH\ OLNHG WR YLVLW DOO WKH 53 ILHOG VWDWLRQV XQD
(Sullivan, 2005), and during one of his surprise visits to Potts Hill | asked whether these dis

could be gifted to India. He readily agreed to this suggestion, as did E.G. (Taffy) Bowen, Chief of

the Division of Radiophysics. On 23 January 1955, | wrote to K.S. Krishnan about the possibility

of transferring the thirtywo dishes from Sydney tthe NPL (National Physical Laboratory) in

1HZ '"HQ$Wwarlp, 2006: 25)
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Figure 59: Another view of the cross grating prototype aerial being tested at Potts Hill (Courtesy of ATNF
Historical Photographic Archive: B3881-14 Image Date: 13 December 1955).

Although Australia agreed to donate the equipment under the Colombo Plan, there was a substantial
delay before the equipment was actually shipped to India as there was no agreement as to who should bear
the cost of shippingwhich at the time was about 700 Australian Pou&igarup, 2006) Eventually the
CSIRO agreed to meet the shipping costs andBthelements of the Potts Hill Eaatest Solar Grating
Array was shipped toNew Delhi. In mid 1963 the array was transferred from the National Physical
Laboratory in New Delhi to Tata Institute ofifkdamental Research and wasugeat Kalyan near Bombay
for solar observations at 610 MHz. The original 32 agneadre configured as two ays, oneof which
consisted of 24erialsoriented in a eastest baseline 630 metres long and the second consistihg o
remaining 8 aerials in a nordouth baseline 256 metres long. In this configuration it becamerkasthe
Kalyan Radio Telescopand began operations in April @9 (ibid.) The first paper produced from

observations from this instrument appeareNature(Swarup et al., 1966)
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The fate of theNorth-South Aray is not clear although some aerials may have beentddna local

universities (see&ttion10.4.10Q.

10.4.7. 36-ft transit Parabola (G)

Following the detection of the Hydrogen emission line usind @4 x 18-ft Paraboloid and the realisation

of the importance of investigation of the line emission, it was determined to build a dedicated instrument
for survey workat Potts Hill This instrument was one of the largest radio telescopes in the world and
certainly tke largest in the southern hemisphere at this time. The construaidnwas supervisedoy
HindmanandKerr (upon thereturnof the latterffrom studies at Harvard College Observatory during 1950
1951). As luck would have it Kerr was visiting Harvard whitie Hline discovery was first announced

and hence he was able to assist in engagadjophysicsn the confirmation of the discovery.

Initially Radiophysics considered purchasing a large aerial rather than constructing one in their own
workshops. In August 1951, Pawsey contacted the Dutch company, Werkspoquiing as to the
feasibility of purchasing an 8@ instrument. However, after some tentative exploration it was decided to
proceed wittin-house desigandconstructionPawsey, 1951d)

Constructiorof the instrument commencedlate 1951.For the purposes of survey work it was decided
to build a transiinstrument that consisted of a-86parabola mounted on &éd eastwest axis which
could be stepped only in declination.

Figure 60shows the construction of theundations for the aerial mount and the receiver hithe

aerial was located just to theest of thel6-ftx18-ft Paraboloid on the northern side of the resiervo
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Figure 60: Construction of the foundations for the 36' Transit Parabola (Courtesy of ATNF Historical Photographic
Archive: B2768-1 Image Date: 6 June 1952).

The aerial was supported by two major post structures at tharahstest sides of the aerialgether

with a further central supporting tragkigure61shows the post mountings during construction.
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Figure 61: The two major support posts of the 36-ft aerial during construction (Courtesy of ATNF Historical
Photographic Archive: B2778-5 Image Date: 19 June 1952).

The aeritiitself was fabricated osite and consisted of a frane®nstruction with a mesh reflector

surfacgFigure62/shows the aerial on its constructiongigring assembly
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Figure 62: The onsite assembly of the 36-ft Parabola in its construction jig (Courtesy of ATNF Historical Photographic
Archive: 2774-2 Image Date: 3 September 1952) .

A crane was then used to lift tharpbola into its mounting as shownpHigure63
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Figure 63: The 36-ft Parabola being lifted by crane into the transit mounting (Courtesy of ATNF Historical Photographic
Archive: B2975-19 Image Date: 14 January 1953).

Figure 64| shows the aerial undergoing final assembly in its modrte central track sygort is also

visible in this photograph.
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Figure 64: The 36-ft Transit Parabola in final assembly in its mounting (Courtesy of ATNF Historical Photographic Archive:
2975-21 Image Date: 14 January 1953).

In this configuration, anaith the operating frequency of 1,420 MHz, the beamwidth of the aerial was
theoretically 2 at thefull width half-power points, but this was later measured usingstiveas a reference

source to be 2%Kerr et al., 1959) |Figure 65/ showsthe measured radiation pattern of the main lobe

compared to a Gaussian curve with the same width between half power pbiresGaussian curve is

indicated by thesolid line and th open circleshow the actual measurements
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Figure 65: The measured shape (open circles) of the main lobe radiation pattern of the 36-ft
parabola at 1,400 MHz compared to a Gaussian curve (solid line) (after Hindman and
Wade, 1959: 260).

Despite the very robust mounting structure, structural distortions in the aerial framanebik the
prime focus mountingould result in pointing errors of up to 1° and hence it was necessary to carefully
measure the distortions at various aerial delineations so that corrections could be applied to position
measurements. To do thi small optical telescope was fixed hetaerial framework and theansit of
stars at various declinations wadserved. Direct measurements were also made using a sighting

telescope. The original single pole prime focus mount proved too flexible and it was soon replaced by a

tripod mountThe finished instrument ready forlithe observation is shown|Figure66
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Figure 66: The 36-ft Transit Parabola ready for H-line observations (Courtesy of ATNF Historical Photographic
Archive: 3170-2 Image Date: 14 January 1953).

The receiving equipment that had been used for the initlithdHdetection and the first surveysas

based on a reogr that was swept across a narrowband while rapidly switching betweeadfaent

frequencies (refer toestion

10.4.1

for a more detailed description of this equipment). This produced a

modulated signal that was independent of the background signalyémowlee modulated signal itself was

very weak. This meant that long integration times were necessary to reach the required sensitivity and

hence the frequency band in which thdind was present could only be swept very slowly. oVercome

this limitaion, Pawsey proposed the construction of a new type of red&eeret al., 1954)the ZRUO GV

first multi-channel receiveKerr, 1984) Instead of sweeping the frequency band in which thedéicould

be detected, Pawsey proposkéd use of a fixefrequency system. In this system a brbadd output

covering the frequency band to be analysed was filtered into a number of parallel-pandwhannels

which could all be displayed simultaneoudBy comparing the mean noise levets éach narroviband

channel with the overall broadband it was possible to remove background noise from theTsignal.

allowed the whole frequency band covered by the bbaaml input to be analysed and the line profiles
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determinedn a single integratioperiod andneant that observations of the same sensitivity could be made

much more rapidly that with the previous receiver.

The initial tests of the aiti-channel receiver were made using only a limited number of channels. The
first paper published based on observations using the new receiver design used only a single channel of
40KHz bandwidth(Kerr et al., 1954)A Superheterodyne design with double frequency changeises
for the receiver. A local oscillator at 1,390 MHz was coupled to a high frequency mixer which then fed the
first stage intermediatfequency channel of 30 MHBoth of these componentvere mounted at the
DHULDO IHHG SRLQW DWs WidtdHa Bldidged D] cted s Bhel pliRary féedhis
configuration the aerial was horizontally polarised parallel to itsweest axis.A low frequency mixer,
coupled to a 23 MHz oscillator, was then fed to the next intermeftejaency channel of MHz. At this
point the overall bandwidth was 1.7 MHz. From this a 40 KHz section was selected for examination by a
narrowband filter. By adjusting the two oscillators and the narrowband filter, which operated at 7 MHz, the
receiver could be tuned todlzero beat frequency poimhich corresponded to a receiver frequency of
1,420.405 MHz. In this way the receiver output provided a direct measure of the Doppler frequency
components, either popLWLYH RU QHJIDWLY HfrequéhByXoD tBe Win€eH Thé&s&VDappley W |
components were due to the radial velocity of the hydrogen producing the emi$gsovelocity was then
PDQXDOO\ FRUUHFWHG WR WDNH DFFRXQW RI WKH (DUWKTV URWI
duH WR WKH 6XQfV RUELW LQ WKH *D O D [|FigiWweR7|Bhovis labldckodidgrBm O R F D (
Rl WKH pVLQ imitichaknbl @eQaiiOtifat was used in the initial observations and trials of the

receiver.

Figure 67: A block diagram of the "single-channel" multi-channel receiver prototype (after Kerr et al., 1954: 301).

In theoriginal constructiorthe single pole prime focus mounting had been replacédreyg armshatwere

used to support the prime focus equipment, but this was modifiedcember 1958 an evenmore rigid

four arm system as showr|kigure68
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Figure 68: The 36-ft aerial showing the four-arm prime focus supports (Courtesy of ATNF Historical Photographic
Archive: 3679-1 Image Date: 1 June 1955).

As part of the modifications, the prime focus feed was shifted outward by afftotat ifs correct focus
point. This improved the gain of the aerial by nearly 20% and virtually eliminated thilsagKerr,
1954b)

The new receiver also required a different type of observing technique to tham tisecarlier Hine
studies. The aerial was positioned at a fixed declination and then the seareedowed to drift through
WKH DHULDO EHDP FRXUWHVA dntindbkdHre¢drding/ wdsVmad®& W eV indtiple
frequency channels and thkline profiles derived by fitting together a series of these recordings. &or th
HDUO\ REVHUYDW L R @handeVircalypd iettiventheQel dbsefvations needed to be repeated

for each different frequency channel so that the line profiledcbalderived.By using multiple channels
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that gave sufficient frequency coverage to encompgas®bserved radial velocitiea, 1° strip of the sky

couldbe scanned and the line profile to beadily derived as a function of right@nsion and declinati.

Figure69|shows an example of thelithe profile produced by the receiver. The receiver was tuned to

the rest frequency of the Hydrogen emission, so the frequatiftyfromthe central frequency wasdirect

function of radial velocity|Figure 69|shows themeasurement d@he multiple frequency channels (dots).

These are fittetdy two Gaussian cuesto produce the profile.

Figure 69: Example of the H-line profiles produced by the prototype
multi-channel receiver (after Kerr et al., 1954: Adapted from Figure 3:
303).

The prototype receiver was used to perform a survey of neutral hydrogen in both the Large and Small
Magellanic Clouds. These were the first observations of neutral hydrogenekiwagalactic sources
Getting the original receiver to work effectivelyrass multiple channels had proved to be extremely
difficult. In mid 1953, J.D. Murray was asked by Pawsey to see what could be done with the receiver
design. Murray recalled that this was not a happy task and aftewdeks work determined that the
original receiver design would never work and would need to be changed to a switcheddesigy,

2007) At this point Murrayreturned to the laboratory and began work nretirely new receiver design

that would become the 4thannel receiver used at the Murraybank field station.

Hindman and Kerpersisted with their receiver and ultimately modified its design significatristead
of switching betweenvito frequencies a continug comparison approach was used whereby two channels
were connected to opposite sides of a differential D.C. ampl|iﬁigure70 shows a block diagram of the

modified later stages of the mutthannel receiverThe channels could be stepped across the desired
frequency band allowing a one channel overlap to produce a continuous line profilerodbae full

coverage of a broad profile in the Galaxy requigghtto tenobserving day¢Kerr, 1984)
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Figure 70: The modified late stages of the four-channel receiver (after Kerr et al., 1959: 274).

These receiver modificatigrovercame the issues inherent in the swept and switched type of receivers,

namely the difficultly of maintaining a flat baseline while tuning over a wide frequency band and the

precise equalisation of the local oscillaand the front end performance in the two switch positions.

However, the new design introduced a new issue. Because the signal comparisons used different parts of

the banepass for comparison, they could be subject to differential gain drift. Thigedaeery careful

stabilisation of the components. To check for drift and to establish a zelahevaerial was pointed at a
U F RE@GAF the sky, in this case the Soutkl€stial Pole, after each scan across the Milky Way. The

output signal produ¢éiG ZDV RI

using thel6-ft x 18-ft Paraboloid at Georges Heights (

Figure71

OLON\

$egure 30

WKH tygeLemiiisdent df@He H4rly solar measurement made

for an example of the output signal).

shows arexample of the fouchanneloutput along three constadéclination traks across the
D\ Bygioliiddicates wherthie aerial was pointed at the South Celestiid P
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Figure 71: Example of the "Picket Fence" effect where the 36-ft aerial was pointed at the south celestial

pole between declination track scans (after Kerr et al., 1959: 280).

In 1955 Piddington and Trent, in a departure frorind work, used the 36 Parabola to conduct a
survey at 600 MHz between declination 90° South and 51° NBrtldington and Trent, 1956bJhey
replaced the mulithannel receiver with a 600 MHz receiver which was fed by a single dipole and
reflector plaé mounted at the prime focus. The receiver was essentially identical to that used by
Piddington and Minnett for their earlier survey work at 1,210 MHz using tHex18-ft Paraboloid (see

section10.4.1angFigure 33|for detailed description). A-& parabolic aerial directed at the sowelestial

pole was used to provide the reference source for the main aerial and is shown in the right foreground of

Figure 72| This was a major undeking as the beam width of the aerial at the half power points at this

frequency was just over 3°. Observations were made by setting the aerial at a fixed declination and then
allowing the beam to drift in right ascension asHaeth rotated. The dealation was then stepped by 1%
degrees and the next scan taken. The whole process was then repeated at least twice to remove instrument
effects and external interference and this achieved almost full sky coverag®0° to +51° The results

of this suvey were published in 195@iddington and Trent, 1956b)
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Figure 72: The 36-ft transit parabola with the 6-ft reference aerial in the right foreground. The people in
the image are from left to right Kerr, Hindman, Robinson and Pawsey (Courtesy of ATNF Historical
Photographic Archive)

Having got the multchannel receiver working, Hindman and Kerr began work on the survey of the
southern Milky Way. Thisurvey workled to colldoration with the Dutch Leident3ervatory to produce
a composite diagramf ahe spiral arm structure of our galagyerr et al., 1957) The work also was a
major component of the data used to determine a new system of galactilir@ies based on a newly

agreed centre and plane for the galaxy that was adopted by the IAU General Assembly in 1958.

With the completion of observationsrfthe southern Hine survey,Hindman and Wadeadapted the
modified receiverto allow broadband detection of radiation around 1,400 MHz. They didbthis

modifying the receiver so that it accepted two bands, each 30 MHz away from the first stageroscillat
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frequency of 1,393 MHz. This way they could lexte the Hline emission signal from investigation of the
broadband continuuﬁ.igure??: shows a black diagram of the modified receiver.

Figure 73: Block diagram of the modified receiver to allow broadband detection around 1,400 MHz (after Hindman and
Wade, 1959: 261).

The modified eceiver was used to investigdéite Eta Carinélebula and Centaurus A.

In 1956 a newfield station was opened at Murraybank dahe ongoingRadiophysicH-line research
was transferred to this field statig@®rchiston and Be, 2005a) At Murraybank a fullysteerable 2t

ParabolgFigure74) was installed overcoming the issues with operating a transit instrunmehefsurvey
work. The Murraybank aerialwasPRGLILHG GHVLJ@ RRWVKHD BI&JKDIOVZLWK LQFUH

an increase in diamet@Pawsey, 1955hb)

In a report on the projected future programme for the Radio Astronomy Group on 29 June 1959 it was
noted thatsthe southern Milky Way-line survey was now completeithe 36-ft Parabolaand associated
hut would be held in resenas a test bed for receiver testumgfil such time as the new equipment facility

being developed at the new Radiophysics Headquarter atdeywpiscompleted Pawsey, 1959a)

In the Annual Report for the Division for the year ended 30 June 1958 it was nottg: thavelopment
of masers (Microwve Amplification by Stimulated Emission of Radiation) was underway in the U.S.
(Bowen, 1958) It also noted that thitype of receiver would be most useful for-&@t research and
thereforea small group had been organised to investigate. This group consisted of F.F. Gardner, D.K.
Milne and G. Bogle. Masers were considered an offshoot of work in the field efetoperaure
paramagnetic resonance in which the Division of PhysicsaHatge body of experiencand the maser
developmHQW KDG UHYLYHG DQ Laghplfidadidh\viwhichdfene® iow) mpRéH athplifidation
without the engineering complexities of the maserhe report also noted that an Officer [B. Rawmn]
had been stationed at Leiden where worknmasers for radio astronomy wasiderway. In 1958, a

operational mser receiver wasonstructed and tested at Potts Hill using thdt 3g@ansit ParaboléMilne
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and Whiteoak, 2005: 33)This was one of the first operatadmasers in the worldThe maser used liquid
heliumfor cooling and this proved to be impracticable for operations at Parkes and so further development
was abandoned in favour of using a@f nitrogencooled parametric amplifigiibid.). The maser trials

were the last experiments performed usheg36ft Parabola at Potts Hill.

Figure 74: The 21-ft Parabola at the Murraybank field station (Courtesy of ATNF Historical
Photographic Archive).

10.4.8. Mills Cross Prototype (H)

After his experiences in using twadement andhreeelement interferometersnitially at Potts Hill and
then more extensively at Badgsr@reek field station during 1950 to 1952, Mills was looking for a way
which he could overcomesome of the limitationgnherent in his type of interferometer Cearly a
traditional parabol@encil beam instrument slufficient size to produckigh resolution would be suitable,

but this would have been prohibitively expensive to construct
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One of the main issuddills had been dding with at Badgery Creek was the problem thtae small
spacingof the interferometeaerialsrequired long periods of integration and therefin® measurements
sufferedfrom gain fluctuation in the receiver. It was while exploring a solution to overcome this problem

that Mills recalled

3, KDG EHJXQ WR ORRN IRU D EHWWHU DOWHUQDWLYH ZKHQ , UHFHL"®

News came through the grapevine that a revolutionary system had been introduced there but it was all very
hushhush and no detailsere known; It was believed that it involved a modulation of the interference pattern.
This seemed to be just what was needed. A little thought suggested modulation by interchanging maxima and
minima on the interference pattern by switching phase and) @sigynchronous detector, as in hieke

system The necessary equipment was built and it worked very well. Later | found that this was precisely the
system used at Cambridge, the only difference being their use of a hardware switch in the antenmesfeed li

whereas | had used an electronic switch following the preamplifidills, 1984: 149)

Using the new phase switethinterferometer at Badgerysrézk Mills soon discovered anothaajor
issuewith using spaced interferometers for survey work. Many of the sources resolved at the short spacing
bore no resemblance to those detected at the longer spacing.dd&tédined that this was most likely
caused by the sources being extended in naathertharbeing point sourcesHe determined thahis

was causing the confusion of the interference patterns.

Mills believed that sensitivity was not thesue for the source survey workther high resolution was

the key requirement. As he haated

3%\ WKHQ , NQHZ WKDW FROOHFWLQJ DUHD zZzDV UHODWLYHO\ XQLPSRL
give high resolution. As a filled array seemed wasteful, | first looked at various passive configurations such as
crosses and ringdyut these all suffered from high sitlibe levels. Suddenly it occurred to me that by

combining the phasswitch, which | had used on the interferometer, with a crossed array thélside

problem would be substantially reducétMills, 1984: 151)

Mills (1984)has commented that there was a degree of scepticisim Ri#tdiophysics that the idea of
the phase switched cross array would actually wdrtis was an example of some oéthivalry that was
beginning to emerge between researchers at the major field stationsa¥kkeif there was actually some

opposition to building the cross array, Milé&gercommented

32K ZHOO WhDNAs paitvdf th® Rawséowen camp dision. When | put it [the cross array] up
%ROWRQ ZDV YHU\ DQWDJRQLVWLF DQG WKRXJKW LW ZRXOGQTW ZRUN
UHPHPEHU WROG PH TXLWH FOHDUO\ DQG XQHTXLYRFDOO\ WKDW LW
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behind me and so we had to build a small experimental model first, just to show that it would work, which it
did. " (Bhathal, 1996a)

Ultimately it was determined that a prototype of the new array should first be consauétets Hillto
test the concept befommoving to a full scale deployment. In hindsight this proved to be a useful
undertaking as considerable experience was gained that was lated apptonstruction of the fulicale

cross at the Fleurs field station.

The prototype array was built by tlé in consultation with Mills.Govind Swarup alsopent three
months working with Little and Mills on the development of a phase shifter for the (&warup, 2006:
24). The arraywas designed to operate at a frequency of 97 MHz and as such used an 24rfotded

dipoles. These were arranged in two arms which were oriented-smrth and east west as shoin

Figure75

Figure 75: Diagram of the dipole arrangement of the prototype Mills Cross array (after Mills and Little, 1953: 275).

Each arm of the cross was 0n length.The response of the combinednamproduced a pencil beam

with a beamwidth of 8°. The dipoles were backed by wire mesh suspended below the dipoles to act as a

reflective surfacas shown ifFigure76
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Figure 76: A close up view of the prototype Mill Cross at Potts Hill (ATNF Historical Photographic Archive: B3064-3 Image
Date: 21 April 1953).

The line feeds fothe dipole consisted of a tweire transmission line that ran the length of each array,

terminated at one end by matching resistors and the other leading to the common centre of the array.

Figure77|shows the arrangement of the dipole feeds.

Figure 77: The line feed arrangement used on the prototype Mills Cross array (after
Mills and Little, 1953: 276).
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The pencil beam could be steered in declination by changingetitieve phass of the currents in the
dipole arms by changing the points of connection of the stubs to tHedide The output of each armava
first fed to a preamplifier and then combined thioagphase switching arrangemenom there the signal
was amplified, passed @phase sensitive detector and then recordBdo outputswere recorded, the

phasedetected output and also the receiver output le¥edlibration marks were inserted in the output

record every twenty minas by switching the preamplifiers to cold resistors for 1 minktgure 78 shows

an example output recording of tBen passing through the penciédmof the array The open dots in the

figure show the computed polar diagram of the array

Figure 78: Example output recording of the Sun passing through the pencil beam of the prototype Mills Cross.
The upper graph shows the phase-detected output while the lower graph show the receiver output level (after
Mills and Little, 1953: 277).

Although the crossed array was constructed as a protifeafoncept, it did produce the first radio

detection of the Large Magellanic Cloyéigure 79|shows the prototype array at Potts Hill looking west.
In the background are tHi&-ft x 18-ft Paraboloid and the 3® Transit Parabola.
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Figure 79: The Mills Cross Prototype at Potts Hill. In the background is the 16-ftx18-ft Paraboloid and the 36-ft Transit
Parabola (Courtesy of ATNF Historical Photographic Archive: B3171-4 Image Date: 7 October 1953).

It is interesting to note that in reply to a lettehish Pawsey had written to Lovell at Jodrell Bank

describing the concept of the Mills Cross, Lowelbte

3+DQEXU\ %URZQ PXVW KDYH KHDUG VRPHWKLQJ DERXW \RtkeU QHZ DHUI
other day. As a matter of fact, Jennison put up a similar scheme for investigating the fine structure of the

Cygnus and Cassiopeia sources but we were unable to proceed with it owing to financial difficulties

(Lovell, 1953)

HanburyBrown also noted:

:H FRQVLGHUHG H[DFWO\ WKH VDPH VFKH P Higpaidiild, HhuGahfelicthQ WR JR

conclusion that we wanted the large gain as well as the narrow beam width especially for work at high
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frequencies. | have recently-esamined the technical problems of phasing an array of this type for a
wavelength of 2 metse however in view of our programme on the 250 ft dish we shall not attempt to build
it. " (HanburyBrown, 1953)

10.4.9. Miscellaneous Instruments
This section describes some of tiberinstrumerts that were used at Potts Hill.
10.4.9.1. Yagi Arrays (1)

One of the first instruments to be used when the field station was established &ilPoit 1948 wasa

simple Yagi atenna This was used by Little for daily solar measurements at 62 MHz and was located at
the northern side of the reserv@@rchiston and Slee, 2005apeveral different Yagi configurations were
used at Potts Hill as part of the solar monitoring pro@ shows an example of a featenent

Yagi used for solar observations at Potts Mhile no individual results were published from observations
from this instrument, data collected from these observations were incorporated in thé&eauéncy

observation and statistical reseapapes.
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Figure 80: A four-element Yagi array at Potts Hill (Courtesy of ATNF Historical Photographic Archive:
P12205-1)

10.4.9.2. Suspended Dipole (J)

The last instrument to be constructed at Potts Hill was a simple dipole asiespended between two
poles using the ground as a reflectbnperated at 19.6 MHz amdas erected iearly 1956 (Orchiston and
Slee, 2005a) It was used s part of a spaced aerial experiment by Gardner and Skaiexamine

scintillations in radio emissions from Jupiterdetermine if theewere inherent intte source ocaused by
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the ionospheréGardner and Shain, 1958Yhe main instruments in the experiment were located at Fleurs
field station some 25 km tine west. Simultaneous recordings were taken at both sites so that burst arrival

time could be compared.

Gardner and Shain noted in their 1958 paper that there was considerable local interference at the Potts
Hill site. Mills also noted that part of hiason for moving to Fleurs was the increasing levels of radio
interference at Potts Hi{Mills, 1984).

10.4.9.3. Spectrohelioscope

The installation ofa spectrohelioscope opectroheliograph at Potts Hill support the optical coration
to thesolarradio observations was first proposed by Pa$oett(1947) In heroriginal proposaPayne
Scott(ibid.) noted that she had discussed the tansonwith R. Giovanelli and W. Steélom the Physics
Division of the CSIR and they had offered their assistance should the proposal proceed.

Over a number of years Radlysics considered purchasing @estrohelioscopehowever despite a
great deabf investigation no purchase was made. In October 1951, Woolley wrote to Pawsey stating that
with the departure of C. Allen from Mount Stromlo, they were having a great deal of difficulty maintaining
their solar program. In fact he noted that if it wepeRW IRU 5DGLRSK\VLFVY] LQWHUHVW
program in January 195@Voolley, 1951) Pawsey replied to Woolley suggesting that in view of the
GLIILFXOWLHYV S Hpéitrbhehosdpe Ldull @dRIfhaned to Radiophysics and be supervised and

maintained by Giovanel(Pawsey, 1951e)

In July 1952Woolley wrote toPawsey agreeing to the loantbé spectrohelioscope for a period of one
year, with thepossibility of extension dependent on the needs of the lonospheric Prediction Service
(Woolley, 1952)

The spectrohelioscopevas ultimately installed at Po#t Hill by Giovanelli in late 1952 andwas
employed to makesgular images of thBunusing a+ . filter so comparisons could be madith the radio

frequency observations. Thestrumentwas operated bRRadiophysicstaff as noted by Davies

3«RQ FOHDU GD\V , PDGH PDS ValgHaSuradd uised Btohyhidrst dists W loidsent the
data. The features included sunspots, bright plagues, and prominences (which were visible in emission on

the limb or in absorption as dark filaments on the di¢Ravies, 2005: 95)

Figure81|is taken from a newspaper article on the overall solar program of the Radiophysics group in

1956 and shows Giovanelli and theectrohelioscope
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Figure 81: Dr. Giovanelli and Miss Marie McCabe examining a spectroheliograph
photograph (Courtesy of Sun-Herald, Sydney 16 September 1956).

10.4.10. Fate of Instruments

While the fate of many of the instruments from Potts Hill remains unclear, it appears that at least some of
the aeriadt were aher transferred or donated toiversities within Australia. In March of 1961, Professor
G.R.A. Ellis of the Department of Physics, University of Tasmania enquired éisip@ssible to obtain any

ROG DHULDOV IURP 5DGLRSK\VLFVY 3DZVH\ UHSOLHG LQGLFDWLQ
dishes) to Reg Smith [Dr. R.A. Stinj Demartment of PhysicsJniversity of New England, Armidale]

(Pawsey, 1961b)Dr. Smith was conducting ionospheric researcthigt time although the results of his

researclwith the exRadiophysics instrumentgere never published.

As we have already seehgtEW Solar Grating Array was permanently loaned to India and went on to

become the Kalyan Radio Telescope operatityoah April 1956.
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At one stage consideration was given to recycling the equatorial mount of-the 16-ft Paraboloid
for use with a new larger aerial; however this was abandoned with the construction of the Murraybank
aerial. The fateof both the 36t Parabola and the 1f6 x 18-ft Paraboloidareunknown.

Unfortunately it is likely that many of thastruments were sold for scrap metal as the research efforts

of the Division were consolidated on the Parkes Radio Telesfoigere 82 shows a 16t Parabola in a

state of disrepair at Potts Hill in the late 195@iven the condition of this aerial it is likely that it would
have been scrapped.

Figure 82: A 10-ft Parabola showing damage to one of its eight sections at Potts Hill in the 1950s
(Adapted of the ATNF Historical Photographic Archive: B2639 Image Date: 28 November 1951).

10.5. Major Research Contributions
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The research contributions at Potts Hill from 1948 to 1@6é&wide ranging. At the outset thveork was
heavily weighted tevardssolar reseah. However, the investigatiasf cosmic noise sources grew steadily
during the life of the field station and wiol dominate its later years with Potts Hill being the home of the

original 2kcm Hline confirmation and then surveys of the Magellanic Clouds and southern Milky Way.

This Section examines in detail the research contributions of solar, cosmic antligher radio
emissionresearch inwhich the Potts Hill field station was involve@he section concludes with a brief
discussion of the 1952 U.S.R.I General Assembly which was held in Sydney.

10.5.1. Solar Research

Prior to the establishment of the Potts Hidlld station in 1948, solar research had been occurring at a
number of the Radiophysics field stations scattered across the Sydney @stiiston et al., 2006)One

of the key challenges of this early work had been the limitations inherent imdetey positions of source
radiation due to the low angular resolution of the types of instruments being used. Some early progress had
been made using interferometry techniquéécCready et al., 1947)However the opportunity to
accurately determasourcepositions andhe diskdistribution of solar emissiorthrough the use of solar
eclipses soon became apparemtl 946 Covingtonworking in Canadayadused the opportunity presented
by an earlierpartial solar eclipse to accurately measure the time, amtehgosition, on the solar diskhen
radio emission was masked by the passage oMthenfV G L Want &f @ source(Covington, 1947)
Sander(1947)also used this same edpto examine thBunat the higher frequency &428MHz. The

first use of a solar eclipse radio astronomy was ticke (1946b) but it was Covington who was the first

to show that strong emission was associated with a sunspot group that was occulteéddpntfi¥y GAV N
similar partial solar eclipse was schedlite be observable from Australia dnNovember 1948. This
opportunity turned out to be the catalfmt consolidating the majority of the Radiophysics solar research

programatthe new field station a&otts Hill.

10.5.1.1. 1948 Eclipse Observations

In anticipation of thel Novembe 1948eclipse a range of instrumentsasrelocated to the Potts Hill field

station so that mulfrequency observations could be obtained. Tét x 18-ft Paraboloid was relocated

from the Georges Heights field station and was used as the lead instrument for observations at 600 MHz
(Christiansen et al., 1949b) These observations were maite conjunction with two portable 1@
parabolas that were located at the remote sites of Rockbank in Victoria and Strahan in Td$msawes

the first time that radio astronomical observations were conducted in these two Australiae ates
Orchiston, 2004a)A 68-in Parabola was used for observations at 3,000 NMriddington and Hindman,
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1949)and thed4-in ex-Seartlight Parabola was relocated from the Radiophysics headquarters at Sydney
University to be used for observatioas 9,428 MHz (Minnett and Labrm, 1950) Christiansen had
originally considered making the observatiarighe eclipse from Adelaide as it was considered that the
Sunin Sydneymay have been todoseto the horizon at the time of the eclipse for useful observations
(McCready, 1948c)

The primary goa of the observations at 600 MHz were

(1) to determine the accuratiéstribution of radio brightness over the solar disk

(2) to pin point the location of localised radio emitting regions, and

(3) to look for possible polarisation effects that were predicted to be associated wiSurifie/
magnetic fields.

By conducting obserations at three dispersades it was possible to triangulate position estimates of
discrete sources on the solar diskhe three sites gave six possible intersecting arc solutions for any
observation three on entry and three on exit from the eclip&nth Strahan and Rockbank had full
visibility of the eclipse. At Potts Hill, sunset occurred before the last contact bfabrfV GLV N "L H WK

contact point)Figure83|shows the situation for the eclipse as observed fRwits Hill

Figure 83: Circumstances of the partial solar eclipse of November 1, 1948 as observed from Potts Hill (after
Piddington and Hindman, 1949: 529).
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Prior research had suggested that the radio emission at tbggerfcies could be divided irtwo main
components. The first was believed to be the thermMBPSRQHQW DVVRFLD®IK Jh& L WK W

secondwas a slowlyarying componenthat had been correlated with total areasofspots on the solar

disk [Figure 84{showsa scatter plot correlating sunspot amgh apparent temperature. This data was
takenlURP HDUOLHU REVHU \¥:=BWm)argivdieaws W K d +]baxkgiduNdevel when ro
sunspots are presemn the solar disk

Figure 84: Correlation diagram between apparent temperature
and sunspot area given as units of 10 of solar disk (after Pawsey
and Yabsley, 1949: 208)

0D UW\Q T VicawrdodeR (Melrbvh, 1946b) and observationgPawsey, 1946)had suggested a
temperature for the solar corona in the order 8fKL&t 200 MHz This indicated that with thimcreasen
temperaturas a tinctionof distance from the solar disknb-brightening should be observad the edges
of the disk would expose a greater depth of the higher tempemitoed atmospherethan faceon

observations

The orientation of the eclipse also provided an opportunity to test the prediction that the general
magnetic field of th&un should lead to inequality in the circularly polarised components from theamorth
and soutbrn hemispheres of th&un. The passge of the Moon effectively covered the southern
hemisphere during the eclipse thus allowing the emission from the northern hemisphere to be compared
with overall emissionTo try and measure this effect, the two remote field stations siaeaé configurd
to measure left and rigipolarisation components of the solar radiation. The main aerial located at Potts

Hill was linearly polarised.
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On the day of the eclipse there were six small sunspot gndsjple with a total area of 85xf0
(0.085%)of thesolar disk{Figure85).

Figure 85: Sunspot groups visible on the solar disk immediately prior to the
partial solar eclipse of 1 November 1948 (Christiansen et al., 1949b: Plate 2).

The Commonwealth Solar Observatory at Mount Stromlo provided eclipse predictions and optical
observations during the eclipse. These contributions are acknowladdgke published observations.

Optical observations wergsomade using a telescope located at Sydney Technical Calfejshown in

Figure 86| (Orchiston et al., 2006: 45However this contribution was not acknowledgedher than

recording

3« WKH FLUFXPVWDQFHYV RI WKH HFOLSVH DW 6\GfQadcuratetyUtihed KHFNH G
photographs(Christiansen et al., 1949b: 512)

To support the Rockbank observations a single photogveash taken at Melbourne Observatory
(Clapham, 1948)
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Figure 86: The Sydney Technical College telescope used for solar imaging during the eclipse observations.
Photographs were taken using the 15 cm (6-in) guide-scope attached to the 46 cm (18-in) reflector (Courtesy of the
ATNF Historic Photographic Archive: B1899-7).

