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Abstract: The first tentative steps in solar radio astronomy took place during the 1940s and early 1950s as
physicists and engineers in a number of countries used recycled World War |l equipment to investigate the flux levels
and polarisation of solar bursts and emission from the quiet Sun, and sought to understand the connection between
this emission and optical features in the solar photosphere and chromosphere. There was also an abiding interest in
the terrestrial effects of this solar radio emission. Among these solar pioneers were French radio astronomers from
the Ecole Normale Supérieure in Paris. In this paper we review the early solar observations made by them from
Paris, Marcoussis and Nangay prior to the construction of a number of innovative multi-element solar interferometers
at the Nancay field station in the mid-1950s.
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1 INTRODUCTION Slee and Burman, 2006). Canada was also quick to
assemble a solar radio astronomy group under Coving-
ton immediately after the War (see Covington, 1984).
Britain, Australia and Canada all were involved in
radar research during the War, and this was a valued
catalyst in the post-War development of radio astron-
omy in all three nations, providing a pool of suitable

Solar radio astronomy was born during World War II,
when Alexander (Orchiston, 2005), Hey (1946), Reber
(1946), Schott (1947), Slee (Orchiston and Slee, 2002)
and Southworth (1945) all independently detected
solar radio emission. Military secrecy meant that most

of these discoveries remained.‘top segret’ duri.ng the equipment and talented personnel that could be direct-
War, and only entered the public domain following the ed to this new field of science (Edge and Mulkay,
end of hostilities in Europe and the Pacific. 1976; Hey, 1973).

Hey’s detection in England and follow-up observa- Countries like France and Holland that missed out

tions by Appleton (1945) spawned a solar research on these radar developments were not so lucky, yet
program at Cambridge immediately after the War (for both nations initiated radio astronomy programs soon
localities mentioned in the text see Figure 1), while after the end of the War (see Denisse, 1984; Strom
news of Hey’s, Alexander’s and Southworth’s wartime 2005: van Woerden and Strom 20063. This pape;
work led to the launch of an ambitious solar rqsearch investigates the solar radio astronomy program that
program 1n S}Zdney,.AuStraha, under the auspices of was carried out by staff at the Ecole Normale Supér-
the C.S.I.R.O.’s Division of Radiophysics (Christian- ieure from 1946, and is the fourth in a series that aims

sen,111984). F;)_r a sl;ort tl:;.le during the late 194?3’ to document significant developments in early French
smaller Australian solar radio astronomy groups also radio astronomy.

existed at Mt. Stromlo Observatory and at the Uni-
versity of Western Australia in Perth (see Orchiston,
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2 EARLY SOLAR RESEARCH AT THE ECOLE Denisse, Steinberg and Zisler were particularly
NORMALE SUPERIEURE interested in the terrestrial effects of solar radio emis-
2.1 Introduction sion, and in 1951 they reported on their regular
] ) ) ) monitoring program at 158 MHz since 1948 and
By the time he was appointed Director of the Physics confirmed that some areas with faculae, plages and
Laboratory at the Ecole Normale Supérieure (hence- sunspots were associated with bursts of solar noise (as
forth ENS) in Par’ls in late 1945, Yves Rocard already reported previously by other radio astronomers). They
knew about Hey’s wartime detection of solar radio noted (Denisse et al., 1951: 2291; our translation) that
emission, and saw this as a potential post-War research
field. During the following year a radio astronomy This emission is characterised by an average level of
group was formed at the Physics Laboratory under the intensity in the course of a day and by its degree of
leadership of J.-F. Denisse and J.-L. Steinberg. Others agitation. Since the importance of these two features is

still unknown we have defined the level of radio
emission by the mixed index S, representing the sum of
its average level and its degree of agitation as outlined
in the following table.

who soon joined the group were J. Arsac, E.-J. Blum,
A. Boischot, E. Le Roux and P. Simon. It is important
to note that few of these individuals had a background
in electronics or radio engineering—unlike many of

their counterparts in England and Australia (see Lov- Intensity Agitation Indices
ell, 1977; Sullivan, 2005)—and none had a back- p<10 Nil or very weak 0
ground in astronomy (Steinberg, 2001: 513). 10<p<20 Average 1
20<p <50 Strong 2
p>50 Very strong 3

2.2 The Solar Observing Program

As in other countries at this time, the fledgling French where p = average flux received in 107 W . m™ (c/s)™
solar radio astronomy group began by recycling and
cannibalising surplus World War II radar antennas and
receivers. Initially they erected a U.S. Air Force 1.5m
equatorially-mounted searchlight mirror and a 6-
element equatorially-mounted Yagi antenna on the
roof of the Physics Laboratory (Arsac et al., 1953).
The third radio telescope on the roof of the Physics
Laboratory was one of the German ex-WWII 3m
Wiirzburg radar dishes that the ENS team adapted for
radio astronomy.