All three of the radio observatiagites made successful observations of the partial solar eclipse at 600

MHz. The elipse record from Potts Hill is shown|Figure 87| The record for Rockbank is shown in

Figure88lanqFigure89|shows the record for Strahan.
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Figure 87: Eclipse record taken at Potts Hill at 600 MHz (after Christiansen et al., 1949b: 510).

Figure 88: Eclipse record taken at Rockbank in Victoria at 600 MHz (after Christiansen et al., 1949b: 511).
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Figure 89: Eclipse record taken at Strahan in Tasmania at 600 MHz (after Christiansen et al., 1949b: 512).

As the edbse occurred near sunset, thenSvas low on the horizon anigereforethe ful records of the
eclipse were ffected andthe major focus of the analysis was on the first'2/Bthe eclipseecord Eight
prominent discrete radio sources were observed at all three sites and these are marked in the recordings as

the circled numbers-8. A simplified illustration is also shown |iﬁigure94 It can clearlybe seen that the

radio emission began to decline well before finst optical contact of the &n$ diskand it was estimated
that 40% of the radiation at 600 MHz origiedtaitside the visible disk of theu8, with an average
effective temperature of 5 x 1&. The effective temperature of some of the eight bright areas was
estimated to exceed 1B. The equivalenblackbody temperature of thei$(T,) was calculated from the

following relationshipwith aerial temperature .

()

where,

G is themaximum gain power of the aerialmpared to an isotropic radiat@mnd
Y is the solid angle subtended by thisible SunfV GLVN
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The triangulation of the positions of the bright sources from the thlieervationsites indicated that

seven of the ght sourcesappeared to be associated with optical featthiat werevisible on the solar disk.

Three of these werelose to visible sunspot groupbree were close to the positions of sunspot groups

from the previous rotation of tlgun(27 daysearlie), and one was located close to a solar prominence that

appeared otthe southwestern limb of the @&. It should also be noted that sources vmateassociated

with all of the visible sunspot groups rominencesFigure 90[shows the location of the radio sources on

the solar disk.

Figure 90: The location of the discrete radio sources on the solar disk. VS = Visible sunspot, FS = Position of a visible 27

days earlier sunspot, P = Solar prominence (after Christiansen et al., 1949b: 513).

It was estimated that the eight discrete sources made up ~20% of the radiation generated at 600 MHz

and the remainder was generated by an approximately symmetrical source 1.4 times larger than the visible

disk of theSun (i.e. the solar corona). This reswas consistent with the earlier results of Pawsey and

Yabsley(1949)and shown i

Figure 84

Although the measurements were consistent with the theoretical

models for limbbrightening, they did not provide definitive proof of its existence at 600 Nddgvever,

these observations prided the most detailed evidencetae time that the bright discrete emissions were

associated witkunspots and made up the slowfrying component of the solar radiation at 600 MHz.

The polarisation measurements made during the eclipse providethdesslefinitive results. The

measurements were made at both of the remote sites using the portétbRaddbolas. A mechanical

problem with the telescopic coaxial transmission fleeel was encountered at Strahan early in the

observations. This previd the aerial from being switched between polarisation senses. Consequently

only righthand polarisation could be measured at this sitee existence of general magnetic field for
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the Sun had been proposed since at least 1®dle et al., 1918after opticaldetectionof the Zeeman
effect, which results irsplitting of spectral emission lineslhe theoretical predictioat the time was for

the Sun to have a general magnetic field intensity-50 Gauss(Smerd, 1950a) Circular polarisation was
detected asmiated with the bright regions.h& expected differences between the north and south
hemispheres were not detected and apart from when a bright area was eclipsed, the measurements quickly
returned toequilibrium. The maximum change that was observed was a peak of ~2%, while the
experimental accuracyould haveallowed changes of 3% to be detected. This suggested that the general
field must be significantly weakehan8 Gaussassuming a 3% differeec While this did not ratch the
theoretical model, its actually consistent with modern measurements. Current measurements of solar
magnetic fields give values ranging from 0 to 1800 Gauss wWielgeneral fieldor the Sun is in the order

of ~1-2 Gaus (Cerdena et al., 2006 5merdlaterconducted a detailed analysis of the observatimsallts

and concluded that the > SQ TV JH QH U Di€dd €oDId Qdtl WélLgreater thahl gauss based on the
observational resul&merd, 1950a)

The detailed results of the 600 MHzsalvations were published in 1949 in #estralian Journal of
Scientific ResearcfChristiansen et al., 1949h8hd also in a summary paper seniaiure (Christiansen et
al., 1949a)

7KH REVHUYDWLRQ\E IDWmM) were hadasing the 68n Paraboloid at Potts Hill. By
measuring the eclipse at different wavelesgtlwas hoped to provide data on the temperature gradient of
the solar atmosphere. The earlier work had indicated a very steep rise in temperature from the photosphere

through the chromosphete the corona. Piddington and Hindman made obsenstioer an extended

period before and after the eclipse to providmseline for comparison to the eclipse observat‘d?riwre

shows theclose correlaton between sunspot area athe equivalent disk temperature derived from
measurement of radiation at 3,000 MHz from October 1948 to March 1949.
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Figure 91: Correlation of sunspot area to 3,000 MHz radiation (after Piddington and Hindman, 1949: 527).

Using the method developed earlier by Pawsey and Yabsley and illusti&igdri@84] Piddington and
Minnett deriveda baseline temperature for the quBanh of 5.4 x 16K at 3,000 MHz. This compared a
temperature of 6.% 10f K derived romWKH DQDO\VLV Rl &RYLQJWRQYTV HDUOLHL
longerwavelength of 10.7 cr(2,800 MHz) The highest observed equivalent temperature over the period
was 9.8x 10° K. A reconstruction of the scatter plot based on the d@ shows that the

extrapolation to the zero sunspot area would yield a temperature of 59Kx Wichis slightly higher

than the publishedalue.
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Figure 92: A reconstruction of the scatter plot XVHG WR GHWHUPIuQ empekatlirquat %,000\MHfz. The

graph is based on data used to produce|Figure 91

The main goalof the eclipse observatiomas to establish a distribution of the naariable component
of the solar radiation across the solar qiEigure93 shows the record of the eclipse observation.

Figure 93: Eclipse record taken at Potts Hill at 3,000 MHz (after Piddington and Hindman, 1949).
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Unlike the 600 MHz observations, the decline in radiatevels at 3,000 MHz almost coincided with
the optical first contact. At besthe eclipse began some 30 secormddier This was in contrast to
&RYLQIJWRQTYVY HDUOLHU REVHUYDWLRQV ZKLFK VKRZHG WKH UD!
optical eclipse. It was speculated that this may have been due to the fact Suat tees in a muchuieter
period than thereviouseclipse observationin 1946 Covington had observed a marked drop in radiation
when a large sunspot group was eclipseditmibccultation of the sunspaits3,000 MHzduring the 1948
eclipse produced little responszgain this was unlike the 600 MHz maemments. At best two weak hot
spots may have been detected with a temperafute order ofl0° K. One of theseadio hotspots may
have been associated with one of the bright atds 3 in @ seenduring the 600 MHz

measurements. There appeared to bessodation of the hedpots with optical featuresThe overall
profile attaired appeared to be mosbnsistent with a model of theu® having 68% of the radiation
distributed uniformly over the disk and 32% being cortigéed in a ring near the limb, thuslicating limb
brightening.

Figure 94: A simplified diagram of the eclipse showing the eight 600 MHz sources (1 to 8) and the

six visible sunspot groups (A to D). Source 3 was also detected at 3,000 MHz.

Polarisationmeasurements at 3,000 MHz were made by fitting a screen to {iheF@8abola just prior
to the eclipse, and three times during the eclipse. Circular polarisation was detected and was believed to be
associated with a discrete source. However, like theNsd@ observationsthere was no evidence of a
differential between hemispher@s. a change between of polarisation between left to right or vice versa)

that mighthaveindicated a strong general magnetic field.

The third team at Potts Hijlled by Minnett and Labruprobserved the eclipse at 9,4Z8= = 3.18

cm). Like Piddington and Hindman,iivhett and Labrum observed tharSfor an extended period of three
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PRQWKV WR HVW Dk Ods¥liKe BothpuRiddingtd fand Hindman had beearstiumental in

assisting Minnett and Labrum in setting ingit experiment and thegontribution is acknowledged in the

published result

H-igure95

shows the correlation of apparent disk temperature to sunspot area as measured

over the three month period.

Figure 95: Correlation of sunspot area and radiation at 9,428 MHz (after Minnett and Labrum, 1950: 65).

The correlation ap,428 MHz was much stronger than that seen in the 3,000 MHz measurements and is readily
apparent from comparisomith Based on the scatter plot analy$iee correlation a®,428MHz was r =
0.79(r? = 0.89)compared to7= 0.63 for the 3,000 MHz observations. The zero sunspot area baseline temperature
for the Sin at9,428MHz was estimated to be 19,300 K as sho
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Figure 96: Scatter plot showing the correlation between sunspot area and
equivalent solar disk temperature and used to establish the temperature of the
LTXLHWY 6XQ D(after Minnétt-dnd Labrum, 1950: 66).

This estimate of equivalent disk tparature was in general accord with earlier measurenfants

similar wavédengths. The slope of the best fit line indicated an 8 K increase per unit of sunspot area. This

compares with a slope of 50 K at 3,000 MHz giver|Higure 92| This showedthat the variation of

temperature as a function of sunspot area was very much lower at the higher frequency.

Figure97[shows the record of the partial eclipseé9a428MHz.
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Figure 97: Eclipse record taken at Potts Hill at 9,428 MHz (after Minnett and Labrum, 1950: 69).

The sunspot groups that were in the eclipse path are labelled A to D and correspond to the labelling in

Figure 94 No effect, outside of possible instrumental variation, was gbdeduring the passage of the

Moon$ disk over the solar disk. Given that only an 8 K increase per unit of sunspot areabeould
expected based on the slope of the scatter plot analysis, any change would have been outside the sensitivity
of the instrument to detect. Thesassome indication that the decline in radiation levels began before the
optical eclipse although instrumgl variationscannotbe excluded. Examining the rate of temperature
change during the eclipse, Minnett and Labrum concluded that two possible alternate moltkefg theu
experimental results; either uiform distribution with a radius 1.1 tirmehat of the visible disk or a
distribution with 74% of radiation uniformly distributed and 26% concentrated in a ring around the limb.

In summary, thed948eclipse observations prioled key data relating to the quigtin and the slowly
varying component. While optical emission is strongest in the lowest layer of the solar atmosphere, the
photosphere, it was becoming clear ttia radio quiet component of the radiation had a very different
origin. Much higher temperatures than the 5,80Photosphdac temperature we being observed and
these rangd from ~10* K levels of the chromosphere K in the corona. At the time of the
observations the radiation wHwught to beéhermal in nature, although a ntrermal origin had not been
ruled out.lt was also clear that at 600 MHz the source extended well beyond the disiblef the @in,
correlating with an origin in the corona. The extended source was not clear at the higher frequencies, nor
was the limbbrightening effect definitivgl observed. Correlation of the vasla component with sunspot
areaappeared clear at all frequencies and the position measurements at 600 MHz clearly associated
emission with existing and old sunspot groupSircular polarisation wa also detectedelated to the
differentsources and ultimatelp someof the sunspot groupsihe observations found no evidencettuf

existence of a general solar magnetic field

A second partial solar eclipse visible in Australia occurre@bfdctober 1949. Thisalipse wasalso

observedat Potts Hill and atvto remote sitesone atEaglehawk Neckn Tasmania anthe otherat a new
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site neaBairnsdale aerodrormia Victoria. The resuls of these observations wemever publishedbut are
discussed in Wendt et 42008)

10.5.1.2. Multi -Year Solar Observations

Following the success of the observations of the 1948 partial solar eclipse, Christiansen and Hindman
(1951)collaborated to writeip findingsof the longeiterm solar monitoring that dabeen occurringt the
other field stationsandfrom 1948onwards at Potts Hill. Since 194daily observations had been made at

0+] = FP DQG & 2bcm). From 1948, these were supplemented by daily
REVHUYDWLRQV BWFP D®XR+G 8 8dm). Drawing oroptical data fronMount
Stromlo, daily sunspot area records could be used for compavigothe effective temperatures observed

at each frequency. Thalowed Christiansen and Hindman to look for longgem trends.

In an earlier analysiPawsey and Yabslgi1949) had indicatedhat the thermaémission associated
with the quietSun may be subject to mgerterm variation in the course of the sunspot cycle. This type of
charge had been predicted by vanidelst (1949)based on observations of a decrease in electron density
of the corona toward the minimum in the sunspot cyclhe sunspot cycle had peaked in 1943

indicated inFigure 98] This change in the cyclerovided an ideal opportunity to examine if there were

associate@hangesluringthe decline in the solar cycle.

Figure 98: Sunspot numbers showing the period 1947 to 1951 (Based on data from the National
Geophysical Data Centre).

During the period 1947 to 1950 there wasalmost 50% decline in sunspot numbers as the cycle
movedpast its peak. Leading up to 1950, while the average sunspot areas declined, there appeared to be no
significant declindn the base level temperature as measured in theesgdtts. There wahowever a

significant ckcline in the slope of thine of bestfit indicating that theate of temperature changegh
sunspot area had significantly declined. This is sho@' igure99
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Figure 99: Correlation of sunspot area with effective solar temperature during 1947 and during 1949-50 at 1,200
MHz (after Christiansen and Hindman, 1951: 636).

This decline in the rate of change of temperature with sunspot arezbe@yed across all frequencies
(i.e.600, 1,200, 3,000 and 9,428 MHz).

At the 1950 URSI Conference, Covington had reported that he had observed a 20%n dha@pbase
level temperature at 600 MHz between 1947 and 193@is samedecline had not beenbserved in
Australia. However, during 1950 a marked drop became apparent at 600, 1,200 and 3,000 MHz. No
change was apparent at either 9,428 MHz or &tMBiz (that was being observed on a daily basis at
Mount Stromld. The decline was most pronounced at 1,200 I\@ is a reconstruction of the
observations at 1,200 MHz for three periods in 1950.
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Figure 100: Plot of 1,200 MHz sunspot area versus apparent temperature
correlation showing line of best fit and base temperature change for three different
periods in 1950.

This shows the decline in the base level from an average3of 10 K to 1.4 x 16 K, a decreasef
nearly 40%. Christiansen and Hindmgi951) noted that these obsernais were consistent with van de
+XOVWYV SUHGLFWLRQV

Arguably, the defiitive theoretical paper on the quiain produced immediately after the 1948 eclipse
was by Smer@1950b) Srerd addressed some of the skawinings of earlier models proposed by Martyn,
Ginsbergand Waldmeier and Mdller. In particular, he removed the need to rely on an arbitrary assumption
on the size of the radiatimgdio disk in relation to the optical disk. In 1950 very little was known about
the temperature distributidn the solar atmosmte. Temperatures in the order of ¥0had been inferred
in the chromosphere below a height of ~6 X K and temperatures of °.& had been inferred in the
corona above ~2x $@m. Somewhere in between these heights was a region of transition betesen t
temperatures. Smerd proposed a model that was in good agreement with the observations. For frequencies
above 10,000 MHz the corona was assumed to be practically transparent and therefore he referred to these
as chromospheric frequencies. For frequenbelow ~200 MHz it was calculated that the radiation would
not penetrate the chromosphere and hence these were referred to as coronal frequencies. Frequencies

between these were referred to as intermediate frequencies. The mamtieiclear predictionsn limb-

brightening characteristics across the frequency rafiggure 101 shows the predicted distributions of

radiation across the solar disk at a variety of frequencies assuming a coronal temperatute arid. @
chromospheric temperature of 3 x*10  All of these predictions were subsequently confirmed by
observatior(Wild, 1980:9)
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Figure 101: The theoretical distribution of temperature as a function of distance from the
centre of the solar disk. Temperatures of 3 x 10 K and 10° K are assumed for the

chromosphere and corona respectively (after Smerd, 1950b: 46).

Piddington and Minneit1951b)also published a theoretical paper drawing on th@®elobservations
and the longeterm studies. They proped a modelhereby the slowhvarying component of the solar
radiation was due to thermal radiation from localised areas of temperature in the solar atmosgt®re of
&. These areas were believed to be often in the vicinity of sunspots, but not necessarilasdoaigted
with them. 3ILGGLQJWRQ Ddpabysie Llshp@dd\ihel Prévious conclusions about the origin of
radiation beingat a lower levelin the atmosphere were likely invalid. They identified three conditions
where the refractive index of an emittealy would be zero (i.e. reflected) for nismerse, obliqgue and

longitudinal propagation. These conditions were defined by the relations x =1 and x = 1 £ y and are

illustrated ir[FigurelO2

147



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Figure 102: lllustration of the reflective levels and ray paths in a hot dense region above a uni-
polar sunspot. o0 and e refer to the ordinary and extraordinary waves respectively (after
Piddington and Minnett, 1951b: 146).

Their model also gave a reasonable account of the observed levels of circular polarisation.

In 1953, Piddington and Davies published @&xamination of thesarlier statistical analysis of sunspot
areas and apparent temperatuard drew on the continued daily observatidirecordsfrom Potts Hill.
This analysis attemped to describe the origin of the solar corgifiddington and Davies, 1953aYhe
paperbuilt on the notion of hot highensity regiondeing the source of the slowsarying component
above 600 MH. Piddington and Daviesbserved that the sunspot component diminished less rapidly than
the visible sunspots and remained in an elevated state for more than a month after visible sunspot activity
had ceased. Therefore, it appeared that the earlietersqabt analysiswould overstate the base
temperature levdbr the quiet 8n. Correcting the plots by using a compaosite of spot areas based on solar
rotations showed a much lowlease temperature for the quiefnSas indicated i@
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Figure 103: Corrected correlation of apparent temperature at 600 MHz to
composite rotational average sunspot area based on observations from
December 1949 to April 1951 (after Piddington and Davies, 1953b: 629).

This suggested that the earlier falls that had beenisdbe base level of the quietu® particularly in
1950, were simply the result of the longer term decline in the sunspot activity to the true base level. As the
very hot gas formed in associatiaith a sunspoit thenremaired after the spot disappearaddgradually
spread and merdewith the cooler surrounding atmospheareer the following months. Piddington and
Davies calculated that this energy source was capable of maintaining® tetdiiperatures observed in
the solar corona over the period 1949 to 1951. This analysis provided an important early step in
understanding the mechanisms related to coronal heaisgimmary paper was publishedNatureand a
more detailed analysis appedrin theMonthly Noticeof the Royal Astronomical Socigfiddington and
Davies, 1953b)

10.5.1.3. Solar Brightness Distributions

As discussed in the previous@ion, thadistribution ofradio emissioracross the solar radio source was of
primeinterestas itprovidedinformation on the structure, density and temperatures of the solar atmosphere.
Obtaining high angular resolution in early observations had relied on the use of solas adlipkewere
clearly not practical forcollecting a largepool of observational data.lt was for this reasonthat
Christianserhaddecided to build a highesolutionradio telescopéhat could perform daily monitang of

the Sun. This was thérst Solar Grating Aray, which wasdescribed irsectiom

Christiarsen had been temporarily diverted from solar reseawdfile he was involved in the

confirmation of theH-line detection and some preliminary survey work. Tilet Solar Grating Aray was
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completed in early 1952 and Christianskenbegan a progm of daily observatian The higkresolution

beams of the grating array produced a-dimensional response scan across the solaradi$id410 MHz

Figure54{showsan example of the output of thei® passing through the individual aerial beafdsing a

succession of daily scans it was possible to determine how thdimeasional profile changeover a

number of days as theus rotatedFigure 104showsthe onedimension brightness distribution different

days in October 1952

Figure 104: Daily records of one-dimensional brightness
distributions across the solar disk from 20 to 28 October
1952 (after Christiansen and Warburton, 1953b: 198).

One early finding that greatly simplified the observadicanalysis task was th#te centre of the radio
record corresponded with the centre of visual solar disk, and that bright areas near the limb did not
materially change the @zof the radio disk. By superimposing the individual scans overxtended

period a base level for the radiation became clearly evidéig.independent method probably provided

the final tipping point toward conclusive evidence that the base levattirexisteqFigure105shows an

example of such a sapmpasition.
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Figure 105: Twenty individual daily one-dimensional brightness distribution scans superimposed.
The visual solar disk is indicated by the black bar on the x-axis (after Christiansen and Warburton,
1953b: 200).

Christiansen and Warburt¢h953b)used the sugrimpgsition technique to determine that the baselleve
temperature of theu® at 1,4D MHz was 7 x 10K during the period of observations. Another factor that
was clearly evident from the distributions was that the source emission was larger tbatictdesolar
disk. For simplicity a circular symmetry was assunmdtie purposes of the analysishaligh there were
already indications that the distribution appeared more elliptacalhad already been determined from
optical observations Initially it was thought thathe effect of this assumption would be small. However,
it was fairly quickly reognised that taking into account the rorcular symmetrywould be essential and
this was to lead to the construction of the secgmmith-souty Solar Grating Aray so as to allow two

dimensional sca(ibid.).

Even allowing for possible errors irthe circular symmetry assumptioit was very clear from the

observations that limbrightening had beedetected.|Figure 106 shows the initial radladistributions

based on the ordimensional scans.
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Figure 106: Radial distributions of brightness across the solar disk based on one-dimensional
scan observations (after Christiansen and Warburton, 1953b: 268).

These distributions clearly show a lirfbbightening effect as predicted in a number of different
theoretical models, includingneproposed by Smer@950b) Unfortunately sincethe distributions were
measurd at only the one frequency it was nhgossible to determine exactly which parameiarshe
models best matched the observatiaithough WKH\ ZHUH FRQVLVWHQW ZL¥WKK 6PHU
chromosphere and a 6330 x 16 K corona.

The NorthSouth Solar Grating Aray became operationah iSeptember 1953.This allowed the

simultareous scanning of theu8 by the eastvest and norttsouth beam orientations as showfFigure

107
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Figure 107: An example of the Sun passing through several of the beams of the east-west (a) and north-south (b)
beams of the Grating Arrays (after Christiansen and Warburton, 1955a: 477).

Over the coursef a day a wide variety of scan angles could be observed and these could be extended

further by obserationover a period of monthg-igure108shows the result of a ortBmension scaitaken

at different timesn a single day and thus achieving scans at differeabttions relative tothe $Q TV D[LV
of rotation

Figure 108: An example of a one-dimensional scan taken for two different
scanning angles by observing at different times on the same day (after
Christiansen and Warburton, 1955a: 478)
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In order to produce a two dimensional image, a cosine Fourier analysis of the individual one
dimensional distributions for the different scanning angles was perforthéslimportant to note that by
using the cosine Fourier analystristianserassumed the s was symmetrical and phase was ignored.
The numertal value for each scan wpktted radially corresponding to the direction of the scan and then
strip integrated with the strip summations being perpendicular to the scan angle. The cosine Fourier
transform of the strip integrals wésen taken to give radial cressctions of thdrightness distribution.
The final twedimensional distribution was then constructed by plotting each of the radial cross sections
and plotting contour lines joining points of equal intensity. Tédsousprocess took months of calculation

and plottingby hand to produce a single twianensional image as shownhkigure109 For comparison,

Figure11(Qshows a photograph of theistakenduringthe total solar eclipse &0 June 1954.

Figure 109: An example of the derived two-dimensional image of the radio brightness distribution across
the Sun at 1,420 MHz. The central brightness temperature is 4.7 x 10* K and the maximum peak
temperature is 6.8 x 10* K. Contours are spaced at equal intervals of 4 x 10°K (after Christiansen and
Warburton, 1955a: 482).
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Figure 110: Photograph of the Sun during the total solar eclipse of June 30, 1954 (after Christiansen
and Warburton, 1955a: Plate 2).

The hand calculations were performed B¥ristiansen and Warburton with the assistanc8&wadrup
using electronic calculators (but not computer®Byacewell has state(984)that the graphical method
that was used for this reconstruction was adoptedh his method of cord constructipalthough his
contribution was not acknowledged in the publishagder

Bracewell had been assigned by Bayito work on the issue of fameam reconstructions and he shared
an office with Christiansen and Minnett duringstperiod. In 1956 Bracewell published a paper on strip
integration based on this workThe paper included a description of the use of ptigieslice theorem
which would be used to uetpin modern imaging techniquésxcluding computerised tomography and

medicalimaging(see Bracewell, 1956, 2005)

Staff atRadiophysicsleveloped$ X VW UDOLD TV |L UV Wnhith WascMIEdROZSIRACKEIHRS X W H U
Automatic Computer). Thiwas the fifth(or fourth GHSHQGLQJ RQ WKH GHIle@dirdhicRQ R |
stored(digital) program computer developed the world and ran its first program in November 1949
(McCann and Thorne, 20Q0Figure111fshowsan image of CSIRAC.
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Figure 111: CSIRAC at the Radiophysics Laboratory in June 1952 (Courtesy of Geoff Hill).

CSIRAC was originally called CSIR Mkl and wassed for avariety of applications in the ilision
including astronomical table generation. Howewvbg leapof imagination needetb apply this capability
to thecalculationof Fourier Transformsto produceimaging in radio astronomyas not madavhile the
computerwas operated by Radiophysic§iven the close proximity of the work on the computer and the
repetitive nature of the manual calculations, it is surpriiagithis connection was not made. In 1955 it
was decided not to pursuie further development ofcomputers in the Dision, and CSIRAC was
transferred to Melbourne University in 19560me years late€ambridge made the inevitable connection
by applying dectronic computers t&ourier Transformationsnd this went on to become the mainstay of
imaging in radio astronomyn fact, CSIRAC was eventually used for Fourier analysis after its transfer to
the University of Melbourne.This application of Fourier techniques wamweverby Jim Morrisonfrom
the Chemical Physics section of the CSIRMOo0 wasmeasuring ionisation efficiency curveand was
based on his previous experiences ura) crystallography Working with the programming team he
implemented the equivalent afFast Fourier Transformoutine to perform thisinalysis(see McCann and
Thorne, 2000: 136)

Figure 109 revealsthat thetwo-dimensionaldistribution of radiation at 1,420 MHzas not circularly

symmetrical and showed a strong correlatwoth the opticalform of the corona as seen at times of total
solar eclipse. The elliptical sourcetexded 1.6 times further at the equator than at the poles. The limb

brightening effect was also not evenly distribytedth the strongest brightening at the equator and
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practically no effectt latitudes above 55 Christiansen and Warburtqd955a)noted that this latitude
correspondedo the latitude at which structural changes in the corona could beopéeally at times of
sunspot minnum, and that comparing the outline of the 8,000 K contour to the phaiogic image
showed a strong correlationChristiansen and Warburtofibid.) concluded that the majority of the
radiation at the centre of the image emanated from the chromosphéesthe limbbrightening effect was

due to the greater depth of view b&tcorona with its higher temperatgmdient

Observationsluring1952, 1953 and 1954 showed no change in the shape or level of temperature of the
guiet component of the solar radiati@hristiansen and Warburip1955a) This suppoddthe assertion
made by Piddington and Davié€k953b)that previous observation of changes in the base level wette due

the lag effects of changes in sunspot activity.

During & KULVWLDQVHQfV YLVLW WR OHXGRQ 2EasthastIolf IStating Q )UD ¢
Array was modified by Swarup and Parthasarathy to operate at 500 MHz. From July 1954 to March 1955

they performed daily observations to obtain-diteensional @tributions across the solar digkigure 112

shows exampkeof superimposed observations over a period of several months.

Figure 112: Superimposed one-dimensional brightness distributions at 500 MHz taken between July

1954 and March 1955. Observations were taken from (a) 18 July to 5 August " = 3¢ (b) 9 August to 1

September " = 11.5 ¢ (c) 15 December to 3 January " = -3¢ (d) 7 February to 4 March * =269 "

represents the angle in arc minutes between the SXQfV FHQWUDO PHULGLDQ (@& G WKH DHULDO EH
Swarup and Parthasarathy, 1955b: 490).
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Of major interest at the time was the comparison of these restlitearlier observations b$tanier at
500 MHz using a twelementinterferometer(Stanier, 1950) 6 WD QLHU TV ,RvBEishtbteMriztV LR Q V

closer to the maximunof the solar cyclehad not isclosedlimb-brightening{Figure 113 shows the

comparison of the two different radial distributions detected.

Figure 113: Radial brightness distributions at 500 MHz comparing Stanier's result (dotted) and Swarup
DQG 3DUWKDYVDUDW KaNev SRt YErivas&aghy, 1955b: 493).

The difference in the results was suggedtgdSwarup and Parthasaratfd©Q55b)to be related to
problems with the two elemeinterferometry technique used by Stanier.

Later observations at 500 MHZO'Brien and Tandberglassen, 1955)using a tweelement
interferometer also detected liAbbightening and 6ZDUXS DQG 3DUWISvEr® thDgdoH\TV Ul
agreement with these.Swarup and Parthasaratl{$95%) also noted that like the higher frequency
observations by Christiansen and Warburton, the source emid&lomot appear to be circularly
symmetrical. Although they were observing yonwith the modified EastVest Aray, Swarup and
Parthasarathwereable to achieve a variety of scan angles by viewing at different times during the day and

over a period of eightnonths{Figure 114 shows the diffenat brightness distributiefor the aerial beam
positionedat 906and 646to the SX Q fevtrdt meridian. This indicatdkat the maximum width of the

source occurreth theequatorial regions.
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Figure 114: Brightness distributions at 500 MHz for the aerial beam at 90 &(solid line) and 64 &(dotted line)
tothe SXQTV SULP H (&ter $waup@idl Parthasarathy, 1955h: 491).

Swarup and Parthasaratti¥55b)calculated that the bas@parent temperateipf the quietSunat 500
MHz was 3.8 x 10K. This compared to a temperature of 5.4 X K@erived by Stanier By comparison
to the previous eclipse observations, they conclubat thee wasevidence to suggest a change in the base
level temperaturef thequietSun as a result in the decrease in the solar cycle. This is interesting because
the conclusion appeats make no reference to the earlmrggestions made by Piddington and Davies
(1953b) and later reinforced bthe longefterm observatins of Christiansen and Warburt(¥955a) that

this change was not in the base level, buttduke lag in sunspot activity.

In 1957, Christiansen, Warburton and Davj£857) published the fourth and final paper in their solar
seriesbased on observations from the Solaatidg Array. This paper examined the slowarying
component based on the observatiahsing 1952and1953. Part of their analysis concluded that the lag
effect first suggested by Piddington and DayiE353b)was not sufficient to provide the sole explanation
of the decline in base temperatures. They concluded that it was likely that both trewoubaenent and the
slowly-varying component varied depending on the solar cycle. They also concluded that the original
correlation method proposed by Pawsey and Yaldl@$9)gaveresuls that wee quantitatively correct.

This analysis, although not published at the time, probably infecei$warup and Parthasarathy te re

introduce the suggestion avaridion in the level of radiation from the quietis

&KULVWLDQVHQ :DUEXUWRQ DQG 'DYLHVYV SDSHU SU#&eaLGHG

correlation, although strong, wasfact only a partial correlation. This is show|Figurel15where three

groups are indicated; old sunspot regiorsy megions and regions that haéched maximum intensity.
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Figure 115: Scatter diagram of sunspot area to radio flux. The day-by-day development of one new and one mature sunspot

are shown by line connected points with arrows showing the direction of development (after Christiansen et al., 1957: 511).

The correlation is clearly strongest for areas at maximum intensity. The new region shows a short delay
before theradio emission becomes stronger, hence the moderate corretatiotihe old fading sunspots

showcontinued radio emissicand the weakest correlation

Christiansen, Warburton and Davies reached the conclusion that the radio emission appeared to be
associated witiplage faculiare rather than with sunspots themselvEke plage faculiare are the areas in
the photosphere and chromosphateresunspot groups grow and decay due to strong localised magnetic

fields. Christiansen, Warburton and Davikased this on comparison of spectroheliograph observations

from Mount Stromloand the Solar Grating Aray observations|Figure 116 shows an example of the

comparisons where the vertical lines indicate the maximum point of-dimeasional scan.

Figure 116: Spectroheliograms showing plague faculiare (Ca K) regions with maximum 1,420 MHz emission position lines

from one-dimensional scans show as vertical lines (after Christiansen et al., 1957: 506).
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A similar conclusion had earlier been reached by Dod$664)based ora comparisorof her optical
observationswith & R'Y L Q JrAlR @fisérvationsand this was discussedith Pawsey followingan
introductory lecture during the August 1955 IAU symposium on Radio Astronomy at Jodrel( Ak
1955: 262)

Using an analysis of the relative @at of rotation of the optical and radio sourc€$yistiansen,
Warburton and Daviesoncluded that th&,420 MHz radio emission emanated in a region about 24,000
km above the pitosphere. They also foumdcorrelation of =0.85 between the size of thiages and the
sizes of the radio sourceand noted that it appeared tltlat sources behaved lik¢hin disks lying parallel to

the photosphere.

In 1958 Swarup and Parthasarathy published their second and final paper on the 50fsbtkiations
using themodified EastWest Grating Aray. This paper dealt with their observations of the localised
bright regions of radiatioduring the period July 1954 to March 19&8%wvarup and Parthasarathy, 1958)
The paper found similar characteristics to those discusgéthristiansen, Warburton and Davi{@957)

The sources were closely correlated with positions ofthe chromospheric faculae, they wefahe order
of 3 to 6 arc minutes in sizandtheyappeared to blcalisedto regions approximately 35,000 km above
the photosphere. Perhaps the most interesting finding wasbervationof some variability in the

localised sourcegFigure 117 shows an example of the vdian in the signal as theuB passes between

two adjacent beams.

Figure 117: The Sun passing through two adjacent beams (top) and the two responses superimposed (bottom).
The dotted line in the bottom graph shows the quiet Sun and the difference in strength of the discrete source in

the two beams (after Swarup and Parthasarathy, 1958: 345).
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These variions were observed on six occasions and lasted for pedbdip to half an hour. This
provided strong evidence ftne nonthermal origin of eme of theenergy produceds it was believed that

such a rapidhermal changeould not occuto an area the physical size of gwirce

6ZDUXS DQG 3DUW KD \6belbDha KitfpdpsShiaseH oh abBevwationd solar sourcesat
Potts Hill. By this stageChristianserhad already moved his research to the Fleurs fieldstasing the
newly constructed Chri€ross arrayOrchiston, 2004cand the remader of the originaPotts Hill Grating
Array wastransferredo India.

The final solar research paper from Potts Hill was based on observations of the 8 April 1959 partial
solar eclips€Krishnan and Labrum, 1961)The eclipse waobserved both at Potts Hill using theflL&
18-ft Parabola as a high sensitivity total power radiometer and at Fleurs using th€f@sgsarray to help

identify areas of enhanced radiatipgfigure118shows the local circumstances of the eclipse.