Using these criteria, 74 centres of solar activity were
identified during 1948-1950 (inclusive), and these
were designated Type A, in contradistinction to 65
relatively inactive centres (termed Type B). Denisse et
al. (1951: 2292) then plotted these centres against the
terrestial magnetic index, C, revealing a pronounced
maximum in geomagnetic activity 1 or 2 days after the
central meridian passage of a radio-active centre of
Type A, and a distinct minimum in geomagnetic
activity 2 or 3 days after the central meridian passage

The ‘searchlight antenna’ is shown in Figure 2, and of a centre of Type B. They concluded: “The regular-
was initially installed so that the radio astronomy ity of curves A and B [in their plot] and the persistence
group could gain experience in designing and con- of these principal phenomena in the course of each
structing equipment, but its research potential was year when considered individually adds considerable
quickly recognised and it was then used to study weight to the statistical value of these results.”
variations in solar emission at 9,350 MHz (Steinberg, (Denisse et al., 1951: 2292; our translation).

2004).
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Figure 1: Localities mentioned in the text (outline map courtesy of www.theodora.com/maps, used with permission).
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Figure 2: he 1.5m diameter ‘searchlight antenna’ mounted on the roof of the Physics Lboratory at the ENS in Paris. In the
background is the dome of the Panthéon (after Steinberg, 2004: 626).

From June 1954 daily automated monitoring of the 1) At frequencies of 555 MHz and 1,200 MHz the

Sun at 9,350 MHz was carried out from the roof of the radio Sun did not appear to be significantly larger than
Physics Laboratory in Paris using the 1.5m searchlight the optical Sun (a conclusion that was subsequently
antenna shown in Figure 2. In 1955, Kazes and Stein- shown to be incorrect); and

berg pub11§hed a short paper in Whl.Ch they discussed 2) “It is necessary to suppose that at least a part of the
atmospheric refraction associated with solar observa- solar radio emission derived from non-uniform sources
tions carried out fiear sunrise and suns;t and how the distributed over the solar disk.” (Laffineur et al, 1950:
level of solar emission dropped off rapidly as the Sun 339; our translation). These “non-uniform sources”
approached the horizon towards sunset. were thought to be associated with chromospheric

lages.
2.3 Solar Eclipse Observations pag . . .
The second solar eclipse involving the ENS team

During the 1940s and 1950s solar eclipses offered a occurred on 1 September 1951 but was viewed solely
particularly elegant way for radio astronomers to from Africa (see Orchiston and Steinberg, 2007), so it
investigate the locations of solar-emitting regions, and was only on 25 February 1952 that another eclipse was
those at the ENS observed three different eclipses (for observed from near Paris (Blum et al., 1952). This
areview see Orchiston and Steinberg, 2007). partial event was monitored at 169 MHz with a

The first of these events was a partial eclipse which ‘searchlight antenna’ set up at Marcoussis, and the
occurred on 28 April 1949 when at mid-eclipse the resulting eclipse curve from this site and Dakar—

Moon masked just 26% of the solar disk as seen from

Paris. This eclipse was observed by radio astronomers

from both the ENS and the Institut d’ Astrophysique de

Paris (see Laffineur et al., 1949, 1950; Steinberg,

1953). Steinberg and Zisler from the ENS used the

3m Wiirzburg dish on the roof of the Physics Labora-

tory and a 7.5m Wiirzburg antenna at Marcoussis near

Paris, which operated at 1,200 MHz and 158 MHz, re-
spectively, while Marius Laffineur carried out inde- (L
pendent observations at 555 MHz with another 7.5m e - e
Wiirzburg located at Meudon. Successful observations } . )

were made with all three radio telescopes, but only Figure 3: The 28 April 1949 eclipse curve. Dots represent

. . . . measurements at 555 MHz and crosses at 1,200 MHz. The
results obtained with the 3m Wiirzburg dish and the solid curve indicates the profile expected from a disk of

Mqudon Wiirzburg antenna were used to generate th_e uniform brightness, while the dashed line shows the expected
eclipse curve shown in Figure 3. On the basis of this profile if the radio emission derived from an annular ring (after
curve, Laffineur et al. (op. cit.) concluded that: Laffineur et al., 1950: 338).
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where the eclipse was total (Figure 4)—confirmed
the conclusion following the 1951 eclipse: that at
169 MHz the Sun was non-circular but took the form
of an asymmetrical flattened ellipsoid.

2.4 Contributions to Instrumentation and Theory

In addition to observationally-based papers, some of
the ENS staff also contributed papers which were
solely about radio astronomical instrumentation (e.g.
see Arsac et al, 1954; Mosnier and Steinberg, 1950;
Steinberg, 1949, 1950, 1952a, 1952b). As Steinberg
(2001: 511) notes:

[Soon after joining the ENS] ... I started developing
radio receivers. After 4 years of occupation France was
very backward in electronics while Great-Britain,
Canada, Australia and the United States had many
physicists and engineers who had learnt a lot when
developing radars during WW 1II and had many surplus
military radars. Fortunately I brought back from Great-
Britain the books “Microwave Receivers” and
“Vacuum tube amplifiers” from the MIT Radiation
Laboratory Series which became our Bible. E.J. Blum
joined me within a few months. He knew much more
about electronics than I did. I specialized in microwave
receivers and he developed the technology of meter
wave receivers. We wanted to cover as much as
possible of the frequency spectrum. But the frequency
bands actually studied were mostly controlled by the
availability of the corresponding components.
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Figure 4: The 25 February 1952 169 MHz Paris (P) and Dakar
(D) eclipse curves, plus the 169 MHz Markala curve (M)

obtained in 1951 (after Blum et al., 1952: 1597).

Heures

A number of the ENS staff members also carried out
research on radio astronomical theory. Denisse was
the principal contributor, with papers on the role of a
magnetic field in the production of solar radio
emission (1946; 1947a; 1947b), the relation between
solar radio emission and cosmic rays (1949a); the
influence of refraction on the emission of radio waves
in an ionised medium (1949b); the relation between
solar radio emission and sunspots (1949c); the origin
of thermal radio emission in an ionised medium
(1950b); and the relation between solar radio emission
and geomagnetic activity (1952; 1953a; 1953b). In
1956, Denisse also produced a 10-page review paper
in which he combined some of his earlier results with
those obtained by his Australian counterparts—includ-
ing a useful account of the various spectral types of
solar bursts, as identified by Paul Wild (for a review of
this topic see Stewart, 2009). Finally, in 1954 Denisse
and Simon published a paper on optical coronal
emission and geomagnetic activity.

Meanwhile, in following up their Marcoussis obser-
vational papers, Blum, Denisse and Steinberg (1951b)
examined the emission mechanisms associated with

the small bursts that they believed combined to form
noise storms. Their boss, Yves Rocard (1951), took
this study further in one of his few escapades into
radio astronomy when he published a paper titled “On
a coronal radio emission mechanism.” (our transla-
tion). Having said that, Denisse also teamed with
Rocard in 1951, and they published a long mathemati-
cal paper where they examined the properties of a
shock wave as it traversed an ionised medium. They
finish by suggesting that plasma oscillations in the so-
lar corona give rise to intense bursts of solar emission.

In an important paper, Michel Jorand (1955) exam-
ined the mechanism of solar radio emission in the
corona, and identified the various altitudes at which
emission at different frequencies was triggered. His
work nicely complemented similar research that was
undertaken at this time by the Australian radio astron-
omers in Paul Wild’s ‘Solar Group’ (see Stewart,
2009).

In a long paper published in 1956 Paul Simon devel-
oped Denisse’s (1952) earlier work and examined the
relationships between solar radio emission and the
magnetic properties of sunspots.

Finally, quite apart from research papers based upon
their own French observations, Denisse (1950a) also
published a 22-page review paper utilising 2,800 MHz
Goth Hill data made available by Covington. In this
paper, Denisse examines the relationship between sun-
spots and solar radio emission, and he reviews the
theories proposed to account for emission at centi-
metre, decimetre and metre wavelengths.

3 SOLAR RADIO ASTRONOMY AT MARCOUSSIS
3.1 Introduction

In 1948 (Steinberg, 2001) the ENS established a radio
astronomy field station at Marcoussis, ~20 km south of
Paris, primarily to serve as a site for two World War II
Wiirzburg antennas acquired by the Physics Labora-
tory that were to be used for both solar and non-solar
radio astronomy (see Orchiston et al., 2007 for de-
tails). This radio-quiet environment attracted the radio
astronomers at the ENS, and Marcoussis became a
base for some solar radio astronomy projects—al-
though solar monitoring continued all the while from
the roof of the Physics Laboratory in Paris.

3.2 Solar Observations with one of the Wiirzburg
Radio Telescopes

The first recorded solar research program conducted at
Marcoussis was undertaken by Denisse (1952), who
studied 167 MHz solar radio emission observed be-
tween 1948 and 1950 (inclusive), and related this to
sunspot activity. He was able to distinguish two
different sorts of sunspots, R-type spots which were
connected with radio emission and Q-type spots which
were not.

In a further solar study at Marcoussis, Jorand (1953)
examined 160 MHz solar emission recorded between 1
September 1948 and 31 March 1951. This was a
period of low solar activity, and all Jorand recorded
were noise storms, bursts and occasionally outbursts.
The noise storms appeared to be associated with sun-
spots, and accounted for the majority of the emission
received during the monitoring period. Jorand pro-
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ceeded to study the relationship between sunspots and
the solar radio emission, and was able to demonstrate
that the emission was more likely to occur when spots
were within the narrow window of four days preceding
and three days following central meridian passage.
This led him to investigate—on theoretical grounds—
the height at which the radio emission occurred in the
solar corona.