Figure 118: The circumstance of the 8 April 1948 partial solar eclipse as viewed from
Potts Hill (after Krishnan and Labrum, 1961: 406).
The receiver used for the eclipse observations was a conventional superheterodyne type preceded by a

Dickie switching system. It operated at 1,423 MHz with a bandwidth of 500 KHz. iAfrédguency its
effective beamwidth at the half power points was 2.3°. The theoretical resolution that can be achieved by
REVHUYLQJ DQ HFOLSVH LV OLPLWHG RQO\ WR WKH GLIITUDFWLRQ
minutes. Duringtheed SVH WKH ORRQTVY GLVN PRYHG DFURVV WKH 6XQYfV (
time. Therefore, any region on the solar disk with a size greater than 0.25 arc seconds and with more that
1% of the total flux could be resolved. The ClCioss was usetb determine the location of areas of
enhanced radiation on the solar disk during the eclipse so that their effect could be taken into account in

obtaining abrightnesdistributionacross the quiedun. The resolution of the Chi@&ross at this frequency
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was ~4 arc minuteskigure119shows the brightness distributiacrossthe solar disk obtaimeduring the

eclipse with the Chri€ross.

Figure 119: The brightness distribution during the partial solar eclipse of 8 April 1959 as
observed by the Chris Cross. The contour spacing unit is 10,000 K, aerial beamwidth ~4
arc minutes (after Krishnan and Labrum, 1961: 407).

The eclipsewas successfuy observed at Potts HillseqFigure 120). No calcium spectroheliogram

observations were available in Australia at the tinmveverone was provided by Dobson (now Dobson
Prince) working at the McMath Hulbert Solar Observatonhmt.S. This allowed Krishnan and Labrum
to compare the distribution of plage faculaires seen in thinekof calcium with their radio observations.
They found a very close relationship between optical and radio plagésin their intensity and their
overall shape The eclipse observations providggrhaps the most detailed demonstration of the
relationship up until this time and certairdynore convincinget of resultshan the original work at Potts
Hill that hadsuggested this associati@hristiansen et al., 1957)
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Figure 120: The eclipse curve obtained at Potts Hill for the 8 April 1959 partial solar eclipse (after
Krishnan and Labrum, 1961: 408).

Krishnan and Labrum were also able to test a numbeguadt Sunmodels against the eclipse
REVHUYDWLRQV 7KH\ IRXQG WKDW WKH EHVW ILW ZDV DFKLHYHC
(1955) work forsunspot minimum which showed linfisightening at the equator, but absent at the poles.

After allowing for an overall increasa brightness temperatui®y a factor of 2 to allow for the sunspot
maximum,Krishnan and Labrum found that a steppgdyradient of limbbrightening(the ear componeint
provided the best fit.lt is likely that the lower resolution of the gratingrays used by Christiansen and
Warburton formeasuremesif limb-brightening would have washed out the steeper gradiehtheefore

the ear would notaippear as pronouncedlhe higher resolution of the eclipse observation allowed the

steeper gradient to be more accurately meastfaglre 121 shows a comparison othe eclipse

observations to the distribution model with the enhancedirightening ears.
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Figure 121: Line-A represents the eclipse observation adjusted for the emissions to lie radially at
a height of 70,000 km above the photosphere. A theoretical model based on enhanced ears in the
limb-brightening is then used to obtain the quiet Sun component during the eclipse (Line #8B). Line-
B is then subtracted from the eclipse curve to produce Line-C. The close fit of Line-A and Line-C
was taken to indicate that the model with the enhanced ear component of limb-brightening was the
best representation of the quiet Sun distribution (after Krishnan and Labrum, 1961: 415).

Figure 122 shows the different quieBun models tested against the eclipse observations. The model

marked (4) in the diagram gave the best fit to the eclipse observations.
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Figure 122: Four different quiet Sun models were tested against the eclipse observations.
Model (1) assumes a uniform disk of radius 1.3 times the photospheric radius. Model (2)
assumes a uniform disk of radius 1.2 times the photospheric radius containing 75% of the
quiet Sun flux with a narrow ring around the limb containing the remaining 25%. Model (3)
was based on the Christiansen and Warburton (1955) distribution with temperatures scaled
up by a factor of two to account for the sunspot maximum. Model (4) is the same type of
distribution as Model (3) but with the temperature gradient in the ear component of limb-
brightening scaled up by a factor of 2. The upper graph shows the model distribution along
the solar axis and the lower graph across the solar axis (after Krishnan and Labrum, 1961:
417).

Krishnan and Labrum were also able to measure the peak brightness temperatures of the radio plage
and found temperatures of the order of 1.5 %XKlL@or the larger regions. This indicated that these regions
were in the range of normal coronal temperatures reinforcing the hypothesis that the slowly varying

component originates in dense regions of the corona that lay above plage faculaires.
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These bservations were the last published solar observations at Potts Hill. The 1948 partial solar
eclipse had been one of the first major research successes and it is fitting that the final observations were
also of a solar eclipse some 11 years later.

10.5.1.4. Solar Burst Observations

Before beginning the discussion on the burst observations at Potts Hill, it is worthwhile reviewing the
developing classification schemeathwas in use in the early 195 Australia For this purpose the
Thieasic

component, or quiet Sun, and the slowlrying component have been discussed in theiqus Sctions.

classification of solar radi waves from Pawsey and Bracewé€ll955) has been used.

Three other broad classificationereproposed. These apgitlinedin Table 3

(after Pawsey and Bracewell, 1955: 150) .

Unpolarised Burst

Table 3: Classification of solar radio sources

Noise Storm Outburst Isolated Burst
Wavelength 1-15m lcm £15m 50cm +15m
Polarisation Strongly Circular Random Random
Place of Origin Small area above sunspot Small area +trapid movement Small area
Associated optical
Large Sunspot Flare Unknown
features

Remarks

With or without numerous bursts

No certain distinction

Figure123provides a useful illustration of the different source classifications by wavelength.
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Figure 123: |dealised examples of solar radio sources in three broad frequency
bands. The base level (B) increases approximately linearly with wavelength
from an apparent temperature of 10° °K at 1 cm to 10° at 1 m (after Pawsey and
Bracewell, 1955: 147).

The first d the three classifications wadoise Sorms. Thesdended to lastdr periods of hours to days
andwerenamed by Mlen (1947)because of theisimilarity to magnetic storm Individual bursts during
the stormwere generally for periods of seconds wiittegular wave forms andmplitudes up to several
hundred times the background level of radiation. The storms were always associated with large sunspot

groups and showed strong circular polarisation.

The second typeQutbursts were also named by Allen(1947) They were sporadic and infpgent
events with durations of minutesd were randomly polarised’hey could be of extremely high intensity
with the largest recorded outburst at the time going off the scaléat.10 his was recorded on 8 March
1947 at 60 MHZPayneScott et al., 1947) In this instance thapparent temperature roem 10’ K to
10**+ K in a matterof seconds. At decimetre wdeagths, many bursbccurred at the same time as metre
wavelength outbursts and were thoughbe part of the same phenomenon. In other cases there was no

association. It was also believed that outlsuratianassociation with solar flares.

Examples of burst and outbursts at 200 MHz are givefrigure 124 EDVHG RQ $OOHQTTV

observations.
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Figure 124: Examples of 200 MHz measurement of burst and outbursts (after Allen, 1947: 388).

The third type,lsolated burstswere named by Paws€$950) because they were not associated with
any other solar activity.They were generally of short duratifless than 10 secongdsandanly polarised
with a moderatehsimple waveform and often occurred in groups. They were also believed to have a
relatively wide bandwidth of tens of megahertz. Pa$nett(1949)referred to both dbursts and isolated
EXUVWYV DV uXQ $SaherthbndistihGuishid/bewweeff classes.

While the solar workwas underway at Potts Hill, Wild and McCread$950) examired the spectral
characteristics of solar bursts at the Penrith field stétedween February and June 1948ased on these
observationsthey proposed anew classification scheme that distinguished between thgpectral
characteristicof the burstover time. This scheme would ultimately become the accepted nomenclature
for solar bursts e.g. Type |, Type Il, Type lll (and later expandéuttode IV and V). Type bursts were
characterised by having a narrowband width, withrtsied duration andcould occur in large numbers
during noise storms. They were generally circularly polarisedvaerd believed to be associated with

sunspots. Type bursts wereharacterised by a slow drift in frequency from high to low applearedo
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be associated with the sporadic outbursts and solar flare evemy. were thought to be associated with

$ O O H @dirstsRype Il events were characterised by a very rapid change in frequency from high to low
lasting in the order of secondsd were believed to be equivalent to ti®lated outburst§ They were
reasonably common and sometimes occurred in gr@thsr sporadic burst events had a diverse range of
spectral characteristidbat fell outside of these broad classifications and it would be some years before
further classificatioa were proposed.The original classifications and descriptions were ghield in a

series of four papergéWild, 1950a,b, 1951; Wild and McCready, 195@xamination of the spectral
characteristics and classificatiofithe solar burssE HFDPH WKH PDMRU |IRMXnéwlifRld :LO G
station was established at Dapspecifically for this pursuitand became operational in August 1952
(Orchiston and Slee, 2005a)

Thesolarburstresearch at Potts Hill wdsss concerned ith spectral characteristics and more with the
accurateORFDWLRQ RI WKH HYHQWY DQG WKHLU DVVRFLDWLRQ ZLWHK
FODVVLILFDWLRQ LV XVHG LQ WKH IROORZLQJ GHVFULSWLRQV UD

The first published records of solar burst observations from Potts Hill were included with Minnett and
IDEUXPTV 0+] REVHUYDW L&Ipse & L Novemb&IA8(1930[D They Roted that
bursts wee very rare at this short wdeagth, occurring on only five occasions in 230 lowf
observations. Intensitiesvaried from 6 to 30 percent increase base temperatuse Two of the busts
occurred at the same time ssonger decimetre bursts that were monitoratefirendently. One of the
bursts was associated widim observed radidadeout. The radio fadeoutsere believedto be caused by

the arrival of intense ultraviolet radiatiimthe ionosphere as a result of a solar flare.

On 17 and 2122 Februaryl950 tvo extremely large radifrequencysolar outbursts were observed
acros all of thefrequencieseing monitored at Potts Hill. This ranged from 62 MHz using a Yagi array,
98 MHz using the swept lobe interferometer, 600 MHz and 1,200 MHz using te1B&t ex-Georges
Heights Paraboloid, 3,000 MHz using theif8arabola iad finally, 9,400 MHz using the eSearch Light

44-in Parabola. In additional, 200 MHz olesvations were made using theeslément Yagi at Mount

Stromlo]Figure 125shows the power flux levelecordedat the different frequencies for observations on

both dates.
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Figure 125: Power flux records for the seven frequencies observed on 17 (left) and 21-22
(right) February 1950. The top record is of the field strength for the radio station VLQ-3
from Brisbane, measured at Sydney. The 200 MHz record is from Mt Stromlo (after
Christiansen et al., 1951: 53).

These observations were supplemented by a range ofdattaamd included measementof the short
waveradio fade out in Sydney of the Brisbane radio station MLyoadcasting at 9.6 Mt sunspot and
solar flare observations from Mount Stromlo, flare observations from Cater Observatory in Wellington,
New Zealandandfrom KadaikanalObservatory in Indiaand magietogramrecords from the Watheroo

Magnetic Observatory in Western Australia. The combined observations were published in 1951
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(Christiansen et al.) This demonstrasthe increasiny cooperative approadbeing undertakewith other

solar astronomy groups both domestic and internatifffiglire126shows a scheatic of the start times of

the outbursts as well as the radio fadeout and magnetic craehstirement

Figure 126: Schematic of the start time of the outbursts at the different frequencies, together with
the radio fade out and magnetic crochet. February 17th (left) and 21-22nd (right) (after Christiansen
et al., 1951: 57).

While generally similarthe two outburstshowed some distinct difference€On 17 Februarythe
outburst was first received at higher frequencies, whigesecond outburst appeared almost simultaneously
at all frequencies. No magnetic crochet was observed for the second outburst, although a magnetic storm
was observed 35 hours after the second landtwas clearly linked to the outbur§lircular polarsation
was observed in both cases with the low frequencies having a change in sense while the higher frequencies

retained a fixed sense. In both cases flare activity was associatabendtitburst and the radio fame.

PayneScott and Little were ablto use the swejbbe interferometer to determine the position and
movement of the outbursés 98 MHz The first outburst occurred very close to the position of an observed
flare and then slowly tracked eastward over a period of 30 minutes to ampds$itarc minutes to the east
of theSunf vV O[EifuEe127.
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Figure 127: The outburst of 17 February 1950, showing the flare position on the solar disk, the outburst position movement
and polarisation measurements. The lower chart shows the overall emission measurement at 98 MHz with timing marks
indicated by the downward ticks (after Payne-Scott and Little, 1952).

An initial report onthe 17 February1950 outburstvas published in a short article Tine Observatory
together withdescription of the swegbbe interferometefBracewell, 195Q)

The outburst recording shown ihis papenfigure 128 makes an interesting comparisaith|Figure

127 This version, although lacking the total flux charts, makes much clear@itiak onedimensional

positional strip measurement obtained from thepsabe interferometeagainst which the flare position
is compared. The position movement also appears to have been considerably smoothed in the final

analysis.
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Figure 128: The earlier published version of the outburst
of February 17, 1950 (after Bracewell, 1950: 186).

For the second outburst, positiomeasuremestonly began after the outburst had been underway for
approximately 27 minutes. At this time the soupositionwas still close to an observed flare. Over the
next 40 minutes it trackeout to the western limb of theuS and then returned tbe position of the flare

after a period of some rapid oscillations between the limb and theFigre€129).
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Figure 129: The outburst of 22 February 1950, showing flare position on the solar disk, the outburst position movement and
polarisation measurements. The lower chart shows overall emission measurements at 98 MHz with timing marks indicated by
the downward ticks (after Payne-Scott and Little, 1952: 35).

These measurements provided a clear indication that the outbursts were associated with solar flares and
appeared to show movement of the source outward throtMgbH VRODU DWPRVSKHUH ,Q W

outburst would be classified as Typdlrsts

A further four outbursts were observed by Pageett and Little and together with those of the 17 and
21-22 February 1950 made a total of six outbursts foicwlonedimensionalaccurate positions and
polarisation measurements were determin€&ive of the events clearly showed an outward movement
interpreted as the passage of an exciting agent through the solar corona. The most likely excitivegsagent
the orpuscular stream assumed to besponsible forterrestrial magnetic storms. The position
measuremestsuggested that the origin of the outbsratas approximately 2 x £0km above the
photosphere anthat theytravelled outward at velocities ranging from 500 to 3000 km/sec. These velocity
estimates were higher thahose deduced by Wild from measuremsraf the frequency speerof
outbursts assuming a given electron density for the cof@hla, 1950a: 406) However, if a higher

electron densityfor the corona was assumed, thée results were in general agreement. One of the

outbursts appeared to exhibit a downward motieigure 13Q. This was interpreteds the stream of

corpuscles falling back into theu§ after first being ejected without the production ofrdtal outburst.
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Figure 130: The 11 August 1950 outburst showing the inward movement of the outburst
source (after Payne-Scott and Little, 1952: 34).

Polarisation measuremengenerallyshowedrandom polarisation in the early stagestlué outburst
often followed bya second increase showimgdjiptical (mainly circular) polarisation. On two occasions
linear polarisation was observed in the late stageayneScott and Little(1952) notedthat the sense of
polarisation followed the brogghttern tlat hadbeenobserved for noise storms whereby theppeared to
be a relationshipbetweenthe direction of polarisation based on the hemisphere of origination and the

polarity of the largest sunspot in the group.

The reader shouldear in mind that in interpreting thessource position driftiagrams the paths shown

are projections of a-8imensionaimovement onto the solar disc and corona.

While outbursts were known to be associated with chromospheric flgrey this pointno clear
association had been madéh other catastrophic optical eversisch as solar prominencem the period
24 - 26 February 1953hreeburst wereobserved on the full range of frequencies being covered by daily
observationsat Potts Hill The first burstoccurred prior to a prominence erupting. The secburst
occurred coincidnt wih aprominence eruptiothat Davies als@bserved with the spectroheliograph that
was in use at Potts Hiih support of the Solar Gratingrry observationgDavies, 2005: 95) The

prominence occurredn the northeast limb of the Samd erupted to a height of43arc minutes above the
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limb. The third, and most intensleurst occurred as the prominence material was streaming back toward
theSun No flare activitywasevidentduring the period Theresults of thesebservatios were published

in Nature (Davies, 1953)alongside observations of the same event at Bz from the Kadaikanal
Observatory in IndigDas and Sethumadhavan, 1953)

From May 1949 to July 1950 Payfeottand Little carried out a systematic investigatminsolar
bursts using the swefiibe interferometer. @ring this period they observetirty noise storms, six of

which were examined in deta)Figure 131shows position fiesfrom one of thestorm sourceshown on

sunspot sketasfrom Mount Stromlo.

Figure 131: Storm source position lines from the swept-lobe
interferometer shown on sunspot sketches from Mount Stromlo (after
Payne-Scott and Little, 1951: 514).

The six noise stormishowed a very strong correlation with the largest sunspots within sunspot groups.
Drawing on the records of the Mount Wilson Observatory in tt&, BPayneScott and Little were able to

show that there appeared to be a threshold of sunspot size (&umndillionths of the solar areaf the

largest sunspot in a grogfter which storms could occyEigure132|shows the atter diagram of sunspot
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group area compared to the area of the largest sunspot. This iscowdtticthe observations of radio noise
storms.

Figure 132: Scatter diagram of sunspot groups from Mount Wilson Observatory May 1949 to July 1950 overlayed with
Noise Storm observations (after Payne-Scott and Little, 1951: 512).

Circular polarisation was evident in all of the noise stormswasl a clear indicain that magnetic
fields associated with the largest sunspots were an important factor in the production of the noise storms.
The observedsenseof polarisation mdicated a fairly simple sunspot dipole model could have been in
operation, with a south seeking magnetic pole associgtadight-hand polarisation and north seeking
pole with lefthand polarisation. This was however complicated by gpredominanceof right-hand
polarisation in the observations.

One of the most interesting aspects of the high positional resolution observations was that it allowed for
WKH WHVWLQJ RI WKH KHLJKW RI WKH RULJLQ RI WKHKIL9GMWRUP VR

PayneScott and Little constructed a modsimparison of a 100 MHz source radiating above the locus of

return directly above a sgmot. This model is shown|ifigure133

178



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Figure 133: Model showing the relation between the apparent positions of a 100 MHz source and the associated

sunspot group, assuming the source is in the corona (after Payne-Scott and Little, 1951: 522).

The model was compared to the actual observations of source positions relative to the sunspot groups

and is show as part of the observaticsummaries ifFigure 134 (lower sections of the graphs). Strong

agreement was evident and this was further enltdiheehigher density of the corona was assumeédis
observation and their analysis of outbursts indicated that a higher coronal densthgawaagen present

than was the assumed standard vahike time.
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Figure 134: Observation summaries of the six noise storms observed in detail using the swept-
lobe interferometer. Note graph (d) contains two storm records (after Payne-Scott and Little,
1951: 516).

These observatios alsoruled out heoretical models that proposed an origin of the source of radiation
low in the solar atmosphere. Thalgo provided further strong evidence for a4tleermal mechanism for

the radiation.

Unfortunately further work by Payrecott was curtailed in a vemntimely manneiby her departure

from the Radiophysics Divisioas discussed in sect(dd.3.1(

The finalpublished research based on the ongoing daily solar observation program at Potts Hill was an
analysis of solar radio bursts over a period of 18 months from January 1950 to Juripa\8é4, 1954)
Piddington and Davies had earlier tabulated @atsed on the daily records at 200, 600, 1,200, 3,000 and
9,400 MHz in an internal report. These were later extended to inttled2 and 98 MHz records. With
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the exception of the 200 MHz records which came from Mount Stronhlof #ie records were bad on
observationsnade atPotts Hill Piddington was interested in tabulating the data to support his theoretical

work on the origin of the solar corof2avies, 2005: 94)

Davies used thtabulated data to perform an analysis of some 400 bursts that were observed during the
periad and looked at their association with other solar events andtevitsstrialmagnetic crochets and
radio fadeuts. The data for the magnetic crochet comparisons were drawn from the Toolangi Magnetic
Observatory located near Melbourrfilgm the quarterlyreports of thelJournal of Geophysical Research
and from the 1950Bulletin of International Association of Terrestrial Magnetism and Electricifjhe
radio fadeut data were derived from 18 MHz measuremerdf galactic radiatiormade atthe Hornsby
Valley field station. It is interesting to natieat thesevere thesame records that contained the detection of
Jovian radio bursts that remained unnoticed until the records weramg@nedShain, 1956)n light of the
Jupiter emissiomliscovery in the U§Burke and Franklin, 1955)The solar flare and sunspot information
were based on th@uarterly Bulletinof the Intern&ional Astronomy Union and théonthly Bulletinof the

Tokyo Observatory. An example afradio burst observation frothe available records is givernkigure

135
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Figure 135: Example of the seven radio frequency records together
with fadeout, magnetic crochet and optical solar flare records taken
on 22 June 1951 (after Davies, 1954: 77).

The main aim of this analysis was to study the correlation of tiie kaursts with other phenomena,
thereforeno attempt was made classify burst types or exam@rthe phystal origins of the burstsGiven
that the broadest definition of a burst, being any eteusolar radio emission rising above the daily level,
was usedthe analysis included all types of bursts without distinctiime broad characteristics dhe
burdgs weredescribed together with relationships between butstlifferent frequencies. One of thee

features was the linear decrease in the occurrence of bursts per hour as frequency,iasrehseh in

Figure136
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Figure 136: Analysis of the average number of solar bursts per hour by frequency for the period
January 1950 +June 1951 (based on data from Davies, 1954: 78).

The analysis showed the same time delays of onset of bursts at different frequencies as had earlier been
observede.g. Paynescott et al., 1947)as wel as supporting the observatiofiboth autward and inward
movement ofsources through successive plasteaels in the solar atmosphess had been observed by
PayneScott and Little (1952) All frequencies showed a tendency to lag 3,000 Mslmgesting a
simultaneous movement up and dowonfi the level of zero refractive index at the frequency which

occurred first.

In terms ofcorrelationswith other phenomena, the analysis showed that nearly all flares and their
terrestrial effects (i.e. magnetic crochets and radio fadeouts) were tes$edgth radio bursts. Only 1% of
flares and fadeouts and 2% of crochets were not associated with Bbestswas also a rough correlation
between the intensity of bursts, flares, fadeouts and crochets. The onset of the bursts appeared to coincide
with the onset of flares and crochets, but preceded fadeouts by about two minutes. As afl ypsts

were included in the analysis there were many more bursts observed than flare, fadeouts and crochets.

This was effectively the end of the solar buestaarch at Potts Hill. Much progress had been made in a
relativdy short period of timeproviding a solid foundation of observational results, throwaghurate

position measuremenigolarisation studies and lostgrm statistical analgs

10.5.2. Cosmic Research

The originalreasonfor establishing the Potts Hill field station was to consolidate the solar observations
leading up to thd& Novemberl948solar eclipse. Solar research was thereforertajer focus of the field

station in its initial years.This focus began to change during 1@49interest in discrete cosmic sources
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grew. hitially these investigations were made using the solar instruments when solar observation was
not possible such as between sunset aurise(e.g. Mills and Thomas, 1951; Piddton and Minnett,
1951a) In 1951 Ewen and Purce(ll951) working at Harvard detected the 0+] 21cnm)
Hydrogen emissiotine that had been predicted many years earlier by van de (19¥5) This discovery
was quickly confirmed in AustraliPawsey, 1951band lead to a hew branch of investigatioasPotts

Hill and to the construction of the first instrumthdrededicated to cosmiesearch

In the second half of the life of tHeats Hill field station cosmic source investigations dominated the

research progranEFigure137iIIustrates the rise of cosmic investigations and hence publications produced

as a result ofesearch at Potts Hill.

Potts Hill Publications Solar vs Cosmic1949 to 1962
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Figure 137: Count of solar and cosmic research papers based on research performed at Potts Hill
during the life of the field station.

This section describes thecosmic investigatiom in threemain parts. The firsexamineghe discrete
sourceinvestigations and survey warandis thenis followed bya review ofthe H-line programs. Finally

abrief discussion ofhe contributionmadeto Jupiterburst observations is provided.

10.5.2.1. Discrete Sources and Surveys

After a very short foray into solar research with Christiansen and Yaks840b) Mills turned his
attention to the investigation of discrete cosmic sources. Together with Thuenased the swegbbe
interferometer in its conventional interferometer configuration to investigate the discrete radio source in
Cygnus that had been discovered by Hey, Parsons and Pllgs) At Dover Heights significant

progress had been made in identifying optical counterparts to three of eight discrete (Bunltocest al.,
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1949) However, identification of Cygnus remained problematt (Bolton and Stanley, 1948a,b; Ryle and
Smith, 1948) After a number of further investigatiofisittle and Lovell, 1950; Smith, 1950; Stanley and
Slee, 1950}he fluctuationghat had been observed fraime source were determined to originate in the
ionosphere and although accuracyh#f positioral estimatesvasimproved, noopticalidentification of the
source was made. In another example of an event that contelouto an increasingantagonistic
relaionship betweenthe Auwstralian groupand theirCambridgecounterpartsStanley and Slee examined
their 1948 measurements of source fluctuations and were confident that they were caused by diffraction in
the intervening medium and were not intringichesource itself. They sougthe help otheir Cambridge
colleaguego confirm this resultSulsequently the Cambridge Radio Astronomy group collaborated with
radio astronomers dbodrell Bank to confirm i, but no acknowledgement wasadeof the contrilution

of Stanley or Slee and theyereleft to belatedly publish their result after the Cambridge and Jodrell Bank
papers appeared Mature(Slee, 1994: 523)

It was with this background that Mills and Thasundertook investigations GfgnusA from May to
December 1949From Potts Hill, the source was relatively low in the northern sky rising to a maximum of
only 166above the horizon. This made position measurement at the relatively low frequency of 97 MHz
difficult and also subject to significant refraction and gburflection errors. As suchhese factors

needed to be included in the interferometry declination formula.

©)

where

is the wavelength;

d s the distance between aerials;

n is the number of a minimum in the interference pattern counting from an assumed central
minimum;

H, is the corrected hour angd which thenth minimum occurs;

R, Iis the vertical refraction; and

E, isthe angular elevation of the source above the horizon.

The right ascension of the source was determined from the time of transit. In practise it was necessary
to conduct the measurementgtwiwo different aerial spacisgo remove the ambiguity between which
minimum of the interference pattern was related to the transit of the solifeeaveragesof twelve
minima either side of the central minum were usedo calculate the declinatidinom a single observing

run. The minima were used because the positions of the maxima are difficult to define because of
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atmospheric scintillations. This is clearly iIIustrate{Higure 138 where the second and third maxima
from the left show scintillations.Mills and Thomas paid careful attention to correcting and documenting

all of the different types of errors that would impact the positiomesti. For example they allowed for a
more accurate estimate of the speed of light in the atmosphere for the given conditions (2.9869 x 10

cm/second)as using the standard value of 3.00 *°tfh/second would yield a 3 arc minute error in the

declination. [Figure 138 shows a typical record of the source transiting the interferometer beams and

producing the interference pattern.

Figure 138: A typical record of Cygnus A source transiting the interferometer beams (after Mills and Thomas,
1951: 160).

After some months of observatiotie following position estimateas given

R.A. 19 hr. 57 min. 37 sec.
Dec. 4034

with a piobable error of 6 seconds Right Ascension and 3 minutes ine@ination. In private
communication with RudolMinkowski of MountWilson Observatory Mills identified a 18" magnitude

nebula at a distance of 1parsec as being within the positional etbox, although its position quoted in

the paper was sightly inaccurate and was later corrected by Baagerisoaal communicatiosee Mils

and Thomas, 1951: 461n)it wasone ofthe brightest galaxiei® a cluster of galaxiehowever nothing
elseappeared to distinguish thparticular galaxy as the sourcesathstrong radio emission Minkowski

wrote to Mills advising that he did not think it was permissible to identify the source with one of the faint
extragalactic nebulae arntiereforea more accurate position estimate was needed to unambiguously
distinguish between thetherfaint nebulag(see Baade and Minkowski, 1954As it transpiredhe faint

galaxy that was the subject of the discussion turned out to be the source of the extraordinary strong radio

emission when a more accurate position ulimately determined by th@ambridg group(Smith, 1951)
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This positionwas used by Baade and Minkow$kb54)to unambiguously identify the source galaxiyhe

final photographicallydetermined position was:

R.A. 19hr. 57 min.44.49sec.
Dec. 40@35'46.3"

Figure139shows anodern optical image of Cygnéswith a 0.05 degree field of view.

Figure 139: Optical Image of Cygnus A - 3 arcmin FoV (courtesy Digitized Sky
Survey Lasker et al., 1990)

For comparisorﬁFigureMO shows the image plate used by Mills and Thomabe original attempted
identification. The actual position of Cygnus A has been added to the,imagedby the crosshair,and

is 7.49 arcseconds in right ascension andt@'3"in declinationfrom the position estimated by Mills and

Thomas.
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Figure 140: The original image plate (colour inverted) with the position estimate
rectangle shown together with the actual position of Cygnus A marked by the cross
hair (after Mills and Thomas, 1951: Plate 1A).

In thdr published papeMills and Thomas(1951)concluded that it was unlikely that the souréehe
emission was the suspagdlaxy; instead they concluded that the source was most likeltetbaa some
nearby faint star oAbnormal properties. As no proper motion of the source was detected, they concluded
that the source must be at a distance at feasttimes the radius b 3 O X W R fndtheytheteWre also
ruled out suggestions that the discrete sources of radio emission were associated with nearby comets
(Menzel, 195).

Polarisation measuremeat Cygnus A vasalso attemptedbut no change in the interference pattern
could be detectedhile switching between the horizontal and vertical elements of the Yignaas This

indicated that if there was any polarisation of the source radiation it was less than 3%.

Mills and Thomas also undertook a detailed analysis of the source fluctuations obgeiyee.14 1]
VKRZV H[DPSOHV RI W Kifldctyaitions \&sfwél @Sanidkantpl2 1of the correlation between
signals received on aerials spaced 300 metres apart.
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Figure 141: Examples of fluctuations observed in the emissions from Cygnus A. The top
FKDUW VKRZV DQ H][D HiSdcuatioRd. Tekniiddld Endrt\sfiows an example of
WKH pfuctkatdhs, and the bottom two charts show the correlation of signals
between to aerials spaced 300 metres apart (after Mills and Thomas, 1951: 166).

Indiceswere calculated for the different fluctiat types ad compared with the available geophysical
data to look for possible coHODWLRQV fluGtkakonpihdeY W calculated by measuring the
maximum and minimum intensities within each aerial lobe and hence calculating the ratio of the difference

to their mean valueThis was similar to the method used by Stanley and Slee in their investigafithe
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fluctuations(Stanley and Slee, 1950: 245)he p V OfRi&§ation index was a measure of the scatter of the
average intensity of individual lobes from the mean level of all lobes iobaerving period. A further
deY L D Vindéx @&s clrulated as the scatter of the lelminima transit times over a period of one hour.
Using these indices a direct correlation was found betwheffiast fluctuations anibnosphericF-region
activity. The correlations between the three indices were atamired and there was sufficient
correlation to indicate a common origin of the fluctuatiotdpon @mparing the signaleeceived at the
two aerials spaced 300 metres apamvas found thathe two recordswvere similar, but not perfectly
correlated. TH indicated that the cause of the fuationshad to bemuch larger tharBOO metres.
Records were compared with measurements at Dover Heights (~30km distant) and these showed almost no
correlation. This suggested the source must be greater than (h8itkess than 30 km in size. Based on
this evidence Mills and Thomas concluded that the source of the fluctuatasirregularitiesfrom ~5 to

100 km across in the-fegion of the ionosphere

The observationof the CygnusA source werethe lastthatMills made at Potts Hilluntil he returned in
1953 to test the prototype for the Mills Cross prior to its$akile construction at the Fleurs field station.
The experience Mills gained in using theeptlobe interferometer configured in its static lobe mode whet
his appetite for further source investigations. The low frequency (97 MHz) of the observations presented
issues for accurate position estimation and Mills determined that investigations at frégluencies
should be carried out and also with longer baselites decidedo build a dedicated instrument for these
investigations rather than relying on borrowing observing timethe solar instrumentsHe was also
concerned by the increasing raditerference at the Potts Hill sif®lills, 1984: 149)and so he determined
to build his new interferometer at a new sitdBatigerysCreek a CSIRO cattle research statisome30
km to the west of Potts HiIn 1952 he published an updatead refined position for Cygnus as part of
an investigation of the positions of six discrete sou(téis, 1952b) In the intervening time since his
first investigation he had returned to the idea that the original faint nebhladiedserved was in fact the
saurce. Unfortunately the position uncertainty was StIR X JKO\ WZLFH DV (1091)¢laikhe®V 6P L\
+1 second erroand therefore the creditould go to Smith [Figure 142 shows O L O apdaed position

estimate for Cygnug, that now included the posiin of the faint extrayalactic nebulaThis should be

compared to the original estimate give[Figure140
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Figure 142: Position estimate for Cygnus-A with position of faint extra-
galactic nebula shown (Mills, 1952b: 460).

Figure143 VKRZV D SORW RI WKH OLOOV DQ®W /YKIRW BV 9V CROM.Y LODDNDH &
that of Smith(1951) together with the identified galaxyosition There was some confusion the

original galaxypostion used by Mills and Thoma@narked B irﬁFigure 143 as itwas in error and hence
fell within their original error estimates, but the actual nebulae was in fact just outside of this tolerance
(marked C ir[Figure143. 1RWH WKH FORVH SUR[LPLW\ RI gRdu#Xg\and RV LWL

OLOOVY XSGDWHG SQ ODUNHG ( LQ
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Figure 143: Plot of Position (1950) estimates for Cygnus A. (A) = Mills and Thomas (1951) radio
position. (B) = The optical position of the nebulae (in error) suggested by Mills in letter to
Minkowski. (C) = actual position of nebulae. (D) = Smith (1951) radio position. (E) = Mills (1951)
revised position. The square markers indicate the error estimate on Mills fand Thomas (1951)

radio position.

The next investigatiomat Potts Hillof the Cygnus source was by Piddington and Minnett as part of a
broader inveggjationthey were making at 1,210 and 3,000 MHz using th&eorges Height 1& x 18-t
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Paraboloid(Piddington and Minnett, 1952)This instrumen§ primary role had been solar investigations,
but like Mills and Thomas, Piddington and Minnettre able to borrowhe instrumentind to use it for
cosmic source investigation®riginally Piddington and Minnett commenced observations at Dover
Heights(Christiansen, 1950aput soon shifted their operations to Potts Hill when the opportanige to
use the 16t x 18-ft Paraboloid.