In 1950, during the solar minumum, Blum and Den-
isse (1950) set out to investigate weak solar emission
at two adjacent frequencies, 156 MHz and 164 MHz,
using one of the Wiirzburg antennas. Simultaneous
observations were carried out at the two frequencies
between 10 October and 10 November 1950, and the
incoming signals were recorded on two chart record-
ers. Comparison of the two chart records revealed the
following:

1) Long periods of solar inactivity persisted for many
days at both frequencies, but when interrupted by
isolated bursts these occurred simultaneously at the
two frequencies. However “... the detailed structure
of these bursts varies from one frequency to the other
and is not identical when considered only 1 or 2
seconds apart. Their durations are variable by as much
as several tens of seconds.” (Blum and Denisse, 1950:
1215; our translation). Very occasionally pairs of
bursts occurred which had similar structures. But
these were separated in time by 5-6 seconds, and al-
ways appearing first at 164 MHz.

2) In the course of several days, weak solar noise
storms were recorded simultaneously at both frequen-
cies, and they occurred when sunspots were present.
Superimposed on the noise storm activity were occas-
ional bursts which were indistinguishable from the
isolated bursts mentioned above. It was significant
that when bursts occurred during noise storms they
almost never showed any correlation at the two fre-
quencies (e.g. see Figure 5a).

3) On several occasions during noise storms, bursts
were present at 164 MHz but totally absent at 156
MHz (Figure 5b), confirming the earlier impression
(gained from evidence presented in 2), above) that the
frequency range of bursts which accompanied noise
storms was very restricted.

Blum, Denisse and Steinberg (1951a) subsequently
carried out a further analysis of the observations at 164
MHz. They found that on days of very weak solar
activity isolated bursts were generally widely separat-
ed in time, so that it was easy to determine the ampli-
tude and duration of each individual burst. The
strongest bursts had fluxes of between 2 x 10* and
2.5 x 10* Jy and lasted from 0.1 to 0.4 seconds. Hav-
ing said that, sometimes groups of bursts occurred in
the course of 2 or 3 seconds. In contrast, during
periods of greater solar activity, the level of emission
could fluctuate for several hours, and

... one is led to believe that this type of [noise] storm is
produced by the superimposition of bursts similar to
those that are observed on days of relative non-activity.
(Blum et al., 1951a: 389; our translation).

3.3 The 2-Element Interferometer

The first new dedicated solar radio telescope at
Marcoussis was erected towards the end of 1952 and
operated at 9,350 MHz. It consisted of

... two cylindrical-parabolic antennas with a half-power
beamwidth of 2° in the vertical plane, 20° in the hori-
zontal plane. These were positioned along an East-
West baseline and the distance between the antennas
could be rapidly changed. The incoming radio emission
was transferred via a wave-guide to the receiver ...
(Alon et al., 1953: 301-302; our translation).

Solar monitoring was carried out during the first six
months of 1953 with a view to establishing the precise
nature of limb brightening at 9,350 MHz. Earlier
French solar eclipse observations offered two different
models, one where at totality a uniform annulus lo-
cated at 1.07 R contributed 16% of the solar emission
(curve A in Figure 6) and the other where the annulus
was positioned at 1.04 R and contributed 12% of the
solar radiation (curve B in Figure 6). However, the
Marcoussis observations proved ambiguous in that

they could be used to support either model.
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Figure 5: (a) Solar bursts recorded at 156 MHz and 164 MHz
on 9 September 1950; (b) An absence of solar bursts at 156
MHz later the same day (after Blum and Denisse, 1950: 1215).

In the last three months of 1954 this radio telescope
was used for another solar research program when
Alon et al. (1955) investigated the one-dimensional
distribution of radio brightness across the solar disk.
First they derived a visibility curve for the Sun and
then by making a Fourier transform of this curve they
were able to calculate the integrated brightness of
emission across the solar disk, perpendicular to the
celestial equator (cf. Machin, 1951; Stanier, 1950).
This is shown in Figure 7, where emission associated
with a secondary lobe of the interferometer is apparent
to the right of +1. On the basis of this Figure, Alon et
al. (1955: 597; our translation) concluded that the dia-
meter of the radio Sun, at 9,350 MHz, clearly exceed-
ed that of the optical Sun, and that “The central part of
this curve and the adjacent sloping edges are compat-
ible with the existence of limb-brightening.” Both of
these conclusions confirmed earlier results obtained
from French solar eclipse observations.
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Figure 6: Alternative models (A and B) for limb-brightening at
9,350 MHz, developed from French solar eclipse observations
(after Alon, Arsac and Steinberg, 1953: 301).

Finally, we should note that this 2-element interfero-
meter has one further ‘claim to fame’ in that it inspir-
ed Jacques Arsac—one of the authors of the above
studies—to develop a more elaborate interferometer
(as discussed in Section 3.4 below).

3.4 Arsac’s Non-Redundancy Array

Jacques Arsac (1955) pioneered the use of multi-
element interferometers in French radio astronomy.
Although he was well aware of Christiansen’s East-
West solar grating array at Potts Hill (Sydney), Arsac
decided to take an independent approach, one which
involved incomplete arrays:

We stud[ied] incomplete arrays built with identic[al]
antennae placed at abscissae equal to integer multiples
of a same length, and deduced [i.e. reduced] from an
uniform array by suppression of some of the antennae.
With 4 antennae, 6 harmonics of same amplitude may
be transmitted. It is impossible to get a constant spatial
band pass with more than 4 antennae. Absence of one
harmonic in the spatial band pass may introduce errors
impossible to correct. (Arsac, 1956: 67; English abstract).

Arsac’s primary inspiration came from French optical
developments in interferometry, and in a long paper
that was published in three installments he discussed
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Figure 7: The integrated brightness of 9,350 MHz emission
across the solar disk, based on interferometer observations
(after Alon, Arsac and Steinberg, 1955: 597).

the concept of interferometry in a radio astronomical
context (Arsac, 1956). His ultimate objective was to
construct an array that would provide information on
the one-dimensional distribution of emission across
the solar disk.

Arsac’s final result was the ‘Arsac Interferometer’,
which was installed at Marcoussis in 1955 (Figure 8).
This novel array comprised four solid metal antennas
1.1m in diameter and of 60cm focal length “... placed
in positions 0, 1, 4, and 6, in a manner to supply six
spatial frequencies of equal amplitude without redun-
dancy.” (Denisse, 1984: 304). The array operated at
9,350 MHz, and each antenna had a beamwidth of 2°
in the plane of the meridian and 7° in the horizontal
plane.

In addition to operating the non-redundancy array as
an interferometer, because the grating lobes of the
interferometer were separated from each other by 1°, it
was possible to obtain six traverses of the Sun during
each day’s observations and obtain a chart record of
the distribution of radio emission across the solar disk.
Figure 9a shows the record obtained on 3 February
1955, while in Figure 9b the same scans obtained on
three successive days have been superimposed. These
two figures show that radio plages were absent at this
time (the Sun was at sunspot minimum), thereby
allowing an accurate determination of the mean base
level of emission from the quiet Sun at 9,350 MHz.
Similar determinations of this base level of emission at
1,420 MHz and 500 MHz, derived from observations
carried out in Australia at about this time, were
published by Christiansen and Warburton (1953) and
Swarup and Parthasarthy (1955).

Soon after it was operational the Arsac Interfero-
meter was transferred to Nancay, but although the
promise was there—as clearly evidenced by Figures 9a
and 9b—it was never used to produce any useful
scientific results. Denisse (1984: 307) explains why:

the ingenious concept of the “Arsac network
[= array]” could not be used then: the small dimensions
of the antennas limited sensitivity and the technology
did not permit, at that time, the accurate phase adjust-
ments which the system required.

Monique Pick (personal communication, 2007) recalls
that when she joined the Paris Observatory radio
astronomy team at Nancay she and Arsac spent some
time trying to rectify the phase problems, but in the
end they had to admit defeat.

4 EARLY SOLAR RADIO ASTRONOMY AT NANCAY
4.1 Introduction

Through its growing international reputation in iono-
spheric research and in radio astronomy Australia
made a successful bid for the 1952 URSI Congress,
which was held in Sydney (Bolton, 1953; Robinson,
2002). Laffineur from the Institut d’ Astrophysique de
Paris and Steinberg from the ENS were the sole radio
astronomers in the French delegation, and they were
particularly impressed by the radio telescopes they saw
during visits to the CSIRO’s Division of Radiophysics
field stations at Dazpto, Hornsby Valley and Potts Hill
in or near Sydney.” Of special interest were the solar
spectrographs that Paul Wild and his colleagues had
erected at Dapto (Stewart, 2009) and the 1,420 MHz
solar grating array constructed by Christiansen’s group
at Potts Hill (Wendt, Orchiston and Slee, 2008).
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Figure 8: The Arsac Interferometer at Marcousis (after Arsac, 1956: 406).

)

Temps

Figure 9(a): Six scans of the Sun taken with the Arsac Interferometer on 3 February 1955; Figure 9(b):
Superimposed solar scans taken on three successive days (after Arsac, 1956: 409).

Laffineur and Steinberg returned to France con-
vinced that similar instruments were required for
French radio astronomy. Steinberg’s first action was
to approach ENS Director Yves Rocard about the est-
ablishment of a dedicated radio astronomy field station
at a radio-quiet site, and this led to the founding of
Nangay in 1953. One year later the radio astronomy
group was transferred from the ENS to the Paris Ob-
servatory (see Bourgois et al., 1989).°

4.2 The Two ‘Searchlight Antenna’ Radio
Telescopes

One of the simplest radio telescopes at Nancay com-
prised two ‘searchlight antennas’, one of which was
fixed (see Figure 10) while the other was moveable
and mounted on a railway track. Each was attached to
its own 9,350 MHz receiver. Simultaneous observa-
tions were carried out with both antennas and were
compared, but the two antennas were never configured
so that they could be used as an interferometer. Stein-
berg and Ilya Kazes used this system to investigate
solar scintillations (see Kazes and Steinberg, 1957),
and were able to show that these originated in the
Earth’s atmosphere (Kazes, 1957).