The resolution of the 18 x 18ft Paraboloid was niosufficientto be useful for precispositioral
observéions Rather, he purpose of the observations had been to understand the broader disposition of
sources ahigherfrequenciesat 1,210 and 3,000 MHz Piddington and Minnett noted the detection of a
new discrete, but diffussource near Cygrs A which they designated Cygnis Theyclaimedin their
publistedpaper thatitP D\ EH WKH |LUVW bp tbEoGnisRdDQeHEXeQimifed sensitivity of the
equipmentusedat 3,000 MHz(the smaller 68n parabola)Piddington and Minnett were urialto detect
either of the Cygnus sources. Therefore they could only establish an upper limit for the flux density at

3,000MHz.|Figure 3|shows an exmple of the recordsf both the Cygnu#& and CygnusX sourcesduring

observing runs at,210 MHz forthreedifferent declinations

Figure 144: Example of 1,210 MHz records of Cygnus A and Cygnus X for three different
declinations (after Piddington and Minnett, 1952: 18).

By making a number of observations frateclinations366 &y onorth, they were able to construct a

set of intensity contoursaand given the characteristaf the aerial beam, derive the flux densitfythe

sourcesas shown inower half ofFigure14y The flux density (S) is given by:
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)

where

G is the power gain of the aerial compared with an isotropic ragdiator
T, is the aerial temperature
k is% ROW]PDQQ®WM FRQVWDQW

is the wavelength.

The estimated minimum flux density that could be deteatiag the 16tx18-ft Paraboloidoperating
at 1,210 MHz waspproximatelyL0?W/m? Hz* (100Jy). For the 68n Parabola operating at 3,000 MHz
this was 13*W/m? Hz™* (1,000Jy).

Figure 145: Upper graph shows contours of equal aerial beam temperature at 1,210 MHz. Lower chart

shows the derived flux density of the sources Cygnus A and X (after Piddington and Minnett, 1952: 19).

The position estimates for thed sources were given as:

CygnusA: R.A. 19 hr. 58 min. £2 min. Dec. 40@30'+10
CygnusX: R.A. 20 hr. 27 min. £3 min. Dec. 40@30'+106
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Given the large error tolerancehet positionof CygnusA was in general agreement with earlier
estimates. Piddington and Minnett robtthat the proximity ofthe large diffuse source the discrete
source may be thesason for theposition errors in earlier interferometry measurements tdusource
corfusion. The size of the CygnuX source was too large to cause an interference pattern at the spacing
used and hence it would have remained undete¢ied/ever, itmayhave contributed unseen confusion to

the discrete sour¢@articularlyin right ascension

Going back through thpublishedobservations of Cygrs A shows that the Cygnus source did not
appear in the 64 MHz observations of Hey, Parsons and PI{ilig#6) However, asecond source was
SUHVHQW LI48 disetvatpvs at 460 MHz Rebernoted that the Cygnus source had two
componentsvith very different intensity distributionss shown ifFigure14§ It is interestingo notethat

he also concluded that interferomyetvould be insensitive to thmeasurement of thidiffuse source.

Figure 146: Reber's 480 MHz observation at a declination of +40 6
showing both Cygnus A (left) and the extended Cygnus X source
(after Reber, 1948: Figure 5).

Bolton and Westfold1950b) interpreted the double sourcketected by Rebersabeing due to the

general galactic background radiaticas deduced from theiDover Heights seainterferometer

measurements shown|Figure 147 They concluded that rather than there being a second s&eber

had detected the extended background galactic radiation.
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Figure 147: The Cygnus source interference pattern from the Dover Heights 100 MHz sea-interferometer. The
record was interpreted as showing an interference pattern from the discrete source in Cygnus superimposed on

the local diffuse maximum in galactic noise (after Bolton and Westfold, 1950a: 24).

BLGGLQJIJWRQ DQG OLQQHWWYV REVHUY DW LWt the DrlyeéxcdptoQ VLV W |
being that the orientation of the extended source that Reber obdé¢igede 148 appeared to be

perpendicular to that obsedréoy Piddington and Minnett. No explanatifor this discrepancywas
SURSRVHG RWKHU WKDQ QRWLQJ WKH VRXUFH ZDV QHDU WKH OLP
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Figure 148: Reber's equatorial chart showing Cygnus A and X (top of chart). The orientation of the
extended source of Cygnus X is perpendicular to that observed by Piddington and Minnett (after Reber,
1948: Figure 3).

By drawing on the past observations over a range of frequencies, Piddington and Minnett were able to
examinethe spectraof the two sources Thesespectrawere then comparedith the spectrum of the
generagalactic background radiatiok/sing this comparisoit was possibléo show thatit was unlikely
that Cygnus Xwas part of the extended backgroun®ather it appearedhat CygnusX was a separte

extended source with a spectrum consistent with thermal radimtiona cloud of ionised gas The
comparison of spectra ghown irEFigure149
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Figure 149: The radio spectra of Cygnus A and Cygnus X with comparison spectrums of the general
galactic radiation and radiation from a theoretical gas cloud. Note that the value of flux densities for
Cygnus A have been multiplied by 10 to avoid overlapping the curves (after Piddington and Minnett, 1952:
22).

The theoretical model of the gas cloud was based on a number of assumptions. The average brightness

temperaturgT,) of a diffuse sources given by:

(10

where

S isthe observed flux density;
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is the wavelength;
k LV %ROW]PDQ&V FRQVWDQW

is the solid angle subtended.

Based offFigure 145 the solid angle subtended ispsoximately5 x 10° steradians andiould give a

brightness temperature of 40 K at 1,210 Mkéing theaboveformula. The spectrum curve for Cygnixs
isconsNVWHQW ZLWK WKHUPDO UDGLDWLRQ IURP LRQLVHGtIRPIG ZLWK
MHz. The electron temperature JTof the gas is related to the brightness temperatuge i the

following equation:
(11

Using the assumed optical depth and the estimated brightness tempeat@lectron temperature of
1.2 x 10 K is the result. Tis temperaturavas in general agreement with values determined by optical

observation for HIl regionat the timgle.g. Stromgren, 1948)

Piddington and Minnett proposed a tentative identificatiorthef CygnusX source withthe bright
galactic nebulae/ XUURXQGLQJ W, KigUré/l?]@Hdws &stdr@hart of the region with HIl regions
VXUURXQGLQJ &\X@he relatdhsbi@ CRINVK R Z
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Figure 150: Star chart showing HIl regions around &\ J QThe near vertical grid lines are 1
degree declination lines. The diagonal line in the bottom right indicates the Galactic Plane.
Cygnus A is marked by the cross hair (Courtesy of TheSky © Astronomy Software 1984-
1998).

BLGGLQIJWRQ DQG 0L Q Q,Hényva specthaHype \Waeas\Whlikedy\td Qe the sole source
of excitation of the HIl region and that other obscured O and B spectral class stars may be respdasible.
know today that the Cygnus region is oneof the largest staiorming regions in our &axy with many
OB stars in a coherentolecular cloudhat isat a distance of ~1.7 kig&chneider et al., 2006)

BLGGLQJWRQ DQG OLQQHWWITV SURJUDP RI FRVPLF REVHUYDWL
observations of the region of the Galactier@re using a Ht Parabola at 1,210 MHz.  Later the
opportunity arose to use the largerfié 18 ft Paraboloid and the 88 Parabola. They used these for the
Cygnus observation@iscussed abovegndfor observations of the Galactic Centre, Taurus A (the Crab
Nebula), Centaurud, the Moon, M31 (the AndroedaNebula and NGC 7293 (a large planetagpula).

The results of these observations were published inAihs&tralian Journal of Scientific Research
(Piddington and Minnett, 1951a) his was an important historical paper because it included the digcover
of the discrete radio source at the Galactic centrekmmwn as Sagittariud. As discussedby Goss and
McGee(1996)and Orchiston and Slg2002)there are many misconceptions relatedhe discovery of

SagittariusA. Credit is ofenincorrectlygiven(e.g. Kerr, 1983: 2B) to McGee and Boltarwho in a paper

199



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

publishedin the more widelyread journaNature(1954) drew attention to the relationship of SagiiusA
to the Galactic Nucles.

6LQFH -DQVN\TV R U1933)¢hp toirGitdeviceprthtUrnaximum lewdlradio emission with
the centre obur Galaxy had been notedexamples of early sirveys by Rebe(1944, 1948)Hey, Parsons
and Phillips(1946) and Bolton and Westfol@950a,b)all showed the maximum originating near the

position R.A. 17 hr. 50 min., 2%. |Figure 151 shows a summary of the early surveysconverted to

common projections Apart from the survey by Hey, Parson and Phillips, which shows an unexplained
complex structure, there is similarly between the survetfeedifferent frequencies.

Figure 151: Examples of earlier surveys around the Galactic Centre (Bolton and
Westfold, 1950b: 255).
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BLGGLQJIJWRQ Dy atli@MHY Wa§ whade by takireynumber of drift scans at different
declinationsspaced approximately 1 degree apgfigure 152 shows an example of a single scalere

SagittariusA is very apparent

Figure 152: Example of a drift scan at 1,210 MHz across the Galactic Plane and showing
the discrete source Sagittarius A. The beam width was +1.4 6 Mote that the original caption
published with this figure incorrectly referred to the beam width of the 68-in Parabola that
was used for the 3,000 MHz observations (Piddington and Minnett, 1951a: 463).

Based on the continuous recording of aerial temperature during the drift scan, the records were reduced

to a set of equal intensity contours as showrigure153
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Figure 153: Aerial temperature contours at 1,210 MHz showing the discrete source Sagittarius A
(Piddington and Minnett, 1951a: 465).

Based on the contour maPiddington and Minnegtnnounced

3$Q HIDPLQDWLRQ RI WKHVH FRQWRXUV UHYHDOV VHYHUDO SRLQWYV RI
44 min., Dec 3@. appears to be a new, and remarkably powerful, discrete source. $etlomdiontours

provide anothedetermination of the position of the galactic centre. Finally the results allow a determination to

be made of the excess radiation from near the galactic centre (above an unknown, but probably low, level away

from the galadt plang. " (Piddington and Minnett, 1951a: 465)

Although certainly not as clearbtated as the later papdayy McGee and Boltor1954) and McGee,
Slee and Stanle{1955) Piddington and Minnett do make the associattbthe new source with the
Galactic @&ntre.The minutes of the Radio Astronomy Committee of February 6, a@tHreported the
GLVFRYHU\ RI 3D QHZ GLVFUHWH VRXUFH" |RCh@stansep, Y9KIbjt s HILR Q
interesting that it would take nearly three yeaiter formal publicatiorbefore this association was more
closely examined and the exciting linkage to Galactic Nuicleuswas moreclearly established The
Dover Height 86ft hole-in-the-ground parabola was able to achieve an angular resolution in the order of 1°
at 400 MHz, and with a much more sensitive receiver, the positidrangular size of Sagittaridswas

defined with greater accary.

The 3,000 MHz equipment was operating at its limits and the combination of instrument noise and
receiver drift made it difficult to obtain useful results. A beam swinging technique was adapted to improve
sensitivity and Piddington and Minnett weable to estimate the excessghtness temperature near the
Galactic @&ntre. They estimated thisthe2.6 K with a 20% uncertainty. At 1,210 MHz they estimated the

brightness temperature to be K tvith a 20% uncertainty.
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With a beamwidth of 1.4the accuracy of the position of the new discrete source was estimated to have
an uncertainty of 2 minusen R.A. and approximately din Declination. From the transit time of the
source through the aerial beam it was estimated that the source mustllbe thian 1.5in diameter. The
calculated flux density for the source at 1,210 MHz was 2.6 % \M0m2Hz. Given the coincidencef o
the source with the Galactice@tre, Piddington and Minnett concluded that the source must be extremely
powerful. Asuming a distance of 1parsec the source radiation in the radio spectrum alone would be at

least 100 times greater than th&al power radiated by theug.

Piddington and Minnetalsomake reference tpersonal communicatiowith Mills prior to publiging
their results. Mills was conducting a source survey at 100 Mitzed&@adgerysCreekfield stationusing
an interferometer witspacing of 270m and 60niMills, 1952b) They noted that Mills had also detected
a source at about R.A. 17 hr. 50 min., Dec 2&.5 with avery approximatelux densty of 3x 10 W.m
2Hz* (source 172B in Mills, 1952a: 286@nd concluded that despite the position differetiiewas very
likely to be the same discrete sourcdlo reference was made to the source.sizee interferometer
measurement indated a source size of 35 arc minutes. In the final published catalogue Mills listed the flux
density as beingone order of magnitude lower than had first been sugge®ieskrvations were also
obtained from Shain who was observing at 18.3 MHz at thedBgrialley field station anthesegave a
flux density measure of 3 x THOW.m? Hz* with an uncertainty of not wee than 50 percent. Using these

dataPiddington and Minnetivere able to obtain a preliminary spectrum of the soyFigure 154 shows

this spectrumtogether withanexample of two other knawndiscrete sources, Taurus A and Centaéus
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Figure 154: The radio spectra for the discrete sources Sagittarius A, Centaurus A and
Taurus A. The flux density scale for Taurus A has been changed by a factor of 10 to
separate the curves (after Piddington and Minnett, 1951a: 468).

Although noting that a spectrum based on three data points was tentative, Piddington and Minnett
suggestedhe spectrum resembled that of an optically thin, thermally radiatingbgasalso had some
characteristics similar tthat ofthe TaurusA spectrum.Although Alfvén and+ HUORIVR QI930)SDSHU
suggesting synchrotron radiation as fassible mechanism for extragalactic radio emission had been
published at this time, it was not until further work on Taukusnd the verification of polarised light by
Dombrovsky (1954) that this emissionmechanism gainednore generalacceptance. Piddington and
Minnett noted fom their observations of Taurdsthat when the electron temperatued densitywere
calculated based on the radio observations tvasa very large discrepancy compared to the optical data
if thermal radiatiorwas assumed. This suggested a possibletine@mmal origin, but the spectrum could not

be reconciledvith the other northermal mechanisnighown at the time.

Piddington and Minnet(1951a) investigated three other known discretairses. However, only
CentaurusA could be detected at 1,210 MHz with flux density of 4.1 x I8 W.m?Hz"' and an

uncertainty of 20 percent. The twohet sources investigated, Virgo A and Hercudescould not be
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detected and thereforevias assumed their flux densities wiss than 1 x I8 W.m2.Hz". No attemp

was made to observe these sources at 3,000 MHz.

Attempts were also made to detect M31 and the large planetary nebula NGQbi@9.3 Neither of
these sources coulde detected at 1,210 or 3,000 MHz. Subsequent to the observations, but prior to
publication, HanburyBrown andHazard(1950)detected radiation from M31 at 158 MHz with @served
flux density of 4 x 18*W.m?*Hz". Piddington and Minnett noted that if the spectrum of M3s gimilar
to our own @laxy then the flux density at 1,210 MMould be 2 x 1G* W.m?.Hz", which was below the
detection threshold of the equipmdiney were using.

As a form of calibration test, Piddington and Minnett also observed the Moon and compared these
observations to their earlier observations at 24,000 WIl949a) The apparent disk temperatures were
broadly inline, although slightly higher, than those obtained at the higaguéncy.

In January 1955, as part of a joint patjdetween the URSAnd Commission 40 of thé. A.U., a
catalogue of reliabhknown discrete radio sources was publisi@dwsey, 1955a) The catalogue was
prepared in early 1954 based on surveys that had been published up to that time. This catalogue provides a
good guide to the statd investigation of discrete sourciesthis period A total of 38 sourcesaglisted in
the catalogue. Of these, only 8 sources were definitively established, with accurate positions determined by
a number of independent observers and optical ideatiifics obtained. The remaining 30 sources were
included in the catalogue on the basis that there was reasonable agreement of the soursdrpasidbn
least two independenbbservations Of these, 9 had reasonable identification candidates proposed.
Included in this list wre both Sagittarius A and CygniXs These sources had first been proposed by
Piddington and Minnett based on their Potts Hill observatigns. XV XV L Q J(1®EbA)ketAav s an
objective measure, as at 1984 percent ofall known discrete radio sources had been determined based
on researclat Potts Hill.

The 1,210 MHzcosmic survey work by Piddington and Minnett was to be the last major program of
observations using the 46x 18t Paraboloid. Havig originally been designed as experimentatadar
it was far from ideal as a survegdio telescope It suffered from sagging and distortion of the reflector
surface and the multiple dipoles at fhdme focuscaused further losses in sensitivisee Piddington and
Trent, 1956b: 490n)

The construction of the 36 Transit Parabola for Hine survey work presented a new oppoityn
Piddington and Tremnodified the receiver design thlahd beenused at 1,210 MHz on the -fi6x 18-t
Paraboloido operate at 600 MHz, antbgeter with a 6ft Parabolaoperating as the reference aerial, they

used the 36t Transit Parabola for a survey at 600 MHz coverihg declinationrange90& to 51M
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(Piddington and Trent, 1956b)he reason for selecting 600 MHz weecausesurveys of the southern sky
had already been conducted at 100 MBpolton and Westfold, 1950and 200 MHz(Allen and Gum,
1950) Instruments used fordbh of thesesurveys had low resolutionamely beamwidths ¢f7 éand 250
respectively. Bracewell and Robe(t954) had shown that all detail withian aerial beantould notbe
subsequently recovered by either graphical or other processimgiquesnd therefore is lost. This meant
that the plots of brightness distributiorarficularly inthe area of the Galactidahe, could not be even
approximately accurate in terms of source structur®sddington and Trent determined tefore to
conduct a much higheesolution survey using a penbiéam instrument. The 36-ft Transit Parabola
operaing at 600 MHz had a beamwidth of &3

The observations from the survey were reduced to a measure of aerial beam temperatures from which a
contour plot of isophotes was produced. The aerial beam tempesatialculated by considering that
two-thirds of the totalenergy received woultde in the main beam of the aerial with the remainder in the
sidelobes. Assuming that the main beamas placed on a source of a given temperature (T) and the side
lobeswere directed at zero temperature regions, thelademperaturéT,) was givenby:

(12)

Therefore, in the ideal case, the aerial beam tempenatsr8/2 times the measureetrial temperature.
In practiee many other factors such as ground reflection and the background radiation within the side lobes
complicatel this calculation. However, for the beamwidth and frequencies involved these errors were like
to be less than 10 percent. For the 600 MHz survey Piddington and Trent multiplied the measured aerial
temperature by a factor of 100/65dbtain theaerial beam temperature.

The aerial temperature is not an absolute measure; rather it is a measure above a minimum background
level. To obtain an estimate of the actual temperature it is necessary to determine the minimum

background temperature agiven frequency. Piddingtaand Trent used the best available measuresment

from earliersurveys to construtheradio spectrum curve showr|kigure155
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Figure 155: Radio spectrum of coldest parts of the background sky based on prior
surveys (after Piddington and Trent, 1956b).

By extrapolating this curve to 600 MHz an estimate of the background temperature could be obtained.

FromFigure155the brightness at 600 MHz was 4610% W.m%Hz* which corresponds to a brightness

temperature of 4&. From their survey measurement they calmdathe base level of the minimum

background ranged from 4 to®&, with an average value of 5&.

The results of the full survey are showiHigure 15 The main features of the survey were the strong

source Sagittariu8 which had been associated with t@alactic @&ntre, the two sources in Cygnus,
CygnusA and CygnusX, CentaurusA, and TairusA the Crab Nebula. There was also a string of sources

on or near the galactic plane which Piddington and Trent proposed were likely to be related to thermally

emitting HIl regions. For comparisgRigure157)shows amuch latersurvey at 408 MHZHaslam et al.,

1982)for the equivalent regiom|Figure157] The degree of detail in the 600 MHz survey is remarkable

for its time particularly given the receiver limitations in this era.
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Figure 156: The 600 MHz survey showing contours based on aerial beam temperature (Piddington and Trent,
1956b).

Figure 157: A more recent 408 MHz survey showing the equivalent region to the 600 MHz survey (after Haslam et
al., 1982).
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BythH PLG the%yhchrotron process as a source of galactic radio emission had become fairly well
acceptedPiddington and Trent, 1956b: 489Piddington and Trent observed that thermal emisismn
ionized hydrogen still remained a major component of the observed radjasitas Piddingtor§1951)had
earlier suggested.They proposedthat the observations were consistent with a modelsghchrotron
emission constituting@ single spheroidical systewith a variable emission per unit volunteat incrased
towards the Galactic Bne where thermal radiatiames also concentrate@hey concluded that the galactic
concentration ofhermalemission was consistent with the broad HIl distribution ofGakaxy.

As part of the survey Piddington éifrent alsaotedthat because of the higher frequency and narrow
beam width, it was possible to make a usefudetermination othe GalacticEquata and also the position

of the Sun above thdequator. |[Figure 158 shows the position of the ridge of maximum intensity of the
radio emission plotted in galactic coordinates.

Figure 158: The position of the ridge of maximum radio emission at 600 MHz plotted in galactic
coordinates. The dotted line represents a hypothetical galaxy model. 242 MHz observations near
the Galactic Pole are also shown (after Piddington and Trent, 1956b: 491).

By assuming the Galaxy is circularly symmetrical with a diamefter9,000 parsec and that therSis

1,600 parsecs from the outer edge, aibical curve of the Galacticgdator was determine This is

shown as the dottdahe in|Figure159 The best fit was given by assuming a radio pole lying=a89.06

and| = 3300 Mcluded in the plot are measurenat 242 MHz taken by Ko and Krau®f OhioState
University. Thee datafavour a value ofb = 89.16 Xhe corresponding position of the Sun above the

Equator is 42 paec, while the 242 MHz data give6 parsec. Earlier calculationsbased on optical
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observationgvan Tulder,1942)had showra smaller solar displacement of 13.5 parsbusthat was in the

same direction

Piddington and Tent separately published a catalogue of 49 sources based on the 600 MHz survey
(1956a) Of these sources, 31 appdarhavebeen identified irpreviousradio surveys, with the remaining
18 being newljidentified sourcesOf these 18 sources, 12 were located withirbaf2the Galactic Rine.

For 4of the sourcesoptical idettifications were proposedll of these being with HIl regions. Niptical

associations were proposed for the remaining 14 radio so{fgure 159shows the variation of emission

intensity by galactic longitude with the individual scescwithin a few degrees of the Galactiarie
individually marked. The numbers refer to the sourcalmes in the published catalogue.

Figure 159: Variation of intensity at 600 MHz along the Galactic Plane. Individual sources,
marked with their catalogue number are shown. Source 37 is Sagittarius A (after Piddington and
Trent, 1956a: 81).

A key conclusion of the examinah of the sources was thatany ofthose lying close to the Galactic
Planerather than being discretmurcesappeared to have more complex structures and were often more
akin to local maxima. Earlier interferometer seys assumed many of these sources were disciiéte
interferometers were unable to deteextended sources and theirspgmn estimates wereconfusion
affected, as appeared to be the case for the later Cambridge 2C @dilieegnd Slee, 1957)

With the 36ft Transit Parabola no longer being used for thelihé survey, Hindman and Wade
modified the Hline receiver to measure the general radio continuum at 1,400 MHz ratheH-flirae

emission They used the modified equipment to observe a number of sobutemly publishedtheir
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observations of the Eta Carinae Nebula (NGC 3372) and Centaurus A (NGC(Bit&8han and Wade,
1959)

Eta Carinaewas targeted because little was known of its physical properties. It was also the only
LPSRUWDQW JDODFWLF +,, HPLVVLRQ QHEXOD WW#HYWIHNIMBIzQRW E
survey because it was located far south to be visible frortine NetherlandsA series of drift scans of the
nebula were taken as iIIustrate@ From these a set of contour diagrams of aerial temperature

as a function of position asproducedas shown ifFigure161

Figure 160: Example of a drift scan through the Eta Carinae Nebula (NGC 3372) (after Hindman and
Wade, 1959: 262).
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Figure 161: A map of aerial temperature at 1,400 MHz versus position showing the Eta
Carinae Nebula (NGC 3372) (after Hindman and Wade, 1959: 263).

By correcting for the background galactic radiation and integrating over the contours, Hindman and
Wade wee able to determine a value 582 x 10** Wm? Hz* for the flux density of the Bt Carinae
Nebulga with a probable error ok 20% They also noted that there appeared to be no-tamae
asymmetry to the surface brightness distribution of the s@amdehat the source appeared to be strongly
concentrated towards its centre.

In a separatpaper, Wad€1959a)examined a physical model of ttNebula based on the Potts Hill
observations and also drawing on the flux density measurement at 85.8Wlld 2t al., 1956)and some
unpublished optical measurements that had been mad&um)Figure 162/ shows the line along which
Gum had measuredth +. VXUIDFH EULSKIKNQHVYV RI WKH 1
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Figure 162: H . image of the Eta Carine Nebula taken with the 8-inch /1
Meinel-Pearson Schmidt camera at Mount Stromlo Observatory. The line
at position angle 335° indicates the line along which Gum measured the
surface brightness of the Nebula. East is to the left of the image (after
Wade, 1959a: Plate 1).

: D G Hifidings were largely consistent with previs studies on emission nebulaenfirming that the
radio emission could be explained solely by the thermal mechanism dfdecransitions. Wade found
that a relatively simple model of the emission nebula having a spherical distribution with annelectro
temperature of 10,000 £1,080 a dense core and a broad tenuous envelope, could provide a good account

of both the radio and optical observatigf$gure163illustrates the déved model.

Figure 163: : D G H fhadel of the Eta Carine Nebula (after Wade,
1959a: 426).
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Assuming a distance to theebula of 1,400 parsecs yielded an r.m.s. density of 71 iofi$arrthe core
and 11 ios cm® in the outer regions of thdebula. This meant that the total mass on the nebula was not
more than 25,000 solar masses. Wade also showed that it was likely that several O class stars would be

needed to maintaithe observed ionization of theeNuk.

The other source observed at 1,400 MHzHigdman and Wad€1959) was Centauru®\. Their
findings were largely similar to the conclusionsateed from earlier interferometrineasurementéolton
et al., 1954; Mills, 1953and confirmed by later pencil beam measurements at 19.7 K8Hain, 1958)
and 85.5 MHZSheridan, 1958) They found that the source was composed of two componéms.of
thesewas aocaliseddiscrete source assoa@dtwith the optical galaxy NGC 5128. The second component

was a large extended source with no optical counterpgiigure 164 shows the contour mapf aerial

temperature for Centaurés

Figure 164: A contour map of aerial temperature for Centaurus-A at 1,400 MHz. The dotted lines are
estimates of the contour lines which were below the detection threshold of the equipment (after
Hindman and Wade, 1959: 268).
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The deived flux density of Centaurua was calculated as 1.3 x Tbwm? Hz* +20 percent, with 23
percent of the radiation coming from the point source and the remainder from the extended source.
Although no new finding were made in these observations they prodidelditional data at previously
unobserved frequencies. Wafi®59b)subsequently published a summary of thdio observations of
CentaurusA, including the 1,400 MHz Potts Hill observations, noting the similarity of the contour

diagrams across the different frequencies.

Apart from the Eta Carina Nebula and @enmus A, Hindman and Wade also used the Potts Hift 36
Transit Parabola to observe continuum emission from Sagittarius A at 1,400 MHz, but for some reason they
never published their observati(see Gum ad Pawsey, 1960: 158)

The 1,400 MHz continuum investigations by Hindman and Wade were the last investigations made at
Potts Hill using the 38 Transit Parabola.

10.5.2.2. H-line Investigations

Nearly all of the early major discoveries in radio astronomyQ FOXGLQJ -DQVN\{YV RULJLQ
cosmic radio emissionsyere serendipitousSerendipitous discoveriés radio astronomyavebeen well
discussedn the literature(e.g. Kellermann, 1983) Perhaps the bestxample of an exception to this
phenomenonvas the discovery of the 21 cm Hydrogen emission lide.Sullivan has note(1982: 299)

the predication was remarkable on two counts; both for its scientific prescience and for the conditions
under which it was produced. Van de Hulst wagaduatestudent at the timef the Nazi occupation of

Holland and his supervisor from Utrecht University had been interdad. de Hulstspent three months

visiting Leiden(van Woerden and Strom, 2006: 17, Note ZKHUH XQGHU 2Heekanfingl hX LGDQF
possibility of discrete emission from neutral hydrogen. In a paper published immediately after the war

ended, van de Hulst cautiously noted the possibility of detecting an emission line:

37KH JURXQG VWDWH RI K\GU RJHQinﬂoWO/lé@&Whlﬁ‘Gelparﬁﬂd)Mdﬂ@W'WUXFWXUI-
The spins of the electron and proton are pointed in the same direction in one state apgositén the

other state. A quantum of wavelength 21.2 cm is emitted due to a spontaneous flip of .thévapide

Hulst, 1945)

Van de Hulst noted that the tsition to ground state was a forbidden transition and therefore it was
necessary to assume a probability for the spontaneous transition to the preferred ground state. Provided
that the life time of the hydrogen atom in the upper hypedtnecture levelvas less than 4 x i@ears,
there was a possibility of detection. He also noted that the sensitivity of radio receivers would need to be

improved by a factor of 100 over the 1940s levels of equipment for the emission to be detected.
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The actual valuef the emission frequency from the spin flip transition to the ground state is 1,420.4
0+] FP DQG LV GXH WR WKH K\SHUILQHWWIW,XI52) XHishHs WU D Q
an extremely small energy level when compared for examiptethe Lymanralpha transition of 10.19 eV
which produces an emission at the much shorter wavelength of 122 nm. The probability of transition to the
ground state is 2.9 x T®sec' (~10" yeard, and is within van de Hul$triginal limit. In 1947 he
hyperfine structure of both atomic hydrogen and deuterium was experimentally measingditomie
beam magnetic resonanaethe Columbia UniversitRadiation Laboratory under the supervision of L.I.
Rabi(Nafe and Nelson, 1948; Nafe et al., 1947)

It is interesting to note that Pawsey was well aware of the potential that detecting radio spectral lines
would provideto radio astronomy He was also familiar with the predicted 1,420.47 MHz Hydrogen
emission and also the prediction of Deuterium emission at 237.38 NMfHzas Reber whdirst alerted
Pawsey to the theoretical predictions and to the possibilities of detection duringley st latterto the
U.S. in early 1948Reber had met van de Hulst in 194%ber, 1984: 64and subsequently promoted the
possibility of detection the #ine in emissionsee Reber and Greenstein, 1947. Gyen the important
implications that theletection of a radifrequency spectral line would bring to radio astronoRgwsey
alerted Bowen to this potential in a letter dated 23 January FP#i@seyalso included a section titled,
37KH 6HDUFK IRU $WRPLF 6SHFWittiDrépat b wrbte fdowirig Lhiddisit toltliz W K H

United StatesAfter adiscussiorof the potential he conclude

37KH SRVLWLRQ LV WKHUHIRUH TXLWH XQFHUWDLQ /DPE RI &ROXPELD
to find lines owing to low probabiliteslo HPLVVLRQ RU DEVRUSWLRQ DQG 3VPHDULQJ’
magnetic fields and so on(Pawsey, 1948d)

During his U.S. visit Pawsey alsasited Harvard and met Oort who was visiting Yerkes Observatory at

the time. However, there is no mention of any discussion on{imekbotential with these parties.

%RZHQ UHVSRQGHG WR 3DZVH\TV 8 6 YLVLWhetehed&edW LQ D OHW)

37 K Lawontic spectral lines] possibility is certainly an interesting one but, in view of the present state of
knowledge, | doubt very much whether we shoulddmtote a special effort to it. A search for the atomic
hydrogen and deuterium lines could be made with the Georges Heights equipment but this would involve
dislocation of other work which is scarcely justified at pres@hthe moment Harry Minnett ishasing up

the references you supplied and we are hoping that Williamson will live up to the promise he made you to let

us have a survey of the whole subjé¢Bowen, 1948a)
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The report from Pawsey triggered some actidtyRadiophysicsin early 1949, Wild produced an
LQWHUQDO UHSRUWreguendyQidespedrui lof Atbn@d_HRydrogen. The Calculation of
Frequencies of PossiblBEUDQVPLVVLRQV’ 7KLV UHSRUW ZDV D FRPSUHKHQ\
work on the subject and Bowen noted inedter to F.W.G. White (Chief Executive Officer of the
C.S.I.LR.0O.)on 21 March 1949:

37KHUH LV QRWKLQJ YHU\ RULJLQDO DERXW LW EXW LW VHUYHV WR L(
(Bowen, 1949)

'KLWH UHSOLHG WR %RZHQTV RQ ODUFK DQG QRWHG

3, KDYH ORRNHG WKURXJK LW >WKH UHSRUW@ DQG ILQG WKDW HYHQ
easy to follow. The end results are certainly vietgresting, and | hope that experimental data can now be
found to which these can be relate@Vhite, 1949)

As Sullivan (2005: 14)has reportedin 1949 Mills had considered taking on thellde search as an
independent line of researdbut dismissed iais too speculativeMills himself recalledthat Pawsey had
presented him with the choice of attempting to detect tiadHor investigating discrete sources using the
SweptLobe Interferometer

3f | had been a trained astronomer and therefore aware of the possible great importance of the H line no
GRXEW WKLV ZRXOG KDMils, M6 Q) P\ FKRLFH

Bolton andWestfold had alsoconsidered searching for thelide (Robertson, 1992: 82heyhad a
copy of a Russian papé&hklovsky, 1949jranslated in an effort to obtain more detdiswever no search
was undertakenMurray (2007) has also recalled that PayBeott proposed a search for thdife on a

number of occasions at meetings of the solar noise gatilnough no recordppears in the minutes

Despite this early insight, there was no detection attempt by the Radiophysics Group. As late a
February 1951in a meeting of the Radio Astronomy S@bmmittee on Galactic Work, Shain raised the
possibility of looking br line spectra as part of the GR XSV U HV HibditénKaride laR tHis\hveeting

were Pawsey, Bolton, Mills, Minnett, Piddington and Shahe outcore was recorded in the minutes

3W ZDV GHFLGHG KRZHYHU QRW WR SiDtb@hdrRidjet KMMs,DV LW FR)»
1951b)

On 25 March 1951, H.l. Ewenwho wasworking on his Dotoral thesisat the Lyman Bboratory at

Harvard University detected the 2dm emissionline (Ewen and Purcell, 1951) In a remarkable
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coincidence, van de Hulst was visiting Harvard at the time and discussed the detection with Ewen and his
supervisor E.M. Purcell. Van de Hulst indicated that the Dutch guoder Oort and Muller had been
attempting to detect the-khe for sometime. %\ (ZHQTV R Z @20D3 reRwa Wiawaref the

Dutch groupg work and had dismissed the possibility of the Dutch activelyuimgrsa detection attempt
EHFDXVH KH KDG LQWHUSUHWHG YDQ GH +XOVWYV FRPPHQWV LQ
highly unlikely. In fact, Ewen thaht it likely that his thesis would indicate a negative result. Ewen
believed that if any group would undertake a detection attempt it woulcinethe Soviet Union on the
EDVLV RI 6KNORYVN\TV L{PEMGitH @HEREMAN \Bad faBiliak W L R Q

Also visiting HarvardUniversity at this timewas Kerrfrom the Radiophysicsdboratory in Sydney
(Kerr, 1984: 137) Kerr was on a fellowshiptHarvard to undertakstudies in atronomyat the Harvard
College Observatory under Dr. H. Menze€kerr had written to Pawsey on 17 March 13awing to his
attention the fact that two grosipadalreadymade unsuccessful attempts to detect tHmél(Kerr, 1951)

At this time Ewen had still been unsuccessful and Owren at Cornell Uniyewbitywasusing an &t
SBDUDEROD DQG D UHFHLY H Ulegd densiityhatvarso (keehQifisicdessih akilgk

the initial discoveryPurcell and Ewen shared details of the discovery with the Dutch group and were keen

to obtain an independent confirmation of the detection. EemtPawseyan airmail letteron 30 March

1951 alering him to the discovenandaskingif the Sydney group could assist in the confirmatieven

thoughno prior work had been conductieyg Sydney.The letter included a hardtawn sketch of thél-line
UHVSRQVH RQ (4FgQr§l165JIH & letteY dtateéd 20 April 1951, Pawsey wrote to Purcell saying
WKDW EHFD X\gttat RbteWidlittets.? KH KDG DVVLJQtH GroWwsZ ® aehpDtheD
LQGHSHQGHQW GHWHFWLRQ DQG WKH\ ZHUIHQ R WH 2 LANHINAD O O ¥ KK

enquired as to the processes that would be used for publication of the discovery and suggested that they

would privately commurgate any detectioand then publish a confirmation note at the time Ewen and

Purcell decided to publish their result.

Figure 165: Hand-drawn sketch by Kerr of the H-line response detected by Ewen, included in
a letter to Pawsey dated 30 March 1951 (National Archives of Australia +972420 +C3830 *
A1/3/17 Part 1).
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In his letter to Purcell, Pawsey referred two independentgroups working on attempting a
confirmation A meeting was held on 12 Aipto coordinate theactivities of the Radiophysicsr@up in
attempting a confirmation observation. In attendance at this meeting were Pawsey, Higgs, Piddington,

Christiansen, Wild and Bolton. The minutes recorded:

3,W ZDV DJUHHG W Kaibnhs SolxbdblOdelettability)of khesdherk desirable in order to obtain
independent checks but that, in order to avoidtlstgat competition, the grospvho were experimenting in
the same field, e.g. Piddington, Christiansen and Wild, should considesdhes, at least on the 1420 Mc/s
line, as a single group and possible publication should be joint.

Wild outlined the theoretical results he had obtained (mainly in RPL. 33 and 34). The chief point of interest
is the existence of finstructure lines at0,905, 331 & OF V ZLWK 3LQKHUHQW”™ OLQH ZLGW
of 100 and 20 Mc/s respectively.

It was agreed to recommend Wild to write up this material for publication.

Christiansen and Bolton outlined schemes for attempting to detect thevici(line with which they were
proceeding (also corresponding deiutsr line). They hope to have equipment for tests to start in a week or
Sso.

Piddington outlined a different scheme with which he was proce€dipgwsey, 1951a)

Orchiston and Sle€005a: 139havestatedthat Christiansen and Hindmavorked independently at
the Potts Hill field statiorbeforethey discovered they had both been tasked by Pawseprioon the
same problemThis is likely a reference to the early parallel work by Piddington and Christiansen. At the
time Hindman was working for Piddington,W LV XQOLNHO\ WKDW WKH\ GLG QRW N(
but rather thisvas a deliberag strategy as the minutes of the 12 April meeting reflect. After a short
period, Christiansen took the leadership of the group with support from Hindman. It is unclear when
%ROWRQTV GHWHFWLRQ DMHawaverPiis 1855647 ehurdudadsSI@terRpQwhe made by
G. Stanley and R. Price at Dover Heights to detegbdiséulateddeuterium line.

Purcell replied to Pawsey in a letter dated 9 May 1951. He welcomed the efforts of the Sydney group
and provided further details of the detection #imgr receiing equipment. He also indicated that they
intended announcing the discoveryNmture 3. fairly soon..” EXW ZRXOG DOORZ WLPH IR
proceeding. Pawsey replied in a letter dated 18 May 1951, saying that Christiansen would be
3..attempting the first observations tonightand that he would be away for the next fortnight and hence

Christiansen would communicate directly if the attempt was successful, although he noted it would likely

219



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

take several weeks. He also suggestetiBElgen may wish to publish a detailed report in guestralian

Journal of Scientific Research

Christiansen anélindmanwere able to construe P D N H Yekdiviev{1952b: 438)in a very sha
period through a great deal of imprdeis Thereceiver was in principle similar to that used by Evamd
by Muller and Oortin Holland Coupling the receiveto the 16ft x 18ft ParaboloidChristiansen and
Hindman wereable to confirm théH-line detection. The minutes of the Radiostronomy Committe of
Septemberl951 record that the confirmation detection was madé daly 1951 (Christiansen, 19514a)
only 15 weeks after the original discovery2imMarch1951

W LV LOWHUHVWLQJ WR QRWH &KULVWLDQVHQYY RZQ UHFROOH

3:H NQHZ ZKHQ ZH VWDUWHG WKDW RXU JHDU holh ¥xaggerdtiehW waslQ LW PLJ
held together with string and sealing wax; Pawsey said it kept going through sheer will power. To make

matters worse sparrows kept nesting in the aerial. We were stuck out at Potts Hill reservoir and it rained like

all hell all the time. After observing for 10 days, without any luck we got fed up and went home, leaving the

machine switched on. The next morning we found what we were after sitting up on thé(Ctaistiansen,

1954)

Figure 166 shows anexample of the Hine observatiorobtained by Christiansen and Hindmamhis
FDQ EH FRPSDUHG WR (ZH § §inéexBnple bE hidiOis RoBMATFRGYELB7L R Q

Figure 166: Example of H-line observation in the Taurus region (after
Christiansen and Hindman, 1952b: 444).

220



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Figure 167: Example of a H-line detection made on 9 April 1951, approximately two weeks after the initial discovery

(courtesy Ewen, 2003).

Ewen and Purcefl ¥iscoverywas announceih the 1 September 1951 issueN#turein a letter dated
14 June 1951. It appeared together with a confirmation fgptéie Dutch grougMuller and Oort, 1951)

dated 26 Junand a short cabtbcommunication dated 1Ruly from Austilia also confirming the detection

of the Hline (Pawsey, 1951b)

Pawsey noted in a letter he sent to Bowen on 13 July 194diraglof the confirmation:

3&KULVWLDQVHQ KdeMtedRotheHast t@d idhthd trying to get this gear working and it is a

very creditable performance on his part. The line is really exceedingly weak and it is necessary to make the

right compromises all along the way in order to make the spectrum line evifleawsey, 1951c)

Following the initial confirmation,between June and September 19iristiansen and Hindman

proceeded to make a preliminary sureéyydrogen emission in the southern sHyhe detailed findingof

their survey were published in thsustralian Journal of Scientific Resear@@hristiansen and Hindman,

1952b) and a summary paper also appearethim Observator{Christiansen and Hindman, 1952a)

By taking a series of measuremeim progressive steyof right ascension they were able to obtain a

series of profiles by declinatio

figure 168

Galactic Euator.

shows an example of a &3 of records taken along the
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Figure 168: A series of six records taken along the Galactic Equator. A check record was performed near the end

of each observing run to test receiver stability (after Christiansen and Hindman, 1952b: 445).

From these individual records, the maximum deflection couldnkeasured and hence a series of
brightness intensities could be calculat@gure 169shows an example of the profile péak brightness

for declinaton +106

Figure 169: An example of the peak brightness profile in a strip along declination +10 &(after Christiansen

and Hindman, 1952b: 445).

By combining these profiles a cantr chart of peak brightness was constructed. A peak brightness

corresponding to a brightness temperature of approximately 100 K was obsgfigade 170 shows the

final contour map of hydrogeline emission.From this map it was evident therer@marked variations in
the peak brightness along the Galactimi&or. Christiansen and Hindmaoted that thereveretwo likely

causedf thesevariations. The firstvasthat the variations werdue to line broadening aaed by rotation
of the Galaxy andthe secondand more interesting possibilityas they were the result dftructural

featuressuch as the spiral arms.
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Figure 170: Full sky contour map of hydrogen-line emission. The peak brightness of 25 units corresponds to a
brightness temperature of approximately 100 K (after Christiansen and Hindman, 1952b: 446).
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The line profiles were calculated based on the receiver response in tissvéptband filtersof the

receiver [Figure17lishows examples of arbitrary line profiles andrtleerresponding receiver outputs.

Figure 171: Example line profiles (a) and the corresponding receiver outputs (b). The

sweep (s) of the two pass-bands (black boxes) is shown in the top left (after
Christiansen and Hindman, 1952h: 442).

The process of reconstruction of the line prafflem the receiver records was essehitie reverse of

that shown irluFigure 171

Figure 172

shows examples of the smoothed recaadd reconstructed line

profilesfor the Galactic Centre, #ti-centre and Cygnus regiaons

Figure 172: Examples of smoothed records and the calculated line profile in the region

of the Galactic Centre (a), the Anti-centre (b) and the Cygnus region (c) (after
Christiansen and Hindman, 1952b: 447).
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Based on théroadening ofine profiles randomvelocities of the order of 12 to 18 km/s were estimated

to be present in the neutral hydrogen cloultlsa humber of cases double line profiles walsm detected

as shown ifFigure173

Figure 173: An example of the smoothed record and the resulting double line profile
(after Christiansen and Hindman, 1952b: 448).

The existene of these double line profiles indicated regions with different radial velocities. Assuming a

circularly symmetricatotating galaxy, the radial velocity (v) of different regions is given by:

13

where
r is the disance of the source from the Sun;
A is6 x 10sec’; and

O fis the modified galactic longitude witkspect to the galactic centre.

From this equatiorgiven a radial velocity estimate derived from the Doppler frequency shift compared
to the rest frequency, a distance to the source could be estimated. The estimate for the two major regions

showing a@uble lines was 1,000 and 4,000 parsecs. Given the large size and the separation of the double

lines(marked (a)ps shown ifFigure17Y the structue was suggestive of spiral arms in the Galaxy.

Further evidence supporting the detection of galactic structure was found by comparing the theoretical

effect of galactic rotation with the actual observations. Assuming a uniform medium producing radiation

it is possible to calculate the brightness profiles for different hydrogen dengiigsre 176 shows the

theoretical plots wherg) is the numbeof ground state hydrogen atoms pefcm
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Figure 174: Comparison of hydrogen-line emission (top) to 480 MHz, 200 MHz and 100 MHz (bottom).
Structural similarities are evident (after Christiansen and Hindman, 1952h: 451).

The plot showed reasonable agreement with a density of somewhere between 1 and 0.5 atofns per cm
However, theravere clearly regionsvherefactors other than rotatiomere causng brightness variations.
Also, by comparing the overall hydrogen emission to the general radio emiasimt would not be

effected by reation, it wa clear that there gageneral agreement between structural areas as shown in

Figure 179 These factors suggested the existence of spiral arms in the Galaxy and Christiansen and

Hindman concluded that a much more detailed ingastin was warranted.
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Figure 175: Plot of centre frequencies for line profiles showing double line profiles (a) and single line
profile (b) regions. Line (c) is the expected frequency variation due to the Earth's relative motion (after
Christiansen and Hindman, 1952b: 448).

Figure 176: Calculated brightness peaks due to galactic rotation for given hydrogen densities (n). Dots

indicate actual observations (after Christiansen and Hindman, 1952h: 450).

Overall there wre clear indicatios that the hydrogetine emission occupied roughly the same
distributionin the sky as the visible Milky Way. This association &éime ability to penetrate the obscuring
mediumto discover glacticstructureheralded thdoeginningof a very important branch of investigations
in radio astronomy.It also marked the beginning of a major international collaboration, particularly with
the Dutch group working at Leidemand was characterised lojose cooperationhat started with the

prepublication communications by Ewen and Pureéh both the Dutch and Australian groups.

It is ironic that in the same year that the breakthrodigovery of a radio frequency emission line
occurred the first optical evidence for spiral arm structures in our Galaxy was also pub(idbeghn et
al., 1952; Sheehan, 2008)

Immediately following the Australian confirmation of thelide, Wild decided to update and publish
the internal report he had written prior to the detectad the Hline (Wild, 1952) This wasa
comprehensive review ofhe radiefrequency line spectrum of atomic hydrogand is largely in
accordance with modern theorhe reporiprovided a very solid theoretical base fsanning offurther

observations by the Australians. The one exception in this analysis wasithesmm that the 1,420 MHz
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emission would &the only detectable line emissipand that it would be unlikelyhat the higher order
recombination lines would be detectable. It would be nearly two decades before the recombination lines
were detected in thSoviet Uniorn(Sullivan, 1982: 300)

From 822 August 1952 the Tenth General Assembly of the IntematiUnion of Radio Science
(URSI) was held in Sginey. Attending the meeting weEaven from Harvard and Muller from Leiden.
This meant that for the first time, those that had been involved in the initial detection of the Hydrogen

emission were able to meet face to faeigre177).

Figure 177: Gathering at the 1952 URSI meeting in Sydney of those involved in the initial detection and confirmation
of the H-line. From left to right: Kerr, Wild, Hindman, Ewen, Muller and Christiansen. Note also the special URSI
K. D QJ DldgeiRofittons being worn (Courtesy of ATNF Historic Photographic Archive: B2842-45R Image Date: 8
August 1952).

At the URSI meeting this group decided to arrange a regular exchange of information by way of a
regular newsletter that tracked the progress of the various groups undertaking research. The first issue of

this newsletter appearedrecemberl952 and was circulated those listed in Table 4.

Table 4: H-line Newsletter Recipients

Dr. H.l. Ewen Ewen Knight CorporationMassachusetts U.S.A
Dr. B.J. Bok Harvard Observatory, U.S.A
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Dr. C.R. Burrows Cornell University U.S.A.
Dr. H. Tatel Carnegdnstitution, U.S.A.
Dr. J. Hagen Naval Research Laboratory, Washington U.S.A.
Dr. F.J. Kerr Radiophysics Laboratory
Australia
Dr. J.L. Pawsey Radiophysics Laboratory
Australia
Dr. O. Storey T.R.E. Malvern U.K.
Dr. A.C.B. Lovell Jodrell Bank U.K.
Dr. M. Ryle Cambridge University U.K.

Following the initial Hline survey, Christiansen returned to his solar observation program. By this
stage Kerr had returned from Harvard atodiether with Hindmarfocused on the constructiannew and
more reliabé receiver and othe new 36t Transit Parabola for use in a dedicatediné survey of the
southern sky.They were also joined by the new graduate student Brian Robimkorwould go on to lead
WKH &6,52 %&trodding gréup during the 19¥QNhiteoak and Sim, 2006: 265)he new receiver
design had been devised by Pawsey and allowemnhditii-channes, the first of its kind Instead of using a

narrowband that was swept over a line profile, a series of fisegliencychannels wsused(see section

10.4.].

Preliminary observations began almost immediatgiyn completion of the aeri@nd while the new
multi-channel receiver was still unddevelopment. The firstbservations made were of the Magellanic
Clouds using only a single channel of the new receiVdrese were the first evebservations of Hine
emissionfrom another galaxyKerr and Hindman presented their preliminary findings at a meeting of the
American Astronomical Society, held at Bould&€oloradg in August 1953. They also published a
summary in theAstronomical Journal(Kerr and Hindman, 1953)before pesentinga more detailed
account in thédustralian Journal oPhyscs (Kerr et al., 1954)in late 1953, Robinson also unsuccessfully
searched for Hine radiation from M3 Pawsey, 1954b)

For observations of the Magellanic Cloudseasies of drift scans was taken jpginting the aerial at a
fixed declination and allowing the rotation of the Earth to sweep the aerial beam in right ascension. By
stepping the aerial in declination a grid of measurements covering some 250 points spaced in aitattice 1°
declination (the aeriddeam width) and 10 minutes in right ascension was obta@ shows an

example of the line profiles obtainéat the Small Magellanic Cloud.
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Figure 178: Examples of H-line profiles obtained from the Small Magellanic Cloud (after Kerr et al., 1954: 303).

The output of the receiver was calibrated in terms of thelderngerature. Th&emperatures change
("T), correspondo the r.m.s. noise fluctuations aisdrelated to the noise factor by the following equation:

(14

where
N is the noise for the continuous spectrum
T, is the ambient temperature;
2 is the output time constangnd

B. is the Bandwidth of the single channel.

For the observations of the Magellanic Clouds the receiver parameters were N 4%,secB. = 40
KHz, which gave daemperature fluctuation of 2K. Correcting for the wideband output, the brightness

temperature could be calculated. The highegfhibmess tempatures observed were aboutB0which is

about a quarter of the brightness temperature observed for our own Ggrgyre 179 shows he

distribution ofSmall Magellanic Cloudbrightness temperature for foufférent radial velocities
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Figure 179: An example of the brightness distribution of line emission from the Small Magellanic Cloud at four

different radial velocities (after Kerr et al., 1954: 302).

From the brightness temperature, the total energy received from a particular direction can be calculated
in terms of the area under the line profiles. Kerr and Hindman referrégstast the integrated brightness
which is equivalent to the integrated intensity in optical spectroscopy. The integrated brightpess (B

units ofWm? sterad', is given by the following equation:

(19

where
the fador 2 covers both polarisations;
k LV %ROW]PDQQYTV FRQVWDQW
T, s the brightness temperatuszd

v is thefrequency

Figure18Qshowsthe contour diagram afhe integrated brightnessf thetwo Magellanic Cloudwith a

contour interval of 7 x I8 Wm™ sterad'.
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Figure 180: Integrated brightness contours of H-line emission from the Magellanic Clouds (after Kerr et al., 1954: Plate
2).

Similarly, themedianradial velocity for each line profile can be calculated and a contour diagram of the

velocities producedas shown ifFigure181]

Figure 181: Median radial velocity contours, corrected for galactic rotation and motion of the Sun (after Kerr et al.,
1954: Plate 2).

These preliminary observations guickconfirmed the value thatadio astronomycould bring to the
study of galactic structure through observation of neutral hydrogen (HI). Although the Magellanic Clouds

had been extensively studied at optical wavelengths, the new radio frequency observations provided a

232



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

range of new insights. Thedt of these was that tleeeaof HI emissiorwas much larger than the optical

size determinations. Also, the Small Magellanic Cloud was nearly the same size as the Large Magellanic

Cloud, which was verydifferentresultfrom the optical view shown jRigure182

Figure 182: Optical view of the Large and Small Magellanic Clouds. This image should be compared with|Figure 180
(after Kerr et al., 1954: Plate 2).

The largeHI contentof the Small Magellanic Cloud was not expected as it had been assumed that
becauseof the low dust content of theldld there would also be a low concentration of HI. The HI
emission showed that there was almost an equal mass present Mdgethanic Jdouds Assuming an
optically-thin distribution, arestimate o6 x 1¢ solar masses for theatgeMagellanic Goud and 4 x 19
solar masses thentll Magellanic Qoud was determined.The Snall Magellanic Qoud also showed a

very prominent wing extensidoward the large cloud that was also faintly present in optical studies.

Optical determinations of velocities in the Magellanic Clouds had been limited to observations of 17
emission nebulae ithe Large @®ud and only one in the Smalld@id (Wilson, 1944) There was also some
disputeas to whether motions in the clouds welue to rotation or translativeotion of theMagellanic
Clouds through space. Thellde radial velocities showed that both of tHagellanic ouds appeared to
be rotating about @oammon centre of gravityonsistent with earlier suggestions from optical observations.
After publishing their preliminary finding&err collaborated wh G. de Vaucouleursvho was a Visiting
Fellow at Mount StromloObservatoryas part of the Yal€olumbia Southern Station pmagn. De
Vaucouleurs had been studying the Magellanic Clouds, and like Oort, quickly realised the potential that
collaboration witha radio astronomer could bring #n understandingf large scale structuseof these

galaxies. Hisoptical observations hadhownthat both @uds exhibited spiral structure in #ir outer
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regions and that the I@ids were flattened systems inclined to the line of sight alistance of

approximately 4&pc as shown ifFigure183(De Vaucouleurs, 1954a,b, 1955a,b,c,d)

Figure 183: The relationship of the Large and Small Magellanic Clouds to our Galaxy and the Sun. The
dotted line shows the approximate extent of HI (after De Vaucouleurs, 1955b: 229).

The Hline observationgenerally supported the cduasions de Vaucouleurs had readtrom optical
observation However theyalsoindicated some important differences. By examining thegiomal curves
of both of the Cloudst was clear that theadio centre of rotation was somewhat displaced from that
derived from optical observations. The optical observations had suggesésgrametrical rotation as

shown inFigure 184 This seemed physically unlikely and the radio observations supported a much more

symmetrical rotatiorbased on the displaced centre of radio emisgtigure 185 shows the equivalent

radio rotation curve to that shown for the optical observatiqigjre 184
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Figure 184: Optical rotation curve for the Large Magellanic Cloud with respect to the
optical centre. The top chart is the full scatter diagram with solid dots representing
points within £20° of the central axis. The bottom chart is the best fit curve (after Kerr
and De Vaucouleurs, 1955: 512).
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Figure 185: The H-line rotation curve for the Large Magellanic Cloud based on the radio

centre (after Kerr and De Vaucouleurs, 1955: 512).

The Snall Magellanic doud also showed a displatéll centre of rotation compare@ the optical

observations and wsdilted at a somewhat smaller angle (3b3n the Large Bud. The Hline rotational

curve is showrigure 186

Figure 186: H-line rotational curve for the Small Magellanic Cloud based on the radio centre of

rotation (after Kerr and De Vaucouleurs, 1955: 515).

236



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

In theory the radio observations could be used to estimate the tilt of the planéviafgbkéanic douds

with respect to the line of sight. The rotational velocity ¢an be calculated based on thktion:

(16)

Where
V, is the velocity observed;
Vs is the radial viecity of the system as a whole;
is the observed azimuth angéed

i is theangle of inclination to the line of sight.

Unfortunately the faceon tilt of the Large Magellanic Cloud as at a point where the methags
insensitive to variations in tilt. The radio observations suggested that the tilt nargéethan the 65° til
indicatedfrom optical observations. However, the datarewmot of sufficient accuracy to provide a

definitive estimate.

The systematic radial velocityf the twvo Magellanic Jouds was estimated by taking all of the medium
radial velocities andveightingeachaccording to its associated brightnedshis gave values of +280 and
+161 km/sec for the Large aride Small MagellanicClouds respectively prior to removal of compents

due to solar motion andatactic rotation. This compared well to ke&roptical observations.

Given an estimate of radial velogitif was also possibléo estimate the mass of botagellanic
Clouds. Kerr and de Vaucouleurs examined this problem in a separate(lgapeand De Vaucouleurs,
1956) Mass estimates prior to this had been tentative at hestxamning the radial velocity, a difference
between the peak and medium velocities had been noted. It appeared thmedinen velocities
representedegions away from the equatorial plane whereas the peak profiles appeared to be associated
with the planeFor the purposes ahe Magellaniomass calculations the peak curve was us&ithough
the Qouds appeared to have more complex structures than regular spiral galaxies, no extensions to
theoretical models were availaldé this timeand as such those apiplg to regular spiral galaxies were
used. The massstimates obtained from a rotation curve alone yoellg a lower limit of mass. This is
due to the curves being insensitive to mass in the outer parts of the galaxyalsmighores random

motions whit were present in the hydrogen distribution.

The observedotation curves were somewhat smoothed by the 1.4° aerial beam and these were

corrected as shown(Figure187
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Figure 187: Corrected peak and median rotational curves for the Large Magellanic Cloud
(after Kerr and De Vaucouleurs, 1956: 93).

Three different methods were used to calculate the mass. The first veaanine the Keplerian
branch. This gave close agreement to a curve produced by a central point of mass of°1sblar 10
masses. The second methmddwas the thin disk approximatidiVyse and Mayall, 1942)This yielded
a mass estimate of 1.73 x °18olar masses. The third method was based on the aipatroid
approximation(Perek, 195Q)giving a mass estimate of 1.93 x’ $8lar massesBearing in mind that any
radial velocity determination was sensitive to the tilt angle, Kerr and de Vaucouleurs adopted a mass value
of 1.85 x 16 solar masses for the Large MagellaBiloud assuming a tilt angle bf 65°. This provided a
minimum estimate of the mass. Allowance was then made for the observed random motionsvim the
Clouds and extrapolation of the spherical hydrogen shell which gave a best estimate of 3€oka 10
masses. Increasing the tilt angle to 70° or 75° would yield higher mass estimates of 4aBc 2.Q. x 19
solar masses respectivelyjJsing the LargeMagellanicCloud as an analogy, an estimate for the Small
Cloud was made of 1.3 x 9@olar masses.This was the firstime that the masses of thdagellanic

Clouds had been estimated any basis other than a small sample of optical observations

The differential radial velocity of thewo MagellanicClouds based on the-khe measurements was
approximately 5860 km/sec. Kerr and de Vaucoulsishowed that by assuming this@swere moving
as an isolated system, their combined m&§scbuld be related to the relative orbital velocity (v) by the

following expression:

(17)
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where

G s the gravitational constant;
r is the distance between the two clousisd

a is the semimajor axis of theelative orbit,

The observed differential d&al velocity implied that thélagellanicClouds could on} be in a closed
orbit if their combin@l masses exceeded 5 x°Mblar masses. For a circular orbit the combined mass
would need to be greater than 10 X 46lar masses. Therefotbey concluded that thvo Cloudswere
in a hyperbolic or near parabolic orbit relative to one anofffeey also noted that thevo Clouds cannot
be consideredindependent of our own Galaxy and must be treated as abhdgesystem.

Determination of the mass of the systems was critically dependent on the orientation of the axis of
rotation. Measurement of thiét of the Clouds hagsemained problematicin 1972 de Vaucouleurs revised
the tilt estimate for the LargdagellanicCloud toi = 27° £2° based on both optical and HI evide(ide
Vaucouleurs and Freeman, 1972)ver time it wadurther revised to a generally accepted valué ©f45°
(e.g. Sparke and Gallagher, 2000: 13®)ore ecent evidence suggesting a warp in the disk of the Large
Cloud hassuggestea tilt of i = 35°(Olsen and Salyk, 2002)

:KLOH 3RWWYV +ih @®& JoutherR BriisphiefRofovided an ideal opportunity to examitie
Magellanic Clouds, the primary purpose of thdiné survey was to examine the southern Milky Way.
This survey work commenced in earnest in 1954 with completion of thecliamnel Hline receiver.
Joining Kerr and Hindman was Martha Stahr Carpemteo was visitingRadiophysicsfrom Cornell
University. Although Christiansen and Hindman had published the first substantial surveylireé H
radiation (Christiansen and Hindman, 1952a,the Dutch grop working at Leiden quicklymade
significant progress mapping the northern MilWay and set the standard falactic examinations based
on Hline observationgKwee et al., 1954; Oort, 1953; van de Hulst et al., 195#)e leader of this group,
Oort, had earlier established much of the theoretical underpifmirige study ofyalactic structuréOort,
1952) During the 1900& phenomenon for stars close to tharShad been noted whereby their proper

motions () varied with glactic longitudel} as he function
(18)
Oort (1927) was the first to propose that this @homenon codl be explained by alactic rotation.

Building on their survey work of the northern sthe Dutch group soon developadicture of the spiral
structure of the Galax{schmidt, 1957; Westerhout, 1957)
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Although theAustralianH-line survey began in 1954t was not until 1959hat thefull observational
results of the survey were published in defiirr et al., 1959) However, during this periodhére were
many presentations andiscussios on findings of the southern Hine survey at conferencege.g.
Carpenter, 1957)In additionthere were several publications of initial findirg&err, 1957, 1958b; Kerr et
al., 1956)and a summary paper which appeareNature(Kerr et al., 1957)

The Australian Hline survey itself consisted of examinatiof an 8° wide strip along the Galactic
Equator with the aim of determining the thh@ienensioral distribution of neutral hydrogen within the strip.
Observations were taken alodd selectedpaths across the Galactiqiator at a variety of longitudes
ranging froml = 175° tol = 5° (under there-1959galactic ceordinate system)Drift scans wee used in
most casedy holding he aerial stationary while theaEh rotated Scans were taken using thehlhannel
receiver which covered 4 adjacent 40 KHz bands. As this was not sufficient covemgmntgpasshe
full Doppler shift of the line profiles, scans needed to be repeated with the receiver channels shifted to a
new set of frequency bands. This was dbp@verlapping coverage to ensure consistency of results. It
also gives some insight as to howdab intensive the survey wdseing limited to only four channels.

Ultimately a new 4&hannel receiver was built and tested at w field station at Murrayénk giving a

significant improvement ithe time taken to obtain line profil¢®rchiston and Slee, 2005a: 16[Bigurg

188shows a diagram of the 4&an paths taken across the Galactic equator.

Figure 188: H-line survey paths through the Galactic Equator. Both pre- and post-1959 Galactic Equators are
shown. Celestial coordinates (top scale) are epoch 1955. Galactic co-ordinates (bottom scale) are pre-1959
coordinates (after Kerr et al., 1959: 277).
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The first published material to appear on the preliminary results of the Potts Hill sogdfactic H
line surveywas a short summary paper that appeared iAstrenomical Journa{Kerr et al., 1956) This
paper reported on a tentative picture of the spiral structutee southern portion of the Galactiaie.
The initial examination of the H#ine profiles at longitudes betweérr 260° and = 275° showed that the
outer spiral arms appeared to baling and showedreincreasing southward shift in galactic latitude with
distance in this region. These results were consistent with the Leiden observations and also showed that the
hypothesis proposed lidmondsor(1955)- that the meangalactic motions woual depart from a circular
motion - was unlikely. These findirsghad first been reported by Carpenter in a paper summarising the
work of the Potts Hill survey duringnlAU meeting held at Jodrell Bank in August 1955. The paper was
only publishedin 1957 (as part of the conference proceed)(@arpenter, 1957) It contained slightly
more infamation on the provisional picture of the southern galactic spiral arm struasirghown in

Figure189 as well as the provisional contour profifes | = 260°, 270° and 275as shown iEigure19O

Figure 189: The provisional diagram of the galactic spiral structure based on the Potts Hill observations
(after Carpenter, 1957: 15)
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Figure 190: H-line radial velocity contour profiles for the three galactic longitude
sections | = 260° (top), 270° (middle) and 275° (bottom) showing three spiral arms in
this direction (after Carpenter, 1957: 15).

Figure 190 shows three distinct spiral arms. One of #mms lies within the radius of thau8TV RUELW

around the Galactic&htre and the other twarms lieoutsideof this radius Carpenter notetthat the ridge

that extends from the zero radial velogityint atl = 270° coincidedvith the position of the Coala8k.

In May 1957 Kerr published a short note in tk&trophysical Journahoting that the southward shift of
the spiral arms, which had & discussed in earlier results, appeared to indicate a warp in the galactic disk
that coincided with the direction of the Magellanic Clogiderr, 1957) On face value the observation

suggested a tidal influence from the Magellanic Clouds. However, the size of the warp was too large to be
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caused purelpy a simple gravitational effect and Kerr suggested a more complex interatféoh was

likely. This same effect was also independently noted by Bli$%&7)

Finally, in October 195y7a full summary of the southern galactic survey was publishBictare (Kerr
et al.,1957) Although the results of the northern sky survey had been known since 1954, this was the first
time that the full southerand northerrsky survey results appearejether Even then, the analysis of the
observations had not been fully reducddo allowance in these results had been made for the smoothing
effect of the aerial beam or for random motions inithe interstellar neural hydrogen clouds. However, it
was anticipated that these effects would not materially alter the preliminarsresul

Drawing on the Leiden observations of the northekyy for the first time a fulsky map of the structure

of the galactic spiral arms could be magieigure 191 shows the first composite map that combined the
Potts Hill and Dutch results.

Figure 191: Composite diagram of the spiral structure of the Galaxy based on observations from Potts Hill (left half)
DQG /HLGHQ ULJKW KDOI 7KH *DODFWLF &HQWUH LV PDUNHG E\ D FURVYVY DQG WKH
is also shown. A distance of 8.2 kpc from the Sun to the Galactic Centre is assumed (after Kerr et al., 1957: 677).
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Figure191shows a series of dots that mark the peak line profiles of individual measurements from the

Potts Hill data only. Shading joining these dsitews the proposed spiral arm structures. The small open
dots shown in the inner left of the diam correspond to a broad peatk a given profile which was
presumed to indicate a spiral arm seen nearlyoend The distances indicated on the diagramewe
derived from the radial velocity measurements of the peaks using the same techniques that had been
developed in Leiden. The inner kpc of the diagram for the Potts Hill observations had been left
deliberately blank due tdifficulty in determining thecomponent related to a spiral arm &hdt due to

random motions.

The southern side of the chart showed four distinct spiral, avimsh were identifiedmoving outwards
from theGalactic @&ntrg as the ScutuANorma arm, the Sagittarius arm, the Orion arm and the Perseus
arm. The Sun was believed to be located in the inner edge of the Orion arm. The outer boundary of the
Galactic disk appeared to occur at approximateligdcrom the Galactic €ntre. This identification of the
spiral armshas fared well in modern timethe only difference being that the Scutidorma arm is now
believed to be two separate ar(tf'e Norma arm and the Scuti®nux arn). The Orion arm is generally

referred to as # Local arm. Although today the use of neutral hydrogen to map spiral arms is generally

discounted in favour of other techniques, the general picture obtaipeidure 191 was a remarkable

achievement. It was not until 1976eorgelin and Georgelin, 1976jat a more accuratepresentatioof

the spiral arms was producfeigure192).

Figure 192: A revised spiral arm map based on optical and radio data with the major arms
annotated. Note that the Orion arm was not considered a major feature in this map (after

Georgelin and Georgelin, 1976: 74).
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It should be noted thah¢ different appearance of the two sidg&igure 191was due to the different
WHFKQLTXHV XVHG 7KH VKDGLQJ LQ WKH /HLGHQ UHVXOWYV ZD\

density contours. The Potts Hill result is a schematic septation based only on the weé#fined

features of the lin@rofiles. While these different techniques produced a different appearance there was
still good general agreement between results. Overall the results clearly showed that the Galaxy has a
multi-arm structure and that the arimsvea general trailing tendency based on the clockwise direction of
rotation used in the diagram.

Figure 193 showsa relief map of the Galaxy with contours that show the departure, both upward and

downward, from the GalactiPlane. It also indicates the position of the Large and Small Magellanic
Clouds.