4.3 Kundu’s 2-Element Interferometer

In 1956 Mukul Kundu began research for a D.Sc. at
Nangay, setting up an interferometer comprising two
2m diameter equatorially-mounted dishes located on
an east-west baseline (see Figure 11). The spacing be-
tween the two dishes was 60 metres. Figure 12 shows
a schematic diagram of the receiving system. Kundu
used this interferometer to study the size, brightness
distribution, polarization and evolution of localised
sources of solar radio emission at 9,350 MHz (i.e. a
wavelength of 3.2 cm).

In order to measure the brightness distribution of
localized solar sources, Kundu devised an interfero-
metric system where the distance between the two
antennas would change continually in the course of a
day. This was the first two-element interferometer that
used Earth rotation synthesis in one dimension. The
reception pattern of such a system is a series of
fringes, where the angular separation, dH, measured in
the equatorial plane varies as a function of hour angle,
H, is given by

dH o< A/DcosH )

where A is the wavelength (3.2 cm) and D is the
distance between the two antennas (60m). By using
two antennas which remain pointed on the Sun all
day, observations could be made at different values
of H, thereby exploring different regions of the Fou-
rier spectrum of the angular brightness distribution of
the source without altering the separation of the an-
tennas.

_— [y

Figure 10: One of the two ‘seafchllgh antenna’ radio tele-
scopes at Nangay (after Bourgois et al., 1989: 6).
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Figure 11: An image f the two antennas constituting the
‘Kundu Interferometer’ (after Steinberg and Lequeux, 1963:
66).

The resolving power varied continually from sunrise
to noon and symmetrically during the afternoon.
Therefore, it was possible to measure several Fourier
components provided the orientation of the source
relative to the fringes did not vary in the course of the
day. The resolving power varied between 1.9" and 6'
at the solstices and 1.8" and 20’ arc at the equinoxes.
When it was decided to carry out polarisation mea-
surements, crossed feed horns were installed at the foci
of the two antennas (Figure 13).
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Figure 12: Schematic diagram of the interferometer/receiver
system (after Kundu 1959b: 13).

Figure 13: Two crossed feed horns whose E-
vectors are perpendicular to each other (after
Kundu, 1959b: facing 94).
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25 January 1957 (top) and 17
January 1957 (bottom) outbursts (after Alon et al., 1957:
1728).

Figure 14: Chart records of thé
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Alon, Kundu and Steinberg (1957) used the 2-
element interferometer to study the diameters of radio
plages. By measuring variations in the amplitudes of
the observed interference fringes obtained near sunrise
and sunset they were able to calculate the diameters of
the radio-emitting regions, on the assumption that
these were circular and did not vary appreciably in dia-
meter in the course of one day’s observation. They
found that “... at least 75% of the energy from persist-
ent sources was emitted from regions with diameters
of 5'. Neverthless, active regions were sometimes ob-
served with diameters that were much smaller.” (Alon
et al., 1957: 1728; our translation). The authors also
report observations of two outbursts observed in Janu-
ary 1957 where the fringe patterns (Figure 14) not only
allowed them to determine the diameters of the two
emitting sources, but to follow their evolution with the
passage of time. They found that the 25 January event
always had an apparent diameter >1' while the diame-
ter of the 17 January outburst remained <1’ through-
out the course of the observations.

In a paper presented at the Paris Symposium on
Radio Astronomy (Kundu, 1959a) and a long paper in
Annales d’Astrophysique based on his D.Sc. thesis,
Kundu (1959b) provides further details of his solar
research at Nancay between 1956 and 1958. During
these more extended observations, he differentiated
radio plages (‘persistent sources’) from bursts. Radio
plages were found to consist of a narrow bright region,
associated with a more diffuse region, the correspond-
ing optical phenomenon being a sunspot surrounded
by faculae. Kundu found that the diameters of radio
plages ranged between 1.5’ and 12'. Those sources
with diameters ~1.5" were relatively intense and their
average brightness temperatures could reach as high as
500,000 K, that is, coronal temperatures (see Figure
15). Sources with larger diameters, (i.e. 10’-12") had
temperatures ~100,000 K.
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Figure 15: Brightness distributions of three typical radio plage
sources; P(0) is in arbitary units and 6 in minutes of arc (after
Kundu, 1959a: 224).
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Figure 16: Chart record showing circular polarisation of a radio
plage, where P indicates parallel polarisation and C crossed
polarisation (after Kundu, 1959a: 233).

This core-halo structure typified radio plages, the
core being circularly polarized and the halo unpolariz-
ed. The core corresponded to the umbra of a sunspot.
The observed coronal temperatures of the brightness
peak (core) of a sunspot-associated radio plage implied
that the source was optically thick. This finding led
subsequently to the conclusion that gyroresonance
radiation was involved (see Kakinuma and Swarup,
1962; Zheleznyakov, 1962). In the gyroresonance
radiation process, the opacity in the corona is produced
by the acceleration of electrons as they gyrate in a
magnetic field. The opacity is produced at resonant
layers where the frequency matches harmonics of the
gyrofrequency: v = o,, 2w0,, 3., etc., where w, = 2.8B
is the electron gyrofrequency in MHz. Because w, is
proportional to B, this provided a powerful tool that
could be used to measure coronal magnetic fields.

Kundu’s doctoral research also showed that the
emission from radio plages was sometimes partially
circularly polarized (Figure 16), and did not change
appreciably in the course of the day. Figure 17 shows
a typical example, where the polarized component of
the radiation has a diameter <1.5’, while the source of
the total radiation is much larger. Kundu’s measure-
ments showed that the narrow and bright regions in a
complex of sources are polarized, while the more dif-
fuse regions do not contribute to any polarization. The
later finding that the polarized component of the radi-
ation from persistent sources increases with eruptive
activity on the Sun only served to confirm this result.

The appearance of narrow bright regions was found
to be associated with periods of intense solar activity.
This is shown in Figure 18 where the average fringe
amplitude near noon expressed as a percentage of total
solar radiation (this number is a measure of the inten-
sity of the source of diameter less than approximately
2") is plotted as a function of the number of bursts
observed at 9,350 MHz during the same day. There is
a good correlation between these bursts and chromo-
spheric eruptions, so the probability of observing erup-
tions systematically increases with the intensity of
narrow sources. Kundu concluded that a persistent
source is likely to be an active center—the place of
chromospheric eruptions and radio bursts—if it has a
very localized bright region <1’ in size at centimeter

wavelengths.
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Figure 17: Brightness distribution of Type a sources showing
parallel and crossed polarisation. P(0) is in arbitary units and 6
in minutes of arc (after Kundu, 1959a: 233).
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Figure 18: Plot of the average number of bursts observed per
day (N) versus the average amplitude of fringes (A) near local
noon, expressed as a percentage of total solar radiation. The
number of days used in calculating the various points are
listed beside the points (after Kundu, 1959a: 225).

In additon to the study of radio plages, between
1956 and 1958 Kundu made a systematic study of
solar burst emission at 9,350 MHz, with particular
interest in source sizes and their evolution with time.

At this frequency there were at least three distinct
types of bursts:

Type a: This is a simple burst, and typically has a dura-
tion of several minutes.

Type b: This burst immediately follows a Type a burst,
and is indicated by an enhanced level of emission that
lasts longer than the Type a burst.

Type c: This burst exhibits a gradual rise and fall which
manifests a weak and gradual intensity increase follow-
ed by an equally slow decline. The duration of this
burst is longer than that of Type a bursts.

Large bursts or outbursts were also observed at
9,350 MHz, but they were rare and often were com-
plex. They were generally associated with bursts of
spectral Type IV seen at metre wavelengths (for ex-
ample, the events of 16 and 20 November 1956, 1 and
3 June 1957, and 3 and 23 March 1958). They were
always polarized. Figure 19 shows the evolution of a
large 9,350 MHz burst that was associated with a burst
of spectral Type IV at 169 MHz.

Kundu was also able to confirm the existence of the
bursts of very weak intensity found by Covington at
2,800 MHz (see Dodson et al., 1954), but which he
could not prove to be of solar origin (since with a
single antenna it is often difficult to distinguish bursts
from external interferences or instabilities produced in
the receiver). With the Nancgay interferometer it was
easy to recognize solar bursts because they manifest
generally as an increase in the amplitude of the inter-
ference fringes. We now know that weak solar bursts,
transients and microbursts exist across the electromag-
netic spectrum, from microwaves to X-rays.
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Figure 19: Variations in the intensity (I) and visibility (V) of the
20 November 1956 outburst between 1000 and 1200 UT. Also
plotted is the light curve of the associated optical event (O)
(after Kundu, 1959a: 230).
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Assuming a regular source structure, Kundu used
the observed fringe visibility to calculate the effective
sizes of the sources of the bursts observed at Nancay.
Figure 20 shows a typical simple source (its intensity
and fringe visibility). He measured the size of each
observed burst at the time of its maximum intensity,
and the results are shown in Figure 21 where source
diameter is plotted as a function of intensity. It can be
seen that source size increases slightly with intensity.
Source sizes larger than 2.5 are rare. Thus, Type a
burst sources on average seem to have diameters ~1'
for weaker bursts (with intensities <10% of the quiet
Sun intensity), and ~1.6" for more intense bursts. The
source sizes of bursts of Types b and c¢ are shown in
Figure 22 where the number of bursts of each type
corresponding to a certain visibility is plotted, except
for some bursts of Type b whose visibilities corre-
spond to a fringe spacing of approximately 2'. It can
be seen that the bursts can be separated easily into two
families: Type b bursts have a small visibility and thus
a large size, while Type c bursts have a very high
visibility, on average 70%, corresponding to small
sizes (i.e. ~0.8'). The sources of the large bursts
associated with Type IV emission were typically found
to be ~2'.
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Figure 20: Evolution of a simple burst with time, showing that
maximum visibility (V) occurs near the maximum intensity (1).
A is the fringe amplitude, and TU is universal time (after
Kundu, 1959b: 41).