Figure 193: Relief map of the Galaxy with contours indicating the departure in parsecs from the Galactic
Plane. The lower portion (b) shows a cross section in the direction of the Large Magellanic Cloud (after
Kerr et al., 1957: 678).

Figure 193 clearly illustrates the observed sowtrd and northward warp of the galactisikd The

neutral hylrogen in the glactic disk was observed to be confined to a thin layer approximately 250 parsecs
between half density points. In the inner part of the Galaxy this disk was found to be remarkably flat and
was used to determine thgrinciple plane fof the Galaxy. The largest deviation from the principle plane is

clearly seen corresponding to the direction of the Large Magellanic Cloud.
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These same results were also reported by de VaucoleuR Q .HUU TV EHKDsiudwh WKH ,
cosmicalgasdynamics held at the Smithsonian Astrophysical Observa@aynbridge, Massachusetis
June 2429, 1957(Kerr, 1958b)

Shortly after theNature summary paper appeared, Kerr and Hindman published a short paper on the
mass distribution of neutral hydrogen in the Galékgrr and Hindman, 1957) Particularly, they noted
that neutral hydrogen does nbiase the same distribution as other mass in the Galaxy. Whereas the visible
mass is generally concentrated toward the Galactic Centre, nexdrabhn is relatively constant beyb
4-5 kpc ard falls off rapidly toward the éntre. At the distance of tt&un the relative space density was
measured at approximately 15%, while integratimeasurementsver the whole Galaxy showed the ratio

of neutral Hydrogen to total mass was only [Egure194showstheratio of hydrogen to total mass.

Figure 194: The measured ratio of neutral hydrogen to total mass in the Galaxy with the space
density in the equatorial plane compared to the projected density that corresponds to the distribution
that would be seen from outside of the Galaxy (after Kerr and Hindman, 1957: 559).

The distinction in the mass densities was important bechtise density in the region of the Sun was
assumed as a generalisation of overall density in spiral galaxies, large errlorsesali. Measurements of
M31 had shown a ratio of approximately 1%, which pared well with these resulthe earlier
measuremants of the Magellanic Clouds had suggested ratio of 20%, which Kerr and Hindman took to

indicate that théwo MagellanicClouds were much younger than our Galaxy.

The final detailed paper on the southern survey was published iAuttealian Journal ofPhysics
(Kerr et al., 1959) This paper contained a full set of line profiles together with a set of intensity contours
plotted as a function ajalactic latitude and radial velocity. An example for the contour diagrams is shown
in[Figure195
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Figure 195: An example of the H-line intensity contour diagram. The galactic latitude b'is the 1932

Galactic coordinate system.

During 1957, Kerr spent several months visiting the Dutch group at Leiden with the specific purpose of
combining data on observations from t8euthern lemisphere. This work resulted i@ joint paper

between the Australiaand Dutch groupsummarising th understanding of the Galaxy as a spiral system
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(Oort et al., 1958) This included an update of the rotation curve derived from both the Leiden and Potts

Hill observatiors and is shown ifFigure 196 It is interesting to note that the two sets of data would

actually produce two slightly different rotation curves if treated indiviguaTl his is something that Kerr

would examine in a later revie{ierr, 1962)

Figure 196: Derived rotation curve of the Galaxy based on the Leiden (dots) and Potts Hill (crosses) H-
line observations. The assumed distance of the Sun from the Galactic Centre is 8.2 kpc (after Oort et

al., 1958: 381).

For the frst time Oort et al(1958) also published @ombined density map of neutral hydroges

shown irﬁFigure197

248



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Figure 197: The density distribution of neutral hydrogen in the Galactic Plane. The maximum
densities in the z direction are plotted on the Galactic Plane and the points of common density are
joined by contours (after Oort et al., 1958: Plate 6).

In the inner 3 kpc of this map a tentative @& LILFDWLRQ R Brrwhg shdwh$aked byQ J |
a row of arrows. Within this inner region the team found evidence of an expanding motion of the neutral
hydrogen with deviations from the expected circular rotation of up to 200 km/sec. They named this arm
WKHNSF H[SDQGLQJ DUP" D Qhdeay @tKdughki HY HUDIOA WWKH 3H[SDQGL
dropped).

The joint team also published an updated map, showhigare 198 of the deviation ofneutral

hydrogen from the principle plane of the Galaag measured by the-lkhe observations. This plane was
DSSUR[LPDWHO\ LQFOLQHG f WR WKH WKHQ uVWDQGDUGY SODQ
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Figure 198: Deviation of neutral hydrogen from the principle plane of the Galaxy. Note the image has

been colour inverted from the original (after Oort et al., 1958: Plate 5).

The deviation map showed new detail if UHJLRQ LQVLGH RI WKH 6XQfV RUELW

Figure 197)appears to show some differences between the northern and southern parts of the Galaxy.

However, his effect is largely due to the differences in reduction techniques used by the two groups.
While theAustraliars had applied generally the same technique as the Doobiding the same velocity
model, theyemployeda less dramatic reduction for random motions, using a normal Eddington coefficient
rather that the double coefficient used by Butch. Kerr also made no allowance for continuum radiation

in the inner regions. These two differences resulteddsn tetail than the Dutch side of the m&phers

(van Woerden and Strom, 2006: Ive notedhereappeared tdiave been some minor disagreements
between the groups as to the validity of the corrections and this may have been why Kerr had not

performedexactly the sameeductions.This is confirmed by Kerr who noted

3 RXU YLHZV DERXW WKHXPHVGL HHH G &FWRR/(RIBHIPORFHG W ~
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The dfferences in reduction techniques used by the gregssdiscussed in detail in a later review by
Kerr (1962) who found that the velocity model used by the Leiden group would lead to an implausible
spiral structure on the southern side of théa8aassuming that the structure and motiamssgmmetrical

on the large scale. Kerr proposed that the results could be reconcileadsfaissumed that the Sun had an

outward velocity component of 7 km{&igure 199shows a revised density distribution map based on the

new rotatio@l model and allowing for the outward motion of the Sufhis map shows the spiral arm

structuresmore clearlythan the original map shownigure197

Figure 199: Revised density distribution of neutral hydrogen in the Galactic Plane based on a new rotation

model and assuming an outward motion of the Sun of 7 km/s (after Kerr, 1962: 340).

7KH FRPELQHG PDSV SURYLGHG D VROLG IRXQGH Wu&@®e. IRU H
However, inlateryears other techques would provide the basis for a more accurate determination of the
spiral arm structure. The use of autral lydrogenobservations to determine Galactic structure has a
number of short comings. ike all kinematic methods it isecessary to assume aati@n model to convert
the observed radial velocities into distances. These models generally assume circular orbital motions and
therefore do not cater for naircular motions. For orbits inside of the Sun, the models give two possible
distances for angbserved radial velocity and this can present difficulties in determining which distance is

applicable for a given observation. Possibly ldrgest issue with the neutraydrogen observations was
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that the observations were the result of integrationgathe line of sight. This means thaistnot clear
whetherD JLYHQ OLQH SURI b@thefrgsuit K3tceBring hhdtibris Vil dénsity concentration, or

a variation in gas temperatu(Burton, 1973) In later years,and with the discovery of theytirogen
reconbination and the carbon amoxide spectral lines, the focus shifted to measuring these more
discretty-FRQFHQWUDWHG VRXUFHV WR GHWHUPLQH RXU *DODI[\TV VW

Given the growing body of evidence from tmadio surveysat the 1955 General Assembly held at
Dublin the International Astronomy Union appointed S&MR PPLV VLR Qto inkestigate the
GHVLUDELOLW\ RI D UHYLVLRQ RI WKH SRVLWLRQ RI WKHTRRDODFW
members othe SubCommission were A. Blaauw, C.S. Gum (who was unfortunately killed in a skiing
accident in Switzerland o088 April 1960 shortly after the completion of the S&8lRPPLVVLRQYV IL
report), J.L. Pawsey and G. Westerhout.

Up until this time, theGalactic Pole had been located at right ascensiof 47", declination +28°
(1900.0) and was used as the basis for the standard conversion to galactic coordinatelsuimd the
Observatory Conversion Tablé®hlsson, 1932) By the time of the next General Assembly meeting in
Moscow in 1958, enough preliminary evidence hachlbgatheredparticularly from the neutral hydrogen
surveys,to recommend that it would be opportune to adopt a new system of galactic coordinates and as
such the General Assembbassed a resoluticior the SubCommission to define and announce a new
systan of coordinates. In March 1959 the SbDbmmission completed its instgations and
communicated itglecision to the General Secretary of the I.A.U. and various astronomical journals. A
series of five papers ag publishedwhich together formed the finalecommendations of the Sub
Commission(Blaauw, 1960; Blaauw et al., 1960; Gum et al., 1960; Gum and Pa#869; Oort and
Rougoor, 1960) The new position of the Galactiole was determined as:

. = 12h 49m 02s 80s (1950.0)

/ 7 § o

Figure20Qshows the position of the newRPOH GHWHUPLQHG IURP UDGLR REVHUYL
1932 pole.
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Figure 200: Position of the new (1958 revision) of the Galactic Pole relative to Ohlsson's 1932 Pole
(after Blaauw et al., 1960: 129).

The key paper out of the five thatade up the SU B RPPLWWHHTV ILQDO UHSRUW ZD)
combined Leiden and Potts Hill neutral hydrogen observafiGom et al., 1960) In this analysis, Gum,
Kerr and Westerhout essentially conducted a new asabfsilata from the two surveys. By selecting a
number of points within the innerkpc of the Galaxy, a least meaquare analysis of different selection

groups showed close agreement and indicated that this region was virtually indistinguishable from the

principle plane of the GalaxylFigure201jshows the distribution of points of maximum hydrogen density
plotted by heightszj above the new GalactiddPe against distanc®) from the Galactic €ntre. The

warping of the neutral hydgen disk above and below t@alactic Pane is clearly evident outside of the
6XQTV RUELW DW NSF

Figure 201: Distribution of points of maximum density of neutral hydrogen. Solid circles indicate tangential points
measured from Potts Hill. Open circles indicate tangential points measure from Leiden. The small dots are all measure
points from the two surveys (after Gum et al., 1960: 141).
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The other Potts Hill contribution was in Paper(fHum and Pawsey, 196@yhich examined the overall
radio continuum and the position thie radio source Sagittarius A. A key set of observatimrederived
from the 600 MHz survey that was conductgdPotts Hillby Piddington and Trer{tLt956a,b) [Figure 202
shows the p¢ LWLRQV RI WKH UDGQRQHARQ W LTHY #FrHopidIG D 600 MHz
survey data and is indicated by the filled black dots. It can clearly be seen thatrtivelbesm survey

data provided strongupport for the newly defined Galactiqjator as determined from the neutral

hydrogen measurements.

Figure 202: Wide beam (left), narrow beam (centre) and neutral hydrogen (right) radio contin X X P p U O G QBataplotted using the
1932 galactic coordinates. The dotted sine curve indicates the newly-derived Galactic Equator (after Gum and Pawsey, 1960: 153).

By mid 1959 much of theesearch effort at Potts Hill had been comple#esdnoted in an internal report
(Pawsey, 1959a) The 2A-cm survey of the Milky Way had been completed although the research results
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were still being written up. It was decided that theft3Barabola and its equipment hut would be
maintained at Potts Hill for receiver testing until such time as the newalabpifacilities, which were

being constructed at Epping as part of the new headquarters for the Radiophysics Division, were
completed. It was also noted that the continuing solar recording at Potts Hill, which was now the
responsibility of Fairweather, wdd continue only as long as required to suppdservations using the

Chris &URVYVY DW )OHXUV DQG :LOGYV VR @ bdw BhdnngH-Iin@ ré¢eivanand D W L R C
fully steerable 24t parabola wereconstructed at a new field station at Maybank in 1956 and eveused

to continue the Hine program of observations and to act as a test bed for equipment that would later be
deployed for the Parkes Radio Telesc{echiston and Slee, 2005a: 160)

10.5.3. Jupiter Burst Observations

During Februaryand March 1956, Potts Hill was used as a secondary field station as part of the
investigation of radio emissions from Jupiter by Gardner and §haB8) The main instruments were

located &the Fleurs field station some 25 km to the west of Potts Hill.

Radio emissiorfirom Jupiter had first been detectedhe U.S.Aby Burke and Frankliffl1955)using a
Mill V& U Bperdtihg at 22.3 MHz. It was only after this discovery that Shain found, by exarhéhidhg
MHz Hornsby Valey field station recordghat he had in fact detected thavianburst emissions in 1951
butthat they had gone unnoticed at the time. In examining the 1951 recordg1®%#in1956found that
the emission appeared to come from a localised region on thet (@echiston and Slee, 2005b)

In order to compare results with thosenr Fleurs, aPotts Hill a simple dipole antenna was suspended
between twowoodenpoles and connected to a receiver operating at 19.6 MHz. This formed part of a
spaceedaerial experiment to determine if the scintillations in the radio emissionimezeent in the source
itself or caused by the ionosphefithe receiversat both sites were closely tuned to avoid discrepancies

causé by sharp spedt variations in the burst signal$he high levels of radio interference at Potts Hill

meant that onlyhiree pairs of results from the Potts Hill and Fleurs were available for comp?ﬁtgme

203shows an example of the spagedeiver records takemsultaneously at Potts Hill and Fleurs.
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Figure 203: The spaced-receiver records for Potts Hill (top) and Fleurs (bottom) taken at 19.6 MHz on February 26, 1956
(after Gardner and Shain, 1958: 60).

An examination of the recds showed significant differences between the two sites with some burst
observed at only one of the two sites. There also appeared to be timing differences betweeratite site
some differences in the burst characteristics. Gardner and @8&i8) concludedthat these differense
between the sites imchted that the terrestrial ionosphere must have a considerable effect on the time

variations of the Jupiter radiation.

Jovian observations over a 200 km baseline by Slee and Higgi8)later showed that the smlled

bursts are due to scintillations caused by diffraction in the solar wind.

10.5.4. 1952 URSI General Assembly

In recognition of the growing contribution of Australian resedockthe new science of radio astrongmy
the 10" General Assembly of the URSlas held in Sydney from 11 @8 August 1953see Robinson,
2002) This Section provides a brfediscussion of the conference and the role played by the Potts Hill

researchers.

The organising committee for the Sydney event consisted of Sir J. Madsen (Chairman), Dr. E.G.
Bowen, Dr. R.N. Bracewell (Secretary), Mr. J.N. Briton, Mr. F.J. Lehany (TregsDr. D.F.M. Martyn,
Dr. G.H. Munro, Dr. J.L. Pawsepll but Madsen, Martyn and Munro were Radiophysics staff.

In March 1952 Pawsey sent out a memo to all Research Officers within the Radiophysics Division
calling forthe submission of papers for tlig&eneralAssembly(Pawsey, 1952e)Additionally, he alsoent
a copy of the memo to K.C. Westfold and wrote a separate letter to Mrs. Hall (RubyStayt)easking if

she and Alec Little would like to submit a paper. Pawsey stated in this letter
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: LQ P\ UYSURYLVLRQDOYT OLVW XQRIILFLDO , sk@df@tXx QPawsRyXU ZRUN ZL
1952d)

Pawsey also noted:

3..if such a paper is to be presented verbally at the Conferenicéd lythu would do it excellently (ibid.).

PayneScott wrote back on 20 March noting that Alec Little was on leave and thestferbad been
unable to discuss the submission with HigayneScott, 1952) She included &andwritten onepage
outline titled, 37 KH 5H O Bt¥éerk QolaE Radiation at Metre Wavengths and Other Solar

3 KHQ R P H@eDoutline include two key sections that concluded that Noise Stoonginatehigh in

the corona with different frequencieppearing at different levels, probably excited by magnetic fields
associated witlsunspots, whileQutbursts were probably cauday excitation fronthe same particleghat
werepresumed to cause magettorms on Brth. On 26 March, Pawsey replied thathlagl discussed the
outline with Paul [Wild] and that he also favoured the idea of presenting the (Pavesey, 252a) He
concluded that all three should meet to disahgssubmissiorwhen Wild returned from a visit to the
Dapto field station. For unknown reasons no further correspondence on this subject appears on file, and
although Payn&cott did attend th€onference, she did not submit a paper.

At the end of April 1952the Radiophysics Division formally submitted four papers for consideration:

1) Galactic Hydrogen Emission on 1420 mc/s. By J.L. Pawsey (Paper 276).

2) The Nature of Discrete Sources of Cosmad® Radiation. By B.Y Mills (Paper 277).

3) Extended Sources of Galactic Noise. By J.G. Bolton (Paper 278).

4) A Multiple Interferometer for Solar Observation at a Wavelength of 21BymW.N. Christiansen
(Paper 279).

All four papers were accepted, two beibgsed on the work at Potts Hill. In late JuReldington
wrote to Pawsewskingto include a late paper he was preparing with Davies tittd KHUPDO 5DGLDW
IURP WKH 6XQ DQG WKH 6R XPiddihgRn, 20B2) Ra@d2repliddon 10Jaly that he
considered that only in exceptional circumstances would a late request be grantkdtdrel did not
consider the paper to be of sufficient importance for itsitatieision (Pawsey, 1952b) He did however
suggest that another of RglL Q JW R Q §rvVsdbiioesS ldfldj®ctic radiationdid warrant inclusion and he
was prepared to support its late submission. This paper was accaptbdlong with another paper by
J.W. Dwngey from The School of Bhics at thdJniversity of Sydneymade up the final two papers from

Australiasubmitted taCommission V:

5 2Q %DLOH\TV 7KHRU\ RI 6 XQVSRW 1RLVH %\ - : '"XQJH\ 3DSHI
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6) Model of Sources of Galactic Radkwequency Radiation. By J.H. Piddington (Papel)28

Unfortunately the Executive dnmittee of the URSHecided to discontinue publication of Part Il

(Papers) of the Assembly Proceedings and therefore the presented papers were not published.

In the report to the URSon the Australian National Committeef Radio Science 19582 under
Commission V+Radio Astronomy the following was noted:

37KH JUHDWHU SDUW R -adtrdneémy i \AddDrali& 6 da@edUddiGllyRhe Radiophysics
Laboratory of the C.S.1.R.O. in Sydney, the observations beireptaka number of field stations near the
fringe of the built up area. The largest of these is at Potts Hill. This laboratory is concerned with cosmic and
VRODU UDGLR ZDYHV ~

The conference itself was a major success with many strong bonds formed between the visiting
researchers and tlgaff from the Division ofRadiophysicsit was at this conference that Christiansen
established the relationship with the French gritap wauld lead to him speng a year in France. Also,
it provided the opportunity for nearly all of the people involved in the initiihel detection to meet face

to-face |Figure 204 showsthe Radiophysicsnembers who attended the conferetmgether with their

counterpasd from France, England, the Netherlands and the U.S.A
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Figure 204: Some of the attendees at the 1952 URSI Meeting in Sydney. From left to right: First Row: J.G. Bolton, O.B. Slee, M.
Laffineur (France), A.G. Little, R. Payne-Scott, R. Hanbury Brown (England), C.A. Shain, C.F. Smerd, J.L. Steinberg (France), B.Y.
Mills, J.P. Wild, F.G. Smith (England), W.N. Christiansen. Second Row: C.A. Muller (Netherlands), F.J. Kerr, H.l. Ewen (U.S.A.), J.V.
Hindman, J.P. Hagen (U.S.A.), C.S. Higgins. Third Row: L.W. Davies, E.R. Hill, J.H. Piddington (Courtesy of ATNF Historical
Photographic Archive: 2842-43 Image Date: 8 August 1952).

As an adjunct tahe conferencevisits werealsoorganised to three of the Radiophysics field stations

one of these beinBotts Hill. [Figure203shows Professdalthasawvan der Pofrom the Netherlandand

Sir Edward Appleton inspecting the-B/ Solar Grating Array with Christiansen standing nexne of his

antennas This photogaph was reproduced in several Australian newspapers at the time.
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Figure 205: From Left to Right are Christiansen, Appleton and van der Pol inspecting the E-W
Solar Grating Array during the 1952 URSI meeting (Courtesy of ATNF Historical Photographic
Archive: B2842-R61 Image Date: 8 August 1952).

The conference was recounted by Frank K&853c)in an article in the January 1953 editionSky &
Telescopewhich helped to further publicise the contribution of Radiophysics (and hence Potts Hill)

research amongst the wider astronomical community.

For further recollections of th#952 URSI meeting see Robinsd2002) who attended the meeting
having graduateth Physics in 1951.
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11. RADIO ASTRONOMY AT MURRAYBANK

Theresearchers daflurraybank field station had a close relationshith those fromPotts Hill, being the

only ather Australian siténvolved ininvestigating the Hydrogehine emission from the Galaxy and the
Magellanic Clouds in the late 1950s and early 1960s. This section examines the Murraybank field station,
its researchers and the scientdantribution whichthey made.

Murraybank operated from 1956 to 19@1rchiston and Slee, 2005aJ he field station was established to

test the peration of a new 48hannel Hline receiver in preparation for its potential installation in the 64

m Parkes radio telescope when it became operational in late 1961. This receiver (also known as the
Murraybank Mkl multichannel line receivet)ecameone of the first operational obseamngi systemso be

installed on the Parkes telescqpBeooks and Sinclair, 1994)

11.1. Murraybank Researchers

In examining the development of the Murraybank field station and its scientific contribution, these are
additional members of the Radiophysics team whed to be considered and witio not work at Potts
Hill; John Murray and Dick McGee.

11.1.1. J.D. Murray

John D. Murray joined Radiophysics ecember 194%&fter movingfrom Hobart, Tasmania. He was
involved in both the 1948 and 1949 solar eclipg@editionsand was part of the Tasmanian observation
team in both casdsee Orchiston et al., 2006; Wendt et al., 2008)

Initially he worked on the development of the Radiospectrograph thainsiafled at the Dapto field
station. This was a major undertaking and the instrument was some two years in development. In 1953 he
was asked by Pawsey to work on the dgwelent of a new mukthannel Hliine receiver which eventually
led to the establishent of the Murraybank field station. Together with McGee, Muuraglertooka

complete southersky survey at 2tm using the newly developed receiver.

In October 1961he moved to the Netherlands where he worked on the development of the Benelux
Cross,and thus ended his involvement with Murraybank. Murray returned to Radiophysicee 1964
and wasa member of the team that discovered the Magellanic Stimtihewson et al., 1974ndwent

on to have a distinguigk career with Radiophysics
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Figure 206: John Murray in 1949 (Adapted from the Mercury Newspaper, Tasmania)

11.1.2. R.X. McGee

Richard (Dick) X. McGedFigure207) joined Radiophysics iDecember 1950 He initially worked at the
Dover Heights flId station and carried oumuch of the observing and data reduction fa 400 MHz
transit surveyusing the 86t hole-in-the-ground telescopéMcGee et al., 1955) An important finding
from this survey was published in a joint paper by McGee and B{&8y)that appeared iNature It is
this paper that is often incorrectbjted, crediting the authts with the discovery of the discrete source,
SagittariusA, at the Galactic Centrgsee Orchiston and Slee, 200a)thoughthe papercertainly ought

the source and its position to the attentbithe wider scientific community.

From Dover Heights, McGee joined Murray to work on the treent of the multchannel Hiine
receiver and the 2ft parabolic antennthat was installed at Murraybank. McGee was the lead author on
all three papers ithe series otthe southerssky Hline survey. He was also involved in the development
of the digital recording and computer reduction system that was trialled at Murraybank prior to its
installation at Parkes. The Murraybank survey of the MagellanicdSlwas the beginning of bbong
associationwith studies of theseafpxiesfor McGee He was also involved in some of the earliest

measurement of molecules in our Galaxy using the Parkestéfescope.
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McGee had a 32 year career as a Radio Astronomer, retiring from Radiophysics in 1986.

Figure 207: Dick McGee working on the 48-channel receiver at Murraybank (courtesy of Miller

Goss).

11.2. The Establishment of Murraybank

In June 1953, Murray was summoned to the Radiophysics headquarters in the grounds of Sydney
University to meet with Pawsegyvurray, 2M7). Pawsey was unhappy with the progress being made on

the development of the-dhannel Hline receiver at Potts Hill and asked if Murray would assist. Murray
(2007) also recalledhat while he waswaiting to meet with Pawsey, John Bolton came storming out of
BDZVHRI\LFH 7KLV ZzDV WKH SRLQW ZKHUH %ROWRQYVY SURSRVDO

rejected in favour ofconstruction of the Mills Cross. Bolton therefore decided to leave the Radio
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Astronomy Group andotwork in Cloud Physics untilanuary 1955 when he accepted the position as

Professor of Physics and Astronomy at the California Institute of Technology.

Murray worked with Kerr, Hindman and Robinson at Potts #filafter sometime heconcluded that it
was very unlikelythat the original receiver desigoould be improvedand that it would be necessary to
change to a switched system to overcome the issubsre@geiver drift that plagued the original design.
Murray felt that it wouldbe near impossible to get a stable bandwidth from vacuum tubes using the original
design.While the filters werall on the same frequency the design worked well, but the fuilteg were
shifted apart in frequency, the more they drifted agsiirray, 2008) After Murray reportedback,
Pawsey decided that it would be prudent to launch a new proJdwt aim of lhis project wago design a
new type of multichannel receiver that addressed the limitations of the orighshbdnel design. This
decision would ultimately lead to the establishment of a new field station called Murraybank, which was
located at West Paant Hills inthe nothZHVWHUQ VXEXUEV RI 6\GQH\ 7R WKHLU F|
and after many modifications to their receiver, managed to get it to a point where reliable observations

were possible, first with a single chanraid laer withall four channels.

By November 1953 three main streaofswork were being undertaken within Radiophysics on radio

frequency spectrdines(Kerr, 1953a)

1. Work led by Kerrat Potts Hill on the 4&£hannel Hliine receiver and the subsequent survey of the

Magdlanic Clouds and the Galaxy

2. Work at Dover Heights to attempt to detect the-shift in exterml galaxies ané search for the 32

MHz deuteriumline by Stanleyand McGee (later joined by Price).

3. Work on development of a new type of mudkiannelH-line receiverin the laboratory initially 1d by
Murray.

The subseque success of the Potts Hiltkhe survey haalready been discussedSaction10.5.2.2

The search for the deuteridiine at Dover Heights ultimately proved unsuccessful and no evidence of
adsorpion or emissiorfrom the Galactic Centre was fournthough the detection of high reshifted HI
in external galaxies had been proposed as an objective, no detection attempt was made after the negative
deuteriumline result.The negative result was reportstanley and Price, 1956)ly afterother negative
search attempts began to apgdeahe literature At the 1.A.U. Symposium No.4 on Radio Astronomy held
at Jodrell Bank from 227 August 1955, G.G. Getmanzev and K.S. Stankevitch from Gorky State
University, U.S.S.R, reported that theydrdetected absorption line from deuterium at 327.4 MHz using a
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4-metre paraboloid. The detection claim was met with some scepticism. In the discussion following the
presentation Pawsey noted that Stanley and Price had been unsuccessful in 1954 @&€hfigDbger
Heights holein-the-ground aerial and Hey also noted they had made an unsuccessful attempt at Malvern
the U.K.(Getmanzev et al., 1957: see discussion nolé® interest in pursuing the detection of deuterium
was, and still is, that deuterium wadibeed to have been formed soon after the Big Bang and hence its
abundance provides important information on the formation of the early universe. Although the deuterium
line at 327 MHz is well separated from other rafleguency spectral lines, it is ezinely weak. Most
observers, like the Dover Heights team, were only able to establish an upper limit for detection. Although
there have been many claimmisa marginal detection, it has only been quite recently that a detectios seem
likely (Rodgers et al., 2005)The unsuccessful search for the deutesiimm also signalled the death knell

for further research at Dover Heightgth the field station being decommissioned in 1984chiston and

Slee, 2002)

As an interesting aside, en outline of the potential for spectiade investigations, Kerr raised the
possibility of not only searching for the deuterium line at 327 MHz, but also the 3He ¢#n8,080 MHz
(Christiansen, 1952) Goss(2008) has notedhat this appears to be one of the earliest references to the

potentialfor the 3He line being consideréelg. canpared to Goldwire and Goss, 1967; Townes, 1957)

The development oA new multichannelH-line receiver was a major undertaking amdter some
initial experimentationa broad plan was drawn up by Murray in early 1954 outlining the steps necessary to

complete the receiver design. In May 1954 in a letter to Oort, Pawsey noted:

3:H DUH ZRUNLQJ RQ WKH GcHarimeO&&RH@yVaRanr2l) B, Gldigl am happy
DERXW WKH REMHFWLYH RXU HTRwSeyHEGW)LY QRW \HW VDWLVIDFWRU\

By June 1954 more progress Haeen made on the power supplies and the first stage local oscillator,
but many components including the channel filters remained on the drawing board and the question still
remained as to when an operational receiver could be produfee.work on the reeiver was being
conducted in thdRadiophysicdaboratory workshops. Murray had to compete for resources with many
other projects and with the other Radiophysics groups such as Air Navigation and Cloud Physics. While
attempts were made to explore the gdoisity of outside groups such as A.W.A. constructing some of the

components, no outside interest could be gene(itaday, 2008)

At the June meeting of the Hydrogeme Planning 8 RPPLWWHH W K Hol@wing Gelid U D 3
for future Hline work was discusse The Potts Hill 36t aerial (being a transit instrumenithposed
limitations on examining fine structure and access to some parts of the southern sky. The idea of

corstructing a newparaboloidof approximately25-ft diameter ande-using a mount from Dover Heights
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was suggested and Hindman was tasked with looking at thbifisaef upgradingof the Dover Hights

mount. It was at this stage thhe question of a ne site for Hline work was first raised:

37KH TXHVWLRQ RI D QHZ VLWH PRUH IUHH IURP LQWHUIHUHQFH WKDQ
more evidence on the sources of interference and the future expansion of the same become avhitable in

regard. It was noted that the Water Board is intending building a welding shop on the old Balt camp site at

Potts Hill. (Note: This has since been confirmed with the engineer on the site and steel for the construction of

buildings has commenced torave). “ (Kerr, 1954c)

With the likelihood of increased levels of electrical interference at Potts Hill, it was subsequently agreed
thatD QHZ VLWH ZRXOG EH QHFHVVDU\ 7KH VHOHFWLRQ RI WKH VL
father, who had an orchard called RosébainWest Pennant Hills, offed to allow Radiophysics to sgta
new field station on his property. This field station would become known as Murraybank i.e. the
FRQFDWHQDWLRQ DQG DEEUHYLDW LR QMBRrtay(X008) Basfalso Ratdedkiay G D Q
WKHUH ZHUH D ORW RI RWKHU 3EDQN" VWDWLRQV DURXQG DW WK
wasentirelyappropriate.

The Murraybank field station was in the corner of apragimately 2.5 hectare block of land that also
containedWKH RUFKDUG WKH OXUUD\TV KRPH RQ WK HoWwageh vihichW KH KL

John Murray lived for some time.

Meanwhile, the design of the mutthannel receiver continued to Bevery complex undertaking. In a

letter to Pawsey in August 1954, McCready noted:

3, KDG WR JLYH -RKQ OXUUD\ HIWUD 7 2 >7HFKQLF Bcbarhél Réceile@ DVVLVYV
This was due entirely to the large amount of detail in itwd$ a bit of a struggle to get him the right type of

assistance but eventually got him a DiplotdftOHFW ITURP WKH 5DLQ 3K\V(McCZreadyR XS .HLW
1954)

Later, McGee joined Murray on the project followiniget unsuccessful search for the deuteriima at

Dover Heights. In a letter to Pawsey in September 1955 McGee noted:

:H KRSH WR EH PRYLQJ LQWR OXUUD\EDQN DW WKH EHJLQQLQJ RI QH|
WKH WLPH RI (NRiRée, U933/ XUQ

$OWKRXIK OF*HHYV OHWWHU LUp@GenF & MidréybswnK Womd ebiviidneindRk | W K H
VRRQ WKLV SURYHG H[WUHPHO\ RSWLPLVWLF 2Q 3DZVH\TV UH

progress. The review identified nine major tasks thatained to be completed on the receiver. Pawsey
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assigned these tasks between Murray, McGee and also Warburton who had now been appointed to assist.
McGee had earlier taken the opportunity to lobby Bowen for assignment to Murraybank of-fthe 60
KennedyDish that was being considered for purchase and was ultimately installed at the Fleurs field

station in 19590rchiston, 2004c)Pawseydiscounted this idea and a specification was drawn up for a new

aerial. It was agreed that thisould be a modified design of a Chris Crasial [Figure 20§ with its

diameter increased to 2tland with additional strengtheniramd greater depthThe design was assigned
to K. McAlister and a target dafer production of February 1956 was agreed.

Figure 208: The Chris Cross at Fleurs Field station. The Murraybank aerial was based on this aerial design with

an increased diameter and strengthened structure (Courtesy of the ATNF Historical Photographic Archive).

Progress with the multhannel receiverantinued to bgroblematic. Or8 July 1957 Pawsey held
another review meeting. After considering the progress that was being made, Pawsey decided to suspend
any further work at Murraybank for a period of five months so that the team could properly replan their
approactunder the supervision of McCready. McGee prepared an internal review paper of their progress
implying that they would have been better off concentrating on improving the local oscillators and
finishing off individual channels before attempting to takeialcline profiles at MurraybanicCready,
1957) The first twenty filters of the Murraybank receiver had been constructed in the labarsitayy
high-quality three inch diametereramic coil formers that had been found in the Radiophysics sttwe.
remaining filters were constructed by cannibalising surplus aerial tuningintdteded for commercial

aircraftradio units These were notsagood a quality as the original filters. The original twenty filters
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were configured around the centrallire frequency with the new filters making up the outer channels
(Murray, 2008) Much of the wiring and fitting for the receiver was performed by C.J. Ohlston and M.W.
Sinclair(Murray and McGee, 1963)

Another source of delays was that the Clyisss was under construction at Fleurs and operated at the
same frequency. This meant tikedmhad to compete foaccesdgo test equipment. F@ome time they
RSHUDWHG LW E&pprfachvitidut access to a wavemeter to measure the local oscillator
frequency When they finally managed to get access to a weeter for a whole dayhey found that they
had been operating on the wrong harmonic and so hadthyg@en to observeat 1,200 MHz instead of
1,400 MHz(Murray, 2008)

The refocus of activity on the multhannelreceiver developmerand access to test equipménally
proved successful and the system became operatiomadiri958.

11.3. Murraybank Equipment

As discussed in the earlier section, the Murraylaerkal was based on a modified Chris Crdssign that

had been increased in diameter tef2dnd with increased structural rigidityhe ribs of the aerial were
constructed of ste@ndthe ringsweremade of aluminiun{Murray, 2008) The design was performed by

K. McAlister and construction was carriedtin the Radiophysics workshopBhe aerial was mounted on

a simple akazimuth mount and installed at Murraybank in 1956 next to a comparatively large equipment

hut. The mountingvas built on an eBritish Army 200 MHz gurlaying radar trailer. This was the same

trailer (Figure 209 that Bolton and Stanley had taken to New Zealandvamridh had been used in other

Radiophysics projectdMurray, 2008)
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Figure 209: The ex-British Gun-laying trailer with the Yagi Array used by Bolton and Stanley (Courtesy of the ATNF
Historical Photographic Archive: B1351 Image Date: 3 May 1948).

In its original configuratiorthe trailerweighed some -6 tons and hence had a very solid framework
LQFOXGLQJ D VHW RI HO F@M@ﬁ?ﬁhﬂ%al&bbmpdﬂ:thétr\ai\MDELoLW\

Figure 210: The ex-British Army gun-laying 200 MHz radar trailer which was used for the alt-azimuth mounting for the
Murraybank 21-ft aerial (Adapted from ATNF Historical Photographic Archive: B3973-1 Image Date: 18 May 1956).
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An aircraft propeller feather motowas cannibalised from an eWWII Liberator Bomberthat was

locatedat Tocumwal airfield This motorwas used forhe elevation drive on the aerial mouMurray,

2008) and althougtloriginally designed as. DC motor,it operated perfectlwell on an AC supply. The

azimuth control was provided by turning a hand crank which was part of the origindyiuon radar

configuration ands visible just to the right of centre in the upper pzﬁrl%igﬂreZlO

Figure21lshows the?1-ft aerial beindowered on to the mountirgt Murraybank.

Figure 211: The 21-ft aerial being installed at Murraybank in 1956. The equipment hut is in the immediate background
(Courtesy of the ATNF Historical Photographic Archive: B3973-4 Image Date: 18 May 1956).

In the original installationhe primary feed was simply a long copper tube with a spilt bell and reflector

but this was soon abandoned and a new bipod feed mount was consirictedias supported by nylon

guide ropesThe new feed frorénd box contained the mixer, the final stage of the local oscillator and a

pre-amplifier (Murray, 2008)

Figure 212

shows the aerial after installation at Murraybami with the
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new feed mountThe aerial was tilted toward the equipment hut and a platform ladder wasd plaee

small wooden ramp so that the primary feed could be accesésalvisible in the backgrounid the small
referenceaerial. This aerial had been transferred from Pidiliswith Joe Warburton when the solar
programhadbeen wound down. At one stage consideration had been given to using this aerial to provide a
reference signal, but this configuration was not purgivbdray, 2008) Warburton only stayed with the

program for a short period before moving to Brisbane.

Figure 212: The 21-ft aerial at Murraybank with its new feed system. The smaller reference aerial is
also visible in the background (Courtesy of the ATNF Historical Photographic Archive).

The Murraybank aerial in its initial configuration had a beamwidth of 2.8° at thepdalér points.
However, later changes to the primary feed of the aerial imprtheedbeamwidth to 2.2°.Figure 213

shows McGee working on the primary feed of the aerial.

271



Harry Wendt Contribution of the Division of Radiophysics Potts Hill & Murraybank Field Stations to International Radio Astronomy

Figure 213: Dick McGee working on the primary feed of the 21-ft Murraybank aerial (Courtesy the
ATNF Historical Photographic Archive: R5695-8).

Before discussing the muithannel receiver in detail it is worth reflecting on the stfteadio
frequency spectrdine receiver development when this project was first commenced. By early 1954, there
were eight groups (excluding the Soviet Union) where spdateareceivers were in development or use.
7ZR RlI WKHVH ZHUH LQ 5DGLRSK\afttk HW with HHe Gidhandd) Hifis/ rededé P D W
project and the Dover Heightisam attempting tdetect the duteriumline. Three groups were working in
the U.S. at Harvard, NRL and the Carnegie Institute. In the U.K work was underway at Jodrell Bank and at
Malvern. In the Netherlands a major effort was underway at the Kootwijk stdfipruntil this time, rone
of the overseagyroups hadnitiated projects to construct large medtiannel receivers While the Potts

Hill group had considered having up to 2Bannels, ultimately their design could not support more than
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four concurrent channels, andem thisresulted inmany practical difficulties in observations. Appengix
shows a summary of specttale receivers operating throughut the world as at February 1954 when the
initial design of the Murraybank muithannel receiver was being considered. This positimnd change

fairly quickly. Department of Terrestrial Magtism (D.T.M.)of the Carnegie Institute in Wasigjton
developed a 54hannel Hline receiver which they had operational before Radiophysics and were making

observationdy early 1957 using this receiver on am8/irzburg antenn@urke et al., 1959)

The first operating version of the Murraybank mwghiannel receiveused as its first stage a crystal
diode mounted in a tuned cavity. This sigmas then passed # doubleconversion superheterodyne
using intermediate frequencies3i.8 and 6.74 MHZThe receiver output was switched at a rate of 385 Hz
between the signal frequency of 1420 MHz and a reference frequency of 1428WHay and McGee,
1959: 127) The reference frequency was selected as being outside of the largest Doppler shift expected in
the Galaxy for the Hine. The output from the second intermediate frequency amplifier was passed into 48
doubletuned filters theewere spaced at intervals of 32 KHz. The individual band pass filters had an
approximately Gaussian response with a-palfrer bandwidth of 40 KHz which equates to -dirt¢ radial
velocity coverage of 8.4 krifs A second detector was attached to eadividual filter. The detected
outputs, including contributions from the two switched frequencies, were then passed through audio
amplifiers and synchronous detectors to produce the hydigersignal. Signal fluctuations were
smoothed by the using adwninute time constant. A telephety®e uniselector switch allowed sampling
of each of the synchronous detector outputs once every two minutes. The noise temperature of the receiver
was ~800 °K. The output was recorded on a Speedomax-rehartler asa 48point profile with

frequency on the-axis and aerial temperature on thaxys.

Figure 214 shows a viewnside the receiver hut at Murraybar@®n the left is the bank of 400 MHz

amplifiers for the 4&hannels. In the next rack to the right, starting from the top is an oscilloaodpe
receiver used to check the frequency against the WWYV signal. Belowrétise main local oscillator

multiplier chain, the local oscillators and the local oscillator switch. chaetrecorder is in the back right
of the hut.
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Figure 214: A view of the multi-channel receiver equipment inside the receiver hut at Murraybank (Courtesy of ATNF
Historical Photographic Archive: R5695-18).

The workbench visible in the rightlﬂigure214 was later moved and tlehartrecorder was relocated
next to the other rack equipmexst shown ilfigure215
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Figure 215: A later view of the receiver and recording equipment following the relocation of the
recorder (Courtesy of ATNF Historical Photographic Archive: B6222-1 Image Date: 28 September
1960).

*LYHQ OXUUD\YV H [tBepbblenQatdmperatund/¢ontrol at Potts Hill, careful attention was
paid to construction of the equipment hut. The hut was heavily insulated uisioly 8lag sheets on the
walls, floor and ceiling. The roofdd open eaves to allow airflow, baisshielded with netting to keep
animals and birds out. The filters themselves were located inside another insulated structure inside the hut.
7KLV ZDV DFFHVVHG W K-thbBnXsidte DodH{dur &2 GEbovea AdRv@iBhe filter bank.
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Figure 216: The filters used in the Murraybank receiver (Courtesy of ATNF
Historical Photographic Archive: B5985-1 Image Date: 17 December 1959).

The filterswere housed in heavy aluminiucasings. To théeft in[Figure216 a large water tank can

been seen. This was used as a-Bgdt On top of this a recording thermometer can also be &eh.this

setup it was found that the temperature varied less liaifra degree even on a hot d@ykirray, 2008)

Figure217shows John Murray standing at the chradorder inside the receiver hut at Murraybdrtie

clocks visible above the recorder show solar and sidereal time. All of this equipment incluging th

mounting racks and sheet metal work was constructed in the Radiophysics wdMahay, 2008)
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Figure 217: John Murray at the Speedomax recorder in the receiver hut at
Murraybank (Courtesy of ATNF Historical Photographic Archive: R5695-9).

Figure 214 shows an example of the raw output of seven sstee tweminute profiles on the

Speedomax recorder.
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Figure 218: An example of the two minute H-line profiles produced as an output on the Speedomax chart-recorder

(Courtesy of the ATNF Historical Photographic Archive: B5849-1 Image Date: 22 June 1959).

Figure 219shows an example of a composite profile obtained from six successive two minute scans

while the aerial was held in a meridian transit position set at a declination of +14° and the prfildsde

from 03' 44™to 03'54™ as the Earth rotated.

Figure 219: An example of a composite H-line profile produced by the Murraybank multi-channel
receiver. The profile consists of 6, two-minute profiles taken over a period of 12 minutes while the
aerial was held at a fixed declination in a meridian transit position (after Murray and McGee, 1959:

128).
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As can been seen frgfigure 219 the baseline showed some inherent unevenness due to individual

differences between channel filtersAfter some initial trial surveys, the receiver was modified to add an
additional two wideband channels, taking the total to fifty. These additional channels were added to each
end of the existing 48hannel bank and were used agakne markers. The filters in each of these
channels had a bandwidth 0.5 MHz between half power points and were setup so that so that they covered
the same frequency range as the first 24 and last 24 channels filters so that complete coveragdilef the pro
frequency range was provided.

A calibration system was also added torthdti-channel receiver A switched noise source was located
at the vertex of the main aerial paraboloid. The noise signal was generated from a dipole located at the
vertex of the aerial by switching alternatively on and off a high tension voltage supply to a noise diode
mouned across the dipole feed point. This was used to provide a relative intensity calibration. The
switching was performed in synchronisation with the frequency switching of the receiver so that the noise
signal appeared only in the signal band of the receivn this way, the signal appeared equally in all
channels and served as a means of calibrating the relative gain of each channel. The system was capable of
measuring deflections of up to 200 °K aerial temperature. Frequency monitoring was made dysoomp
of the harmonics of the crystabntrolled local oscillator signals with signals from the radio station WWV.
The team found that when a beat signal between WWYV and another station JJY could be heard, it was
likely that propagation effects would imgiathe quality of the recording®urray, 2008) Testswere also
later performed using a laboratory frequency counter and these teststéddiba local oscillators had

frequency stability étter than the equivalent of 0.03 km/s.

For surveyshe aerialwas placedt a fixed declination in a meridian transit positiRecordings were
then takae for a period of24 hours. With a beamwidtbf 2.2°, four complete profiles were produced per
beamwidth and a total of 72@ereproduced in each 24 hour declination strip observing run. It was clear
that the multichannel receiver would produce a very large body of data in a short period of tire2 As
multi-channel receiver was proving successful in operation, it also became clear that much larger amounts
of data would be produced when the receiver was later installed on thié @GHom) Parkes radio
telescope. To deal with these very large amdunRl GDWD D QHZ SURMHFW ZDV OD X!
leadership to develop a digital recimmgland data reduction system. M. Beard, who had been involved with
WKH GHYHORSPHQW RI 5DGLRSK\VLFVY RULJLQDO GLMLMRDY W RIABWX
GLJLWDO UHFRUGLQJ VA\WWHP IRU UDGLR DVWURQRP\ 7KLV ZDV D
computers to the reduction of observational data. It was intended that this phmafttconduct a pilot

survey to develop the testgues prior to the introduction of the system on the Parkes radio telescope.

The digital recording system used only 46 of the 48 channels for the original pilot. It con$itted

major components, beingn analogue to digital converter, a ten byndigit data store, a paper hgdench
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control unit a paper tape hgbeinch unit and a program control unit with digital clo¢dindman et al.,

1963b) [Figure22Qshows a block diagram of the recorder system and an example of the pagrirrtoble

tape output.

Figure 220: A block diagram of the digital recording system used at Murraybank together with the 48-channel hydrogen-line receiver
(after Hindman et al., 1963b: 554).

The outpuproduced byhe digital recorder was a block of 53 pairs of characters representing the output
of a single 2 minute line profile together with the sidereal time of the observation, marker chaadters

check characters.

In this example, the first pair of characters are blanks (or zeros) used to markebsiidgrt and end of a
single Hline profile block. This is immediately followed by-péirs of characters that record the relative
intensity d each of the first 24 channels of the receiver, being channel numbers 0 to 23. A control symbol
is then inserted represented bpdrs of control characters, one pair with all holes punched and the other
with no holes punched. This control symbol wasdito check that the paper hplench was functioning
correctly. Following theontrol symbol are the next 2irs of characters representing channels 24 to 47.
This is immediately followed by a pair of characters recording the sidereal time obskevation, and

finally by the blank character pair indicating the end of the block.
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The prograncontrol unit contained a cloakiven at the sidereal rate with a number of shafts to achieve

four revolution rates: 52 revs in 2 minutes, 1 rev in 2 mindtesv in 1 hour and 1 rev in 24 hoqugure

221shows a schematic diagram of the digital shaft encoder that was used to convert the shaftgotatio

digital signal using a flash lamp and photoelectric readout.

Figure 221: A schematic diagram of the digital shaft encoder in the Murraybank digital recorder program
control unit (after Hindman et al., 1963b: 556).

A reading from the digital converter was obtained by flashing the lamp and a number corresponding to
the shaft position was detected through the disk reading slot by the teraingistors. The-hour and
24-hour shafts were read every two minutesecord the sidereal time of the observation and recorded as
two characters in the paper tape data b@ shows a closep view of the digithcode disk
which gives 1024 numbers fro824° of rotation.

Figure 222: A close-up view of the encoding disk pattern which divided the 324° of shaft rotation
into 1024 steps (after Hindman et al., 1963b: 557).

Once a number had been read by the plrattsistor cells, it was stored in the binary store which

consisted of 10 bistéd multivibrators. The program control unit then initiated a pulse which triggered the
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number to be punched on the fiele paper tape, which used two characters to represent a number with

the most significant digit being the first.

Before beginning angata reduction, each tape was checked visually to ensure that the block markers
and central check characters were present. Further, each tape was passed through a reader as a check cou
of the number of characters per block. These checks were pace ol avoid more obvious downstream
errors in the batch computer reductions. The usual chart record was recorded at the same time as digital
encoding to provide a cross check.

Another feature of the digital recording method was itheade it possibléo apply individual gain and
zero level corrections to each individual channel. To do this a calibration tape was prepared for each data
recording tape The calibration tapkad selected sections of the high and low level calibration and a base
level run that was usually the same as the low level. The calibration tape could then be fed into the
computer at théeginningof the reduction process for each observation run. c@lieration tape produced
the basdevel corrections and individual channel gain factors which were then stored in the working
memory of the computer for use in reducing the observational data. Prior to the use of digital recording,
manual data reductionsere performed by estimating an average figure for gain corrections. In each
calibration run, ten or twelve blocks of data were averaged to produce a set of calibration factors which

were substantially smoothed from the receiver noise fluctuations.

The data redutions were performed using the SILLIAGydney version of the lllinoig\utomatic

Computer) computer of the Adolph Basser Computing Laboratory of the School of Physics at the

University of Sydneywhich had entered service in July 195&(re223.
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Figure 223: The SILLIAC computer of the Adolph Basser Computing Laboratory of the School of
Physics at the University of Sydney (Courtesy of the Science Foundation for Physics, Univesity of

Sydney).

Radiophysics had abandoned their own computer development program imari®53erefore it was
necessary toyrchase computing time from the University of Sydney. Even after negotiating a half price
GLVFRXQW D HEORFNT RI KRXUV RI FRP SR&&eQ2DOBYAsRuell 8&Q 6,//, S
reducing the recorded data,etlintegrated brightness and dien radial velocity of each profile was
calculated together with the first and third quartile median velocities as channel numbers. Finally the
average right ascension of theofile, corrected for the receiver time constant effect, eadsulated and all
the datawereNVKHQ UHFRUGHG RQ DQ RXWSXW WDSH 9HORFLW\ FRUUF
WKHQ (DUWKTV RUELW DERXW WKH 6ixtl data teHucfadR WutSvdre) ¢atdultetdG D V
in a separate run. The computer time required to reduce 250 hours of observations was approximately 8

hours, with a further 15 minutes required to calculate the velocity corrections. Plotting of the results wa

still performed by hand, but this was the next obvious step for automgdigare 224ishows a simplified

flow chart of the reduction program.
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Figure 224: A simplified flow chart of the reduction program run on the SILLIAC computer (after
Hindman et al., 1963b: 562).

The use of digital recording not only greatly reduced the time necessary for reduction of the initial
observations, but the more rigid application of calibration data lead to the detection of ameeond
receiver fect due to diurnal temperature variations which had not previously been detected. It also
allowed the detection of lower level signals that had previously been averaged out in manual reductions.
The pilot program was considered highly successful amdvatl digital recording to be introduced when

the Parkes radio telescope became operational.

11.4. Murraybank Research

Appendix B contains a listing of published matetiet wasbased on research carried out at Murraybank.

The first published research appearedhie ObservatoryMurray and McGee, 1958)This was based on a

set of trial observations in the Pystiyydra region in the mid galactic latitudes between longitudes 210° and
230°. The observations were made prior to the adjustment of the aerial feed so that thietheztnmalf

power points was still 2.8°. At this time no absolute brightness temperature calibration had been
SHUIRUPHG VR WKH WHPSHUDWXUH VFDOH ZDV EDVH@5RQ D FF

observations in nearby regions. Observations were madmwlding the aerial at a constant declination
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with a spacing of two degrees or less between scans. Approximately 700 profiles were recorded covering

an area of-500 square degrees.

The profiles observed in the Pysil/dra region werssinglepeaked and thereferthe distribution of

neutral hydrogen was reasonably represented by the peak profile brightness temperatures and the radial

velocities at this point]Figure 225 showvs a contour diagram of peak|he brightness temperatures at

intervals of 5°K, together with radial velocities and an indication of HIl regions from optical observations.

Figure 225: A contour diagram of the H-line brightness temperature in the Taurus-Orion region Contour spacing is 7.5
degrees of peak temperature. The large numbers represent the mean radial velocity in kms™ over areas 10° by 10°
(after Murray and McGee, 1959: 130).

Based on these observations, Murray and McGee deduced the presence of a large discrete neutral
hydrogen cloud centred at right ascensioh @¥' and declination21°. This was supported not orily
the peak brightness contours, but diyathe factthatthe radial velocitest PPHGLDWHO\ WR WKH &

(East) inFigure 225 had a large step change in veloditgicating that the claud appeared not to be

associateavith other HI in thatregion The dotted line in the diagram encompasses the possible area of the
cloud based on the radial velocity measurements. The extension in the upper left is speculative and based
only on the velody measurements. Gu(956) KDG VKRZQ WKDW 9WMKROHDWBR BWS W\HU
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source of the ionisation radiation forming the HIl region. The location of the HII region on the leading
edge of the HI cloud facing these stars appeared to lend stpploetideahat the two were indeed part of

the same complex. Using a distance deieation from Gum(1956) they reached the following

conclusions:
Position of Cloud centre (ma#-line . oo™ / -21°
brightness): | =216° b=+ 17.5° (1950)
Cloud Diameter: 12°
Average Peculiar Radial Velocity: -2.5 km set
MaximumH-line brightnes3 emperature: 35°K

Average number of H atoms in liwd-sight 1.0 x 16" H atoms

column of 1 crisection:

The next preliminary survey was made of the Taurus and Orion complexes which covered
approximately 3,500 square degrees. Again the survey was conducted by holding the aerial at a fixed
declination and then the next scan taken with degree spacing. Some 3,500 profiles were taken in this
manner. Nearly all the line profiles were single peaked with an averageititidfof 19 kms with a
standard deviation of 2 kmsAs no flattening of line profiles was observed it was concluderthieagas

was optically thin at all points in the region.

To investigate the radial velocity distribution in the Tau@r#on region over 350 uniformly distributed

velocity values, corrected to the local rest standard, were calciifagede 226shows a contour diagram

of brightness temperature and the mean radial velocities in a grid of 10° by 10°.
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Figure 226: A contour diagram of peak H-line brightness temperature at intervals of 5° K. Radial velocity in km/sec is indicated as
integers on the chart. The shaded area represents a HIl region sketched from the National Geographic-Palomar Sky Survey. The
arrow indicates the direction from the centre of the contours of two stars believed to be responsible for the ionisation of the HIl region
(after Murray and McGee, 1958: 243).

As for the PyxisHydra region, both the peak temperature contours and the radial velocity profiles

supported the presence of a large clarcconneted cloudsin the TaurusOrion region.|Figure 227

shows a comparison of neutral hydrogen density in adlirgéght column compared to dust regions
GHILQHG E\ +XEE OH Wh&eXthérddreigiRevelHDaDdptital extinction
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Figure 227: A comparison of neutral hydrogen density and Hubble's zone of avoidance (after Murray and
McGee, 1959: 132).

The distancé¢o the clouds estimated from algctic rotation modglKwee et al., 1954)vas 430 parsec,

however if the neutral hydrogen clouds were associated with the optically observed dust clouds in the

region as suggested biyigure 226 then there was a large distance discrepancy as these had previously

been determined to be at a distance of 145 paf&segnstein, 1937)A more recent VBLAneasurement
of the trigonometric paralix of several member stars of the Orion Nebula Cluster, showinthaonal
radio emissionhasdetermined the distance to the cluster to be 414+(Npnten et al., 2007)

Both of the pilot surveys conducted by Murray and McGee demonstratedatsity of the multi
channel receiver coupled with the relatively low resolutiosit2ferial. With this arrangement, large areas
of the sky could be surved in relatively short periods. The initial surveys also demonstrated the value
that could be gaed in examining not only the largeale structures of the Galaxy, but also the more

detailed study of specific regions.

With the pilot surveys completed, the focus now turned to a large scale survey of the sky visible from
Sydney. This survey was comgied during 1960 and the first publication of results appearBa@tareand
the Astronomical Journa{McGee and Murray, 1961a; McGee et al., 196These dealt with the large

scale streaming of neutral hydrogen in the vicinity of the Sun.

Figure 228 shows a radial vetity contour diagram of the -Hne peak profiles from the Murraybank

survey. The diagram shows the positive and negative peak velocities along the galactic equatmdassocia
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with differential rotation of neutral hydrogen in a disk about the galactic centre. However, the interesting
features evident in the diagram dhe large areas of negative velocity at high galactic latitudesas of
negative velocity neahe galatic poles had previouslyden reported by Erickson at (1959) but they

had not noted the overall disposition.

Figure 228: A contour diagram of peak H-line radial velocities from the Murraybank southern sky survey. Dark grey areas
represent negative velocities. Light grey areas represent positive velocity areas. The hatching denotes areas where the
radial velocity exceeds 15 kmsec™. Co-ordinates are in the old 1950 Ohlsson scheme (after McGee et al., 1961: 958).

These areas appeared to be associated with a genstedaming of neutral hydrogeat least within

the general area of the Sun, but possibly more gengFRilipre229compares the observed peak velocities

to a derived curved based arifferential galactic rotation model. The diagram shows areas sitivEo
velocity toward the galactic centre where negative values would be expected indicating that the gas in this

region has an additional component of outwards motion.
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Figure 229: A comparison of observed velocity curves to the predicted velocity curve assuming differential galactic
rotation. The dotted line and shading represent the predicted curve. The solid line represents the actual
observations. The thickened sections of the line represent the main deviations from the prediction (after McGee et
al., 1961: 958).

Without being able to determine the distance of observed peaks, other than through an assumed
differential rotation model, they were unable to state whether the streaming waweagameral
phenomenon. However, they noted that if the observed flow was representative of the general flow over
the galactic disk then the quantities of hydrogen involved would be sufficient to make this a major feature

of galactic dynamics

A further series of three detailed paperaspublished in theAustralian Journal of Physickom 1961
to 1964 based on the Murraybank southern sky sufMeGee and Milton, 1964; McGee and Murray,
1961b; McGee et al., 1963)or the analysis of the southern sky survey, McGee and Murray were joined
by Janice A. Milton who conducted a major pafrthe data reduction. She wascceauthor on the later
two papers and was acknowledged for her contribution in the first paper. The third paper in the series was

prepared solely by McGee and Milton astbig stage Murray was working in the Netherlands.

The Murraybanksouthern skysurvey was performed by taking observations at meridian transit with
intervals of one degree in declination fre@0° to +42° over a period of 24 hours for each observing run.
The limit of sensitivity was believed to be set by an r.m.s. fluctuation t#ubk system of approximately
0.7 °K. Prior to the Murraybank survey there had been only three extéhdive surveys that dealt with
the region away from the galactic plane. The first was the pioneering survey at PottsCGlilidiiansen
and Hindman(1952b)which included galactic latitudes of £50°. The next was by Ericksah €959)at
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D.T.M in Washington using th&4-channel receiver and coverigglactic latitudes outside of £20°. This
survey was based on profiles taken at intervals of 10° in both galactic longitude and latitude. Finally,
Davies(1960)at Jodrell Bank had covered the same region and extended observations to include £20° with

observations at 5° intervals.

In the first detailed paper in their series, McGee and Myit@glb)dealt withthe general distribution
and motions of the local neutral hydrogen as had been reported in summary fdaturi@ The paper
established that in the vicinity of the Sun, neutral hydrogen was flowing outwards at a mean radial velocity
of +6kms' in those &titudesin the direction of the galactic centre and amtintre, and was flowing inwards
at a mean velocity obkms" from above and below in the high galactic latitudes.

McGee and Murray found that the recorded profiles could be divided into three desses. The first
class was believed to be the local neutral hydrogen distributed over a wide area of the southern sky with
line profile haltwidths from the instrumental loweesolutionlimit of 12 kms* to a maximum observed
value of35 kms'. In most cases the profiles were single peaked with radial velocities not in excess of 12
kms* and with maximum brightness temperature ~50 °K. The second class was believed to emanate from
the galactic spiral structure and fell witht12° of the galactic quator. These profiles were wide and
usually multipeaked and of much greater intensity th@amse ofany other regions. The third class mainly
occurred in low intensity regions at high galactic latitudes. These hadidéis that ranged from 36 to
140 kms' and in some cases exhibited two or three distinct peaks. McGee and Murray considered the
possibility that the wide profiles may be due to hydrogen from the galactic corona but discounted,this idea

as a much greater dispersion would be expected fandomly moving and highly dispersed gas clouds.

The optical depth of the neutral hydrogen was calculated based on the method frqdP®2)d

(19

where

Ny is thenumber of hydrogen atoms in a 1°dine-of-sight column;
T is the Hline brightness temperature; and

v is the radial velocity in km/second.

Figure 230 shows the calculated local distribution of neutral hydrogen density as the number of

atoms/crfiin a lineof-sight column.
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Figure 230: A contour diagram of the local distribution of neutral hydrogen shown as the number of hydrogen atoms/cm? in a line-of-
sight column. The contour interval is 0.2 x 10** H atoms cm™. The hatched area encloses regions where the profile half-widths were
in the range 12-20 km/s. The Galactic co-ordinates are the old system after Ohlsson (after McGee and Murray, 1961b: 264).

The hatbed area ifFigure 230/indicates the area along the galactic plane wheredb&al hydrogen

density exceeds 2.0 x Zthydrogen atoms ct Also evident are a number of large scale features. The
northern galactic hemisphere showed two spurs; one in the Se@piischus region, and the second in
Sextarn§ region. A weaker ridgs also visible in the southern hemisphere. McGee and Murray noted that
the mean longitudes of the major northern sthe southern galactic minimyrtne northern minimum and
southern spur were approximately the same. Dr. W.C. Erickson had also lsleGed and Murray to the

fact that the position of the northern minimum agreed exactly with that of the D.T.M survey and was also
the pole corresponding to the plane of the general magnetic field in the solar vicinity as derived by Shain

(1957) No conclusion was drawn from the coincidence of this almm

McGee and Murray noted that if the neutral hydrogen is stratified parallel to the galactic plane, then the

observed density should vary as the cosecant of the galactic Iarﬁigjﬁe 231andFigure232show the

density of neutral hydrogen plotted against twelve galactic longitudes as arfuickatitude.
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Figure 231: The variation of neutral hydrogen (Ny) density compared to the cosecant curve Ny =
G 1 *cosec b'G 7K H-hé&nti tilumn are +ve latitudes and the right-hand column are ve.
Longitudes 0° to 150° (after McGee and Murray, 1961b: 269).
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Figure 232: The variation of neutral hydrogen (Ny) density compared to the cosecant curve Ny =
G 1 ®cosech'G 7K Hhantl¢talimn are +ve latitudes and the right-hand column are wve.
Longitudes 180° to 330° (after McGee and Murray, 1961b: 269).

The conclusion drawn from these diagrams was that the neutral hydrogen was substantially horizontally
stratified in the plane of the galaxy and that there were a number of concentrations of neutral hydrogen
embedded in the plane. The estimadedsity of neutral hydrogen in the solar vicinity was approximately
0.40 x16" hydrogen atoms cf Davies(1960)had found a variation in density ihe southern galactic
hemisphere, howevéiicGee and Murray suggested that this discrepancy was most likely due to averaging
effects over different aremof the sky. Their results suggestdtht there was little difference between

hemisphergsndicating that the Sun lies at the centre of the hydrogen layer in the galactic plane.

Much of the data on the radial velocity distribution had been discussedNiatinesummary paper. In

their paper that appeared in theistralia Journal of Physica more detailecnalysiswas madeof the
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departure of measured radial velocities from the predicted velocities due to differential galactic rotation.

Figure 233 shows a summary of these for both nerthand southern galactic hemispheres from +20° to

+60°. The predicted curve was based on the following formula for points 11 kpc above and below the

galactic plane:

(20

It is clear fromFigure 233 that at high galactic latitudes the velocity of neutral hydrogen is not

influenced by differential rotation. Based on this evidence it was concluded that neutral hydrogen was
flowing towardthe Sun from above and below latitudes +90° to +40°.

The second paper in the seri@dcGee et al., 1963)pealt in detail with the low velocity gas
observations. Some 95,008-line profiles were obtained in the suryegf which about 40,000 were
redundant, being for the same region of the sky. The redundadifepwere however still useful for cress
FKHFNLQJ RI WKH REVHUYDWLRQV %\ WKLV VWDJH WKH\ ZHUH XV
became clear that the low velocity areas while predominantly local were not the only regions with low
velocity characteristics. In the area of the Milky Way the observations showed a close adherence to the
velocities of a simple double sine curve assuming differential galactic rotation. They compared the neutral
hydrogen measurements to ionised calciuptical observationgFeast et al., 1957and found good
agreement in radial velocities and distance estimates. However, as shbignran233it was apparent
WKDW D PRUH UHOLDEOH YDOXH Tkat' 2nRyUbe fefuifed® QNdjUstn€nt\bf $he
YDOXH RI 2RUWYV FRQ VMG ad/assumi a distandé BA2 kpc would bring the optical
and radio observations into alignme2Y HU WLPH W K HsYXdhsaxlths ldedh r2fihédMo % current
value of A = 14.8 kmbkpc* (Sparke and Gallagher, 2000: 81)
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Figure 233: Radial velocity as a function of galactic longitude compared to predicted velocities at points
11 kpc above and below the galactic plane. The thick lines indicate areas of major discrepancies

between the prediction and observations (after McGee and Murray, 1961b: 276).
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Figure 234: Radial velocity observations as a function of galactic longitude. The dots represent neutral hydrogen
observations. The + points and X points are derived radial velocities using the relation vq = 19.5r sin 2(I' -238°).
The + points are positive latitudes the X negative. Curve (i) is the theoretical differential rotation curve assuming
a 1.4 kpc estimated mean distance of hydrogen in the galactic plane. Curve (ii), (i) and (iv) are those derived by
Feast and Thackeray based on ionised calcium (Ca Il) absorption lines in the spectra of B-type stars reduced to
mean distances of 2, 1.15 and 0.75 kpc respectively (after McGee et al., 1963: 154).

A detailed comparison was made between the neutral hydrogen distributiomearadher radio
frequency emission distribution. A catalogue of concentrations, depression andmroldensity
deficiencies of low velocity neutral hydrogen was produced and this was compared to surveys by
Westerhout(1958) at 1,390 MHz and by Mhewson et al(1962)at 1440 MHz These were continuum
rather than Hine surveys The general findings from this comparison were that there was evidence of
absorption by neutral hydrogen from some intense and extended sources. For some nearby thermal radio
sources, strong HI and HIlI emissioaie related. fie neutral hydrogen emissi along the Milky Wayon
the other hand, can hery intense in places where the radio continuum drops to a negligible level. The
VXUYH\ DOVR FRQILUPHG WKDW +. HPLWWLQJ UHJLRQV RFFXU ZK
emission. It was red that deficiencies in neutral hydrogen of about 8 °K occur where the position
coincides with HIl regions. Although the association of neutral hydrogen with dust had previously been
demonstrated, the detailed survey provided very strong evidence tristlfg association. There were a
number of outstanding examples of this correspondence in the regions of the Great Rift, the Ophiuchus

Complex and the spurs in the OridaurusPerseus region, although this association was not present in all

cases, foexample for the Southern Cesdck.[Figure235andFigure23gare examples produced from the
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survey of the contour diagrams of peak temperatures and the corresponding radial velocities for similar

areas of the sky.

Figure237|shows a summary diagram of the of the peak temperature from declinations +8[Z° ttn

this diagram the contours have been limited to 4, 8, 16, 32 and 64 °K for simplicity. This diagram should

be compared to the genkradio continuum shown jRigure 156

The third paper in the seri@8lcGee and Milton, 1964)n the Murraybank Hine survey, addressed the
KLJK YHORFLW\ QHXWUDO K\GURJHQ EHOLHYHG WR EH DVAMRFLDW|
data was presented with a minimal amount of reduction and correction. The distribution of neutral
hydrogen in the Milky Way had previously been extensively studied in LéMefier and Westerhout,
1957; Ollongren and van de Hulst, 1957; Schmidt, 1957; van de Hulst et al., a4} Potts Hill as
discussed in secti¢ln.5.2.2 The new IAU System of Galactic CoordinatBtaauw et al., 196()ad been
determined principally from neutral hydrogen afvs¢ions in the inner part of the galaxy. The third paper

therefore dealt mainly with the outer parts of the Galaxy beyond the solar orbit and within galactic latitudes

of £10°. In this region the #ine profiles exhibited multiple peakfrigure 238shows examples of some

triple-peaked profiles.
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Figure 235: An example of the peak temperature of neutral hydrogen contour diagram produced in the Murraybank survey (after
McGee et al., 1963: 139).
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Figure 236: An example of the radial velocity contour diagram corresponding to the brightness peak of neutral hydrogen from the
Murraybank survey (after McGee et al., 1963: 147).
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Figure 237: A composite contour diagram of peak temperature with contours limited to 4, 8, 16, 32 and 64 °K (after McGee et al.,
1963: 156).
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Figure 238: Examples of triple-peaked H-line profiles from the Murraybank survey (after McGee
and Milton, 1964: 129).

Figure 239shows an example of the contour diagrams produced for both peak brightness temperature

and radial velocity of the peak.

Figure 239: Examples of the peak brightness temperature (left) and radial velocity (right) contour diagrams along the

galactic equator from the Murraybank survey (after McGee and Milton, 1964: 143).

To enable comparisongith previous surveys, McGee and Milton adopted the radial veldetance
model used by Kerf1962) This included adjustments for both the northern smahern sets of data to
include the galactic rotation and an expansion component. For positions inside the solar orbit, an

ambiguity of position exists and ttefore no general comparisongne made for this regiorEFigure240

shows the overlay of tire positions of maxima (open circles) and minima (crosses) of hydrogen
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FRQFHQWUDWLRQV RQ .HUUfYV PDS RI WK Hari ling \WibingBbeW L R Q
positions marks the ridges of maximum intensity of four spiral arms.

Figure 240: The ridges of maximum intensity of neutral hydrogen for four spiral arm outside of the
Sun's galactic orbit over-laid on Kerr's (1962) map of hydrogen distribution (after McGee and
Milton, 1964: 149).

Van de Huls(1958)had earlier published estimates for hydrogen cloud sizes summarisédws:fo

Class Size in pc
Diameter of spiral arms in plane 500-1000
Diameter of spiral arms 90° to plai 200
Condensations in spiral arms 100
Large emission regions 60
Typical cloud, Ca+ absorption 30
Typical cloud, 2icm emission 20-70

McGee(1964) had drawn attention to the existence of two further classes based on the Murraybank
observations. The first of these was typically of -160 parsec and containédo or more of van de
+ X O pi§dV clpuds, 24F P H P L V Vel ®efe generally observed in the solar vicinity. The second
class was HI clouds that were several times larger and are found in the region outside of the solar orbit.

Twenty nine examples of these clouds were recottatiranged in size from 38[B30 parsecs. The
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average mass of these clouds was estimated to in the ordersafldlOmasses. McGee and Milton noted
that the hydrogen in our own local neighbourhood could well be considered to form one of the latge clou
with the major components being of the ED parsec class, such as the SierOphiuchus, Ppis-Vela

and OrionTaurusPerseus clouds.

One of the major findings from this section of the Murraybank survey was that although there was good
agreement wit earlier surveys othe possible thickness of thgdrogen layer in the galactic plane, outside
RI WKH UDGLXV RI WKH 6XQfV JDODFWLF RUELW WKH WKLFNQHV\
distance from the galactic centre. At a radiuddkpc the hatpower thickness of the arms was estimated
to be 1,300 parsecs. This phenomenon had not previously received a great deal of attention. Van de Hulst

etal.(1954) KD G IRX@iGattarm.” KDGitDehaf WKLFNQHVV RI SDUWERV’ ‘H
LQ GLVFXVYantaptér Brnd.” VW D W Hits maalk beightbetween +500 and +1000 parsecs is very
SHFXOLDU” , X HELLWY FXAVWAVA@QW WLWK WKH 3RW.nymed GsQhatvhid Dal  + L Q ¢

QRWLFHG WKH JUHDW LQFUHDVH LQ WKH WKLFNQHVV RI RXWHU D
timeFigure24 LOOXVWUDWHYV WKH REVHUYHG UDSLG LQFUHDVH LQ FOF

galactic orbit.

Figure 241: HI Cloud thickness at half-power points plotted as a function of distance from the galactic
centre. The different symbols and associated numbers refer to the groups of observations. The
triangles are from within the solar orbit. The other represents the four different spiral arms (after McGee
and Milton, 1964: 152).

Thethird paper was the final paper in the series on the Murraydime galactic survey. McGee also
co-authored a papdHoward et al., 1963)hat used the Murraybank data for a study of the correlation

between radial velocities of optical Ca Il line ardine observations.
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The next step for the Murraybank program was a trial of a new digital recording system. For this
purpose it was decided to conduct a survey of the Magellanic Clouds to test the recording system prior to
its use at Parkes. This survesas conducted in late 1960. For this work McGee was joined by Jim
Hindman from Potts Hill. By this time Murray had moved to the Netherlands and was working on the

construction of the Benelux Cross.

The introduction of digital recording and data reductivas the first time that Radiophysics had used a
digital computer in this role. The Murraybank team consisted of Hindman, McGee, Alan Carter, Eric
Holmes and Maston Beard. The survey of the Magellanic Clouds was chosen as it represented a self
containg project, but with the increased sendii of the 48channel receivealso provided a worthwhile
extension of the earlier Potts Hill work by Kerr, Hindman and Robi{s854)

The low resolution survey of the Magellanic Clouds proved extremely successful, not only
demonstratingthe value of the digital recording and computer based reduction techniques, but also
resulting in two major discoveries about the Magellanic Cloud system. Two papers on the survey were
published in théAustralian Journal of Physiogdindman et al., 1963a; Hindman et al., 1963t)e first of
these covered the observations and a description of the digital rectarclimigue reduction procedure and
equipment. The second pagepvided an interpretation of the results. This paper was the first research
effort that formally bought togethahe Potts Hill and Murraybanld-line teams prior to the move to

Parkes.

The first of the major discoveries produced by the Murraybank susvegarly evident irthe contour

diagram of integrated brightness of the neutral hydrogen in the Magellanic siFaene242).
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Figure 242: The contours of integrated brightness of neutral hydrogen in the Magellanic System from the Murraybank

survey. The contour units = 2 x 10™® Wm? sr* (after Hindman et al., 1963a: 572).

The brightness distribution showed that the two Clouds were joined by a bridge of neutral hydrogen gas,
and that they were also within a common envelope of this gas. This detection was made possible by the
increased sensitivitgf the Murraybank receiver, coupled with the effect of digital integration which raised
the sensitivity to a level where the low density region between the clouds could be detected. The system
was estimated to be some three 8mmre sensitive than theofs Hill equipment. The team ruled out the
possibility that the effect was caused by overlapping clouds in theflisight at different distancdsy
observing the continuity of the general radial velogtadientacross the cloud system. Although the

observations had no sign of a link between the Magellanic Clouds and the Galaxy, the team noted:

36 XFK D OLQN ZRXOG KRZHYHU EH TXLWH GLIILFXOW WR GHWHFW EF
VN\ DQG LQ YHORFLW\ DQG D GLIIHUHQW REVHUYLQJ (MhdRW@LLTXH ZRX
al., 1963a: 577)
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With the benefit of hindsight this statement proved insightfith the Magellanic StrearfF{gure243

being discovered by aam, including Murray, using observations from Parfddathewson et al., 1974)

HI velocity anomalies near the South Galactic Pole had been astatly as 196%Deiter, 1965)and
subsequently van Kuilenbui@972)and Wannier and Wrixo(il972) noteda large area of HI emissian

but it was Mathewson et akho recognised its full extent and associated the stream with the Magellanic
Clouds. De Vaucouleurgl954a,bhadbeen the first to propose a link betwdka Magellanic Clouds and

our Galaxysome twenty years before the discovery of tineasn.More recent studie@VicClure-Griffiths

et al., 2008have showrnhatthe leading arm of the stream is intersecting the Galactic disk approximately
21 kpc from Earth at a poiirt the sky near the Southern Cross.

Figure 243: Contours of surface density of neutral hydrogen from Parkes 18-m (ex-Kennedy dish). The Magellanic

Stream is seen extending from the Magellanic Clouds (left) across the sky (after Mathewson et al., 1974: Plate 6).

UsiQJ : L d1B3ymethod for estimating the number of atoms in a-tifigight column of optically
thin gas, the teamasable to estimate the following masses of neutral hydrogen:

Solar Masses

Large Cloud (inside contour|Bjgure242 3.2x 16§
Small Could (inside contour|8jgure242 2.8 x 1¢
Whole Magellanic System 1x10°
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A comparison was made between the neutral hydrogen distribution and the distribution of HIl regions
(Henize, 1956)globular clustergHodge, 1960, 196185MC ClustergLindsay, 1958 and SMC emission
line objects(Lindsay, 1961)No significant conclusion could be drawn from these comparisons other than

that all the objects tended to concentrate in the main bodies of the Clouds.

Based on the observations, a rotation curve for the Large Cloud wasdc{ﬁiigyere244. This curve

was largely similar to the findings ohe earlier survey by Kerr et.a(1954) No clear curve could be

derived for the Small Cloud.

Figure 244: The rotation curve for the LMC derived from median velocities of neutral hydrogen profiles.
The centre of rotation was R.A. 05:25, Dec. -68° (1960). The position angle of major axis: 5°-185°. A tilt
of 55° was assumed. Note that both sides of the curve are plotted together (after Hindman et al.,
1963a: 580).

Based on this rotation curve a mass estimate for the Large Cloud was found to be in thelfamge 7
10° solar massesNote WKLV LV D IDFWRU RI ODUJHU WKDQ WKddul@#DVV G|
have beeranother Rl WKH HDUO\ FOXHVY WR WKH 3PLVVLQJ PDVV &WUWREOHP
examined in detaih the late 1960¢e.g9. see Freeman, 1970; Rubin and Ford, 1970)

The second major discovery came from the radial velocity measurements of the Small Magellanic

Cloud|{Figure 245shows the contours of median radial velocity of the neutral hydrogen profiles from the
ODJHOODQLF 6\VWHP WKDW KDV EHHQ FRUUHFWHG IRU ERWK WK

about the Galaxy.
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Figure 245: The contours of median radial velocity of the Magellanic System. The contour interval is 10 Km/s (after Hindman
et al., 1963a: 579).

7R DOORZ IRU FRUUHFWLRQ GXH WR WKH 6XQfV RUELWDO YHOR
This value was adopted to simplify comparison to the earlier survey which used this value. By this time

evidence was building for a much higher wa{ue. 300 km/s by de Vaucouleu{961).

Figure 244 and|Figure 247 show a summarnof H-line profiles for the Large and Small Clouds

respectively. The Small Cloud shows large areas where dpebled line profiles are eviderithe
doublepeak nature of somef the Small Magellanic Cloud line profiles had previously been noted by
Johnsao (1961)based on an examination of the origisarvey data from Kerr et a1954) although few

conclusions could be drawn due to the quality of these records.
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Figure 246: Line profile per square degree of sky from the LMC. The vertical line on each profile is +50
km/s (after Hindman et al., 1963b: 568).

Figure 247: Line profile per square degree of sky from the SMC. The vertical line on each profile is +50
km/s. Note the large area of double-peaks. (after Hindman et al., 1963b: 568).
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The splitting of theH-line profiles into two distinct groups is best illustrateqRigure 248 The
difference between peaks is consistently betw2en NP V RYHU D ODUJH DUHD 7KLV

Small Magellanic Cloud had not been observed in any other optical or radio observations before this time.

Figure 248: Velocities of the main peaks of neutral hydrogen in the SMC showing the systematic
separation into two groups separated consistently by ~28 km/s (after Hindman et al., 1963a:
581).

ODQ\ \HDUYV O DW Htthe/Iatdll CMBIvas/é&En &3 pAbviding an important clue to the origin
of the Magellait Stream. Mathewson el. (1987)found that by integrating backward in time, the Small
Cloud could havecollided with the Large Cloud ~4 xiQearsago. This could mean that théréhm
originated fromthis collision and the spliof the Small Cloud indicated it was breaking up following the

interaction with the Large Cloud.

Over the period 1962 to 1964, idiman (1967) used the 64n Parles telescope together with the
Murraybank multichannel eceiver for a high resolution {5 arc secondat 1,420 MHZ survey of the
Small Magellanic Cloud. At this much higher resolution, Hindman concluded that the -gealded
profiles that had earlidobeen observed were related to at least three broad structural features which may
represent expanding shells of gas within the main body of the cloud, which itself appeared to be a flattened
system, rotatig in a planeobservednear edgen to the observer.This conclusion was supported some
years later when dafeom Parkes and the UstraliaTelescopegCompactArray were combined in a detailed

study of the Small Magellanic Clo8tanimirovic et al., 1999)
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12. CONCLUSION

The seminal period of radio astronomy prior to 1960 was arguably the most exciting and innovative era in
Australian Radio Astronomyi.e. see Robertson, 1992: 202) ,W PDUNHG WKH HUD EHIRU
projects emerged, a period when small scale projects dominated and radio engineers first entered the
domain of the astronomers. For Australia this was a unique period in Wwhiadhieved a research
leadership position in the new field of radio astronomy. As HanBuown (1993) UHPDUNHG 3JROGH (
in science are rare and shouklH UHFRUGHG”~ 7KLV WKHVLV GRFXPHQWYV WKFE
VWDWLRQ ZKLFK RSHUDWHG IRU \HDUV GXULQJ WKLV HBIJROGHC
contributions to the emergent science of radio astronomy were maden betins of new instrumentation
development and scientific research. Although the Murraybank field station operated for a much shorter
period it also provided a significant contribution. The work at both of these field stations has previously
not been dagmented in detail and as such this thesis provides a detailed record of the scientific

contributions made.

Ten different types of radio telescope were operated at Potts Hill. Amongst these there were several

examples of worldirst instrumental developenmts:

¥ The SweptiLobe Interferometer developed by Pay®eott and Little used a continuousigriable
path length between the two Yagi antentmehange the phase of the signal and hence sweep the
aerial beam. This innovation removed the restrictionBDfWLQJ WR ZDLW IRU WKH (DL
move the source through the aerial beam to produce an interference pattern and was hence ideal
for locating the position of short duration sources. At the time of its invention interferometry was
being conducteditmer using the semterferometry techniquéMcCready et al., 1947)r using
the Michelson interferometry technique that was first used by the Cambridge (@rpepand
Vonberg, 1946)Not only could the Swegtobe Interferometer determine a position accurate to 2
arc minutes at 97 MHz, it could also measure the polarisation of the source. The swept or rotating
lobe techniqe was later adapted by the Jodrell Bank gr@danburyBrown et al., 1955pand

proved useful in their work on determining source sizes for high declination sources.

¥ The EW Solar Grating Array was a unique instrument that provided the first regakar o
dimensional images of the Sun at radio frequergrlier, Stanier(1950)working at Cambridge
with a two element Michelson interferometer to obtain a brightness distribution across the solar
disk, had failed to detect limbrightening. The BV Solar Grating Array provided clear evidence
of limb-brightening and was able to produce a large data set ofliomasional brightness
distributions across the solar disk at 1,410 MHz. The Cambridge group went on to develop the

aperture synthesis mapping technigyeoducingthe first twedimensional map of the Sun
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(O'Brien, 1953; O'Brien and Tandbergassen, 1955Meanwhile, with the construction of the N

S Solar Grating Array Christisen and Warburton were also able to produce adimensional
distribution. However, in this instance they used the first application of-edational synthesis

LQ UDGLR DVWURQRP\ WR SURGXFH WKHLU LPDJHrietydfH XVH
scanning angles proved a much simpler method than relocating the elements of an interferometer
DV KDG EHHQ HPSOR\HG E\ 2T%ULHQ DW & [bRdelldes@GetebstyR REW
to reconstruct a twalimensional image. The gratistyle arrayprovedvery useful for solar
observationsit was quickly adopted by a number of research groups throughout the world, such as
the Carnegie Institute in the U.S., the Research Institute of Atmospherics in Nagoya, Japan and the
Meudon ObservatoryniFrance.

¥ The development dhe Mills Cross was a major instrumental breakthrough and proved especially
useful for extrasolar source surveys. The use of a phaséched interferometer was first
introduced at Cambridg®yle, 1952)and was one of the contributing factors for which Sir Martin
Ryle was awarded the 1974 Nobel Prize in Physics. After gaining experience using-a phase
switched interferometer at the Badgerys Creek field station, Mills struck on the idea of
constructing a phasawitched crossedrray. This instrument produced a perm@lam response
equivalent to the filled aperture of a parabola of the same diameter as the length of the cross arms.
Unlike aperture synthesis techniques, it was not necessary to use a complex Fourier analysis to
reconstruct the brightness distribution loé ffilled aperture. The prototype for the Mills Cross was
constructed at Potts Hill and not only was the trial successful, but Mills and Little also achieved
WKH ILUVW GHWHFWLRQ RI WKH /DUJH 0DJHO-@RQDNRWV & GRIX/G J
proved a very economical way to produce a high resolution pencil beam instrument and its design
was subsequently adopted by a number of other countries. It is interesting to note that at almost
the same time the Jodrell Bank group had considered a strilsgs design, but in view of their
existing commitment téhe construction of the 25€ dish they did not develop the idea further
(HanburyBrown, 1953) The cross design also inspired Christiansen to build a new crossed
JUDWLQJ DUUD\ DW WKH J)OHXUV ILHOG VWIDRMWRIQ ZKLFK EHFL

T The Potts Hill 4channel Hline receiver was the first proposed design of a rulléinnel receiver
for H-line observations and the idea of using the maliinnel design was quickly adopted by
other radio astronomy groups engaged #ind research. By 1954 multhannel reeivers were
under development at the Carnegie Institute in Washington and at R.R.E Malvern in the U.K. The
multi-channel receiver development was extended at Murraybank to produceclraardtel
receiver. Murraybank was also the site of the first depémtrof digital recording and computer

based reduction of observational data in Australia. The Murraybackatel receiver and the
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digital recording system became one of the first operational instruments on the newly constructed

Parkes 64m telescope wén it was commissioned in late 1961.

Although research at Potts Hill initially focused on the Sun, in later years important contributions were
also made to cosmic research and in particular the investigation of the distribution of neutral hydrogen in

our Galaxy.

The solar research program provided an important contribution to knowledge qpfi¢heéSunand the
slowly varying component. Although certainly not the first eclipse observations in radio astronomy, the
1948 partial solar eclipse observasoprovided an important confirmation of the association of enhanced
sources of radiation with sunspot groups and the slowly varying @oemp. The development of the
grating arays allowed regular daily determinations of brightness distributions acressothr disk,
something which was not practical with any othrestrument at the time. The gratingay observations
provided the most comprehensive dataset during the 1950s on the structure of the solar atmosphere at 1,410
MHz and later also at 500 MHZThe data provided confirmation that theiet Suncomponent remained
constam over prolonged periods and wareed to show that the slowly varying component appeared to
correspond with chromospheric plage, something that had first been suggested hy (D®84pwvorking
in the U.S. In a fitting endbtthe solar research program the final published work from Potts Hill was the
observation of the 8 April 1959 partial solar eclipse. Thus 11 years of solar radio astronomy at Potts Hill

began and ended with eclipse observations.

Payne6 FRW W D Qdbserafibd/ Gidd] Me swepbbe interferometer provided the first accurate
positional information on solar bursts and evidence of the outward motion through the solar atmosphere of
a number of sources. Unfortunately these investigations were cubgtayne6 FRWWIIV UHVLJQDW
WKLY ZRUN FRQWLQXHG LQ FRQMXQFWLRQ ZL pvakDepto ltb indRuideNa EHL Q.
spectralanalysis it seems likely that they would have discovered the type IV sources later discovered by
Boischot(1958)using theNancayinterferameter in FrancéStewart, 2007)

The initial neutral hydrogen survepnducted at Potts Hill by Christiansen and Hindman provided the
first radio frequency indications of the spiral arm structure of our Galaxy. This was a remarkable
achievement given that both the U.S. group at Harvard and the Dutch group at Leidearhadriaeng in
the field for a much longer period. TheliHe program marked the beginning of a major international
cooperative program. The Dutch group led by tGmmon overtook the Australiangith their galactic
mapping of the northern sky and they Wwbhave to wd some time for the Australisnto complete the
VRXWKHUQ VN\ VXUYH\ VR WKHLU UHVXOWYV FRX®\G EHlifeRRIELQHG
(Oort et al., 1958) This combined work, together with the 600 MHz continuum survegiuaad at Potts
Hill, were key components in the redefinition oF€®UGLQDWHYV RI WKH *DODFWLF 30DC
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location provided access to the Magellanic Clouds something that was not possible for the northern
hemisphere groups. It is natutherefore that the Australianrdominated the early studies with the first
neutral hydrogen maps of the clouds produced at Potts Hill. A later Murraybank survey detected the bridge
of neutral hydrogen connecting the two clouds as well as finding theHiISC GHQFH IRU pVSOLW'
Small Magellanic Cloud, suggesting an earlier interaction between the galaxies. Besides missing the
opportunity to be the first to detect the-@h hydrogen line emission, the other aspect that escaped the
$XVWUD Oy @K WasHIieUdBcovery by Williams and Davigk954) at Jodrell Bank that the
hydrogen enission could also be studied in absorption. Hagen, Lilley and McQ8bb)working in the

U.S. were also able to exploit this discovery to examine the properties of the interstellar medium and to
determine the distance to galactic radio sources. This illustrates that while the Australianadead
remarkable progress, there were also missed opportunities.

The most notable of the discrete sources discoveries at Potts Hill were made by Piddington and
Minnett. Up to this time, workon discrete sources in Australimd beenGRPLQDWHG E\ % ROWR
working at Dover Heights and later by Mills working first at Badgerys Creek and then at the Fleurs field
station. There wagtensecompetitionand some disagreemedutring this period with the Cambridge
group, althouglrelationships with the Jodrell Bank group were more cordial. The two major discrete
source discoveries at Potts Hill were Sagittarius A, which was associated with the Galactic Centre, and
Cygnus X associated with a large Galactic HIl region. While Piddimgnd Minnett attempted to detect
M31 at radio frequeneb they were unsuccessful andra soon scooped by the Jodrell Bank group who
used a much more sensitive 2i8ransit telescope. Also of note during the early period of Potts Hill
investigatons DV OLOOVY GHWHUPLQDWLRQ RI WKH SRVLWLRQ RI &\JC
Mills had suggested aaptical association of the Cygnus A source with an egdifactic nebula. However,

Smith (1951) working Cambridge obtained a more accurate position that ultimately led to the optical
identification of CygnusA with the faint extregalactic nebulafirst suggested by Mill{Baade and
Minkowski, 1954)

As discussed above, Britisibutch and U.S. scientists were prominent in both solar and galactic
research during the Potts HMurraybank period. However, mamgherinternationalgroups alsanade
contributions during this periodFor exampleCovington(1947) working in Canadashowed that strong
solar emission was associated with a sunspot group that was occulteyitdei@8 November 1946 solar
eclipse and went on to develop a slotted waveguide array capable of producing strip scans of the Sun at
10.7cm wavelength. Khalikin and Chikhaché®47)from the former Soviet Union observed the 20 May
1947 total solar eclipse fromship near the Brazilian shor@nd demonstrated that the radio emission at
200 MHz @amefrom the solar corona. The theoretical contributionhefSoviet astronomeyarticularly
Ginzberg and Shklovsky, was of great importance and included the independent explanation of the million

degree temperature of the solar corona, synchrotron emission and predictions of a number of radio
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frequency spectral lines. The French were also pdatly active in solar research conducting a number of
eclipse observations amwnstructinghe 169 MHz Le Grande Interferometer de Nangalyich consisted

of 32 x 5m antennas on a 1,600 eastwest baseline and to which a negtbuth arm was added in 39

This instrument was used by BoiscHd@®58) to discover the Type IV solar bursts. The Japanese had
recognised solar radio emission as early as 192®aka, 1984) In 1949 they began regular solar
monitoring and later constructed their owalé8 Grating Array. Yet, despite all of these developments
and othersAustralia and Britain were widely regarded as the forefront radio astronomical nations at this
time (Sullivan, 2004), and Potts Hill and Murraybank played no small part in estapleshgnmaintaining

this reputation.

Many of the Australianpioneers of radio astronomy spent time at Potts Hill and by 1952 it was the
major field station of the Division of Radiophysics. Ultimately the lack of space and the encroachment of
the suburbsfoSydney (with a consequential increase in radio interference) meant that research was shifted
to other field stations. In late 1961 the last of the solar monitoring was transferred to Fleurs field station and
Potts Hill was decommissioned in 1962. Bystlime work at Murraybank had also been completed and
the field station was no longer used for radio astronomy after 1961. These events signalled the end of an
era in Australian Radio Astronomy. With the construction of the Parkea &lescope and latghe
&XOJRRUD 5DGLR +HOLRJUDSK $XVWUDOLDQ 5DGLR $VWURQRP\ K
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14. APPENDICIES

14.1. Appendix A *Publications from Potts Hill

The following table provides a chronological listingsaientific publicationsthat werebased on research
carried ouiat Potts Hill A selection of theoretical papers Ha=en included in this listing only where there
was a particularly close association between the theoreticsk and actual observatiomsade atPotts

Hill. Also included are some summary papers reporting on the progress of Australian radio astronomy that
containedmajor reference to the research being ducted at Potts Hill. SegTable 2: Summary of Potts

[Hill Instrumentgin sectiofi10.4for details of the instruments usidthe observations.

Year Instrument
of Reference used for Source Investigated Comments
Pub. Obs.
- Partial Solar Eclipse, Nov 1, Summary Paper of eclipse observations.
(Christiansen et al., 1949a) AB 1948,
1949 | (Christiansen et al., 1949b) A B Partial Solar Eclipse, Nov 1, Detailed Paper of eclipse observations.
" ’ 1948.
- . Partial Solar Eclipse, Nov 1, Detailed Paper of eclipse observations.
(Piddington and Hindman, 1949) D 1948 + Solar observations.
Short description of Payne-6 FRWW DQG /L
(Bracewell, 1950) E Solar Swept Lobe interferometer.
’ Partial Solar Eclipse, Nov 1, Detailed Paper of eclipse observations, included
1950 | (Minnett and Labrum, 1950) c 1948 + Solar Observations. burst observations.
(Smerd, 1950b) -- Theory - Solar Theory of quiet Sun emission.
(Smerd, 1950a) - Theory - Solar Theory of polarisation and magnetic fields.
(Christiansen and Hindman, 1951) A,C,D Solar Multi-year analysis of solar emission.
. Multi-frequency analysis of solar outburst of 17,
(Christiansen et al., 1951) A,CDE|l Solar 21-22 February 1950
(Little and Payne-Scott, 1951) Solar Description of Swept Lobe Interferometer.
. Position estimate and fluctuations determined to
(Mills and Thomas, 1951) E Cygnus-A be ionosphere F-region.
(Pawsey, 1951b) A H-line Announcement of H-line confirmation.
1951 | (Payne-Scott and Little, 1951) E Solar Noise Storms analysis.
Sagittarius-A, Taurus-A, Discovery of Sagittarius-A. M31 and NGC 7293
(Piddington and Minnett, 1951a) AD Centaurus-A, M31, NGC below detection threshold.
7293, Moon
(Piddington and Minnett, 1951b) ~ Solar Theory of localised regions of high temperature
9 ' associated with slowly varying component.
- ~ . o Theory of origin of Galactic radiation drawing on
(Piddington, 1951) Theory +Galactic emission Potts Hill and other data.
(Christiansen and Hindman, 1952a) A H-line Summary report on H-line survey.
(Christiansen and Hindman, 1952b) A H-line Detailed report on preliminary H-line survey.
(Payne-Scott and Little, 1952) E Solar Outbursts analysis including Feb 1950 outbursts.
1952 1 piddington and Minnett, 1952) A Cygnus-A & Cygnus-X g'}f;{?:serx of Cygnus-X and investigation of
) ! . Comprehensive theoretical review of H-line
(Wild, 1952) - Theory +H-line emission emission.
Summary of the 1952 URSI meeting held in
(Bolton, 1953) -- Solar / Cosmic Sydney, including references to Potts Hill
research.
(Christiansen, 1953) Solar Summary description of E-W solar grating array.
. Detailed paper (Part I) describing the E-W solar
(Christiansen and Warburton, 1953a) F Solar grating array.
. Detailed paper (Part 1l) on one-dimensional
(Christiansen and Warburton, 1953b) F Solar images of the Sun.
(Davies, 1953) ACD.I Solar Analysis of a burst associated with an ascending
1953 ' T solar prominence.
(Kerr and Hindman, 1953) G H-line Magellanic Clouds Prehmmayy report on H-line survey of the
Magellanic Clouds
(Mills and Little, 1953) H Cosmic Description of Mills Cross Prototype including
’ preliminary observations.
_ h Overview paper of progress in Australian Radio
(Pawsey, 1953) Solar / Cosmic Astronomy including Potts Hill research.
- . Summary Paper of multi-year analysis of
(Piddington and Davies, 1953a) AB,C.D Solar emission from the Sun.
- . Detailed Paper of multi-year analysis of emission
(Piddington and Davies, 1953b) AB,C.D Solar from the Sun.
(Davies, 1954) ACD.I Solar Analysis of 18 months (1950-51) of burst
' o observations at multiple frequencies.
1954 Detailed report on H-line observations of the
(Kerr et al., 1954) G H-line Magellanic Clouds Magellanic Clouds.
. Detailed paper (Part 11l) on two-dimensional
(Christiansen and Warburton, 1955a) F Solar images of the Sun.
1955 | (Christiansen and Warburton, 1955b) F Solar f;g;tzzry paper on two-dimensional images with
(Kerr and De Vaucouleurs, 1955) G H-line Magellanic Clouds I\:/Iliell;iremem of rotation of the Magellanic
1955 | (Pawsey and Bracewell, 1955) -- Solar / Cosmic Book on Radio Astronomy including reference to
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Potts Hill research.

Summary paper of limb brightening detected at

(Swarup and Parthasarathy, 1955a) F Solar 60 cm using modified E-W grating array.
Detailed paper (Part I) on one dimensional
(Swarup and Parthasarathy, 1955b) F Solar images of the Sun at 60 cm.
(Kerr et al., 1956) G H-line Galactic Preliminary finding of southern galactic H-line
" survey.
(Kerr and De Vaucouleurs, 1956) G H-line Magellanic Clouds Determination .Of masses of the Magellanic
Clouds from H-line observations.
_ . Overview paper of progress in Australian Radio
1956 (Pawsey, 1956) Solar / Cosmic Astronomy including Potts Hill research.
— ~ Theory of heating of solar atmosphere by hydro-
(Piddington, 1956) Theory *Solar magnetic waves.
(Piddington and Trent, 1956b) G Southern Galactic Survey Survey at 600 MHz 90 & to 50 &N.
(Piddington and Trent, 1956a) G 49 Discrete Sources 18 new sources, 4 tentative optical identifications
’ from 600 MHz survey.
i ’ Summary paper on progress of southern galactic
(Carpenter, 1957) G H-line Galactic H-line survey.
- Detailed paper (Part 1IV) on slowly varying
(Christiansen et al., 1957) F Solar component of solar radiation.
i . Discussion of observed warping of galactic disk
1957 (Kerr, 1957) G H-line Galactic in the direction of the Magellanic Clouds.
' . Summary of results of the southern galactic H-
(Kerr et al., 1957) G H-line Galactic line survey.
. ' . Summary of mass distribution of neutral
(Kerr and Hindman, 1957) G H-line Galactic hydrogen in the Galaxy.
(Pawsey, 1957) E Solar Summary of observations of the quiet Sun at
i different frequencies.
(Christiansen and Mathewson, 1958) E Solar Summary description of Potts Hill solar grating
' array and the new Fleurs array.
(Gardner and Shain, 1958) 3 Jupiter Investigation of Jupiter radio bursts using Potts
' P Hill as part of a spaced-receiver experiment.
(Kerr, 1958b) G H-line Galactic Summary paper on the southern galactic H-line
' survey results.
1958 Detailed paper on combination of Potts Hill and
(Oort et al., 1958) G H-line Galactic Leiden H-line surveys and findings on Galactic
structure.
Detailed paper (Part Il) on one dimensional
(Swarup and Parthasarathy, 1958) F Solar images of the Sun at 60 cm examining localised
areas of brightness.
~ . Theory paper on radio emission from Hydrogen
(Wade, 1958) Theory +Emission Nebulae nebulae directly relevant to Potts Hill research.
(Christiansen, 1959) E Solar Summary description of types of directive radio
' aerials including the Potts Hill solar grating array.
. Eta Carine Nebula, Observations of Eta Carine Nebula, Centaurus-A
(Hindman and Wade, 1959) G Centaurus-A at 1,400 MHz
(Kerr et al., 1959) G H-line Galactic Final detailed report on observations from the
" southern galactic H-line survey.
1959 Summary discussion of radio evidence for large-
(Pawsey, 1959b) G H-line Galactic scale structure of the Galaxy and other external
galaxies.
Discussion of a physical model of the Eta Carine
. Nebula consistent with radio observations at
(Wade, 1959a) G Eta Carine Nebula Potts Hill and other radio and optical
observations.
(Blaauw et al., 1960) G H-line Galactic Lead paper in a series of 5 on the new LLA.U.
v system of galactic coordinates.
Paper Il in series on the new |.A.U. system of
i . galactic coordinates describing re-analysis of
1960 (Gum etal., 1960) G H-line Galactic Potts Hill and Leiden H-line survey data to
determine the galactic plane.
Paper Il in series on the new L.LA.U. system of
" galactic coordinates discussing general radio
(Gum and Pawsey, 1960) G Galactic continuum surveys including Potts Hill 600 MHz
data.
. Partial solar eclipse, 8 April Detailed paper of eclipse observations in
1961 | (Krishnan and Labrum, 1961) A 1959 FRQMXQFWLR QL J RMERUBK U L V
Discussion of a re-interpretation of the galactic
1962 | (Kerr, 1962) G H-line Galactic H-line survey data using a revised velocity

model.
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14.2. Appendix B +Publications from Murraybank

The following table provides a chronological listing of scientific publications that were based on research carried out
at Murraybank. All observations were performed using the Murraybarfk @drial and the 48hannelH-line
receiver.

Year
of Reference Source Investigated Comments
Pub.
. First trial survey observations using the multi-channel receiver.
1958 (Murray and McGee, 1958) Pyxis-Hydra Hydrogen Cloud Large HI cloud)i,dentified and assmg:iated with HIl regions.
1959 (Murray and McGee, 1959) Taurus-Orion Region Trial survey suggesting a single Hl cloud covers this region.
First paper in a series of three papers on results from the
(McGee and Murray, 1961b) Galaxy southern sky survey. Deals with the general distribution of
1961 neutral hydrogen.
(McGee and Murray, 1961a) Galaxy Summary paper to AJ on findings of local HI streaming.
(McGee et al., 1961) Galaxy Summary paper to Nature on findings of local HI streaming.
(McGee and Murray, 1963) N/A A description of the multi-channel receiver.
(McGee et al., 1963) Galaxy Second paper in survey series dealing with low velocity gas.
First paper in a series of two detailing the observations and
(Hindman et al., 1963b) Magellanic Clouds digital recording techniques for a survey of the Magellanic
Clouds.
1963 Second paper in series dealing with the interpretation of the
(Hindman et al., 1963a) Magellanic Clouds results. Evidence for a HI bridge between the clouds and
evidence that the SMC is split in two.
Joint paper on the correlation between optical stellar radial
(Howard et al., 1963) Galaxy velocities and radio HI lines drawing on Murraybank survey
data.
(McGee, 1964) Galaxy IAUS paper on large HI clouds in Galaxy.
1964 (McGee and Milton, 1964) Galaxy 'gll'gisrd and final paper in survey series dealing with high velocity

14.3. Appendix C +Radio-Frequency Spectral -Line Programs

The following table provides a summary of the stateaofio-frequency spectral line receivers and aerials as at the
beginning of 1954 and is based on material from a Radiophysics archive file on receiver development.
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