Kundu was also able to investigate the evolution of
source size during the duration of bursts. For a typical
burst of Type a, the apparent size was found to be at a
minimum about the time the burst reached maximum
intensity. However, complex bursts were observed
which sometimes showed a remarkably constant visi-
bility despite great variations in intensity. In such
cases the emissive sources would have experienced
large variations in brightness without any appreciable
variations in size. More complex variations of visibili-

ty during a burst were usually explained by a combin-
ation of the three fundamental types of bursts which
are outlined on page 183.

As an example, Kundu studied the evolution in
intensity and dimension of the complex burst observed
on 20 November 1956 which was associated with a
Type IV burst at 169 MHz. The intensity and visibil-
ity are plotted in Figure 19 as a function of time. The
burst began with a precursor at 10:02:27 UT, and at
that time the source was practically a point source, the
visibility being 90% for a fringe spacing of 2'. The
major radio burst began at 10:08 UT, and reached a
maximum at 10:12 UT. At this time the visibility was
20%, indicating that the source had become larger.
The major burst seemed to go through a period of
minimum intensity and small diameter at 10:20 UT,
and then the intensity rapidly increased again and
reached a broad maximum around 10:35 UT. After
that the intensity began to decrease, and this was
accompanied by decreasing visibility. Kundu could
only explain these variations of intensity and visibility
during the burst by assuming the existence of several
different radio sources.

The last phase of emission corresponded to a source
of very large diameter, which was produced at the
same time as the Type IV emission observed at 169
MHz. These emissions varied in parallel at the two
frequencies and certainly were of the same origin. We
now know that the Type IV burst is a broad-band con-
tinuum which occurs in different phases, and covers a
wide range of frequencies from microwave to meter-
decameter waves.

Since both the Nancay bursts and optical eruptions
had their origin in the chromosphere, Kundu found it
interesting to compare their intensities and sizes. The
dimensions of optical eruptions were found to be
smaller than their radio counterparts, with diameters of
about 0.5' and 1-2' respectively.

The brightness temperature of Type a bursts was
found to reach several tens of millions of degrees, so
they are probably not of thermal origin, and the same
situation was found to hold for the large bursts assoc-
iated with Type IV emission. Kundu found that the
brightness temperature of bursts of the gradual rise and
fall type did not exceed 10° degrees, and therefore
could be of thermal origin.

Kundu also investigated the polarization of 42 of the
bursts observed at Nangay, and he found that 26 (i.e.
60%) were polarized, with the degree of polarization
generally varying from a few per cent to 50%. Bursts
with polarization exceeding 50% were exceptional.
Bursts of the gradual rise and fall type were always
circularly polarized, while the large bursts associated
with Type IV events were weakly polarized. More-
over, the polarized component of the radiation was
found to originate from a source whose intensity was
weak and almost constant. Kundu pointed out that it
was important to note that after a large burst ended it
left behind a radio plage which was strongly polarized
(>50%) for long periods—for several hours in some
cases.

While metric bursts of Types II and III in general
were not polarized, the Nancay observations showed
that most of the 9,350 MHz bursts associated with
these metric bursts were polarized.
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5 DISCUSSION
5.1 Scientific Results

While he and his colleagues were busy setting up their
first radio telescopes, Denisse also directed his atten-
tion to non-observational matters. Consequently, the
first papers published by the young ENS solar group
dealt solely with theoretical issues. We believe that
some of Denisse’s papers are important in the overall
history of solar radio astronomy, but because they
were written in French, at the time they were pub-
lished they did not reach as wide an international
audience as they undoubtedly deserved. For example,
in 1946 Denisse published a paper discussing the role
of solar magnetic fields in producing what he termed
‘gyro-magnetic radiation’ (cf. Kiepenheuer, 1946),
foreshadowing by several years pronouncements by
Ginsburg (1953) and Shklovsky (1953) on synchrotron
radiation, while in 1949 he suggested that coronal
temperatures of between 2 and 8 million degrees ex-
isted in the corona in regions above sunspots (although
he seems unaware—at the time—of the earlier papers
by Martyn (1946) and Pawsey (1946) where a coronal
temperature of 1 million Kelvin was proposed on the
basis of theoretical considerations and radio observa-
tions respectively).

5.2 Instrumentation

French experiments in solar radio astronomy mirrored
overseas trends, where it was quickly realised that
dedicated solar instruments offered significant advan-
tages over recycled WWII equipment. Initial experi-
ments focussed on simple 2-element interferometers,
but Christiansen’s multi-element grating array in Aus-
tralia inspired Arsac, Blum, Boischot, Gutmann (later
Pick) and Steinberg to consider more ambitious de-
signs.

Of all the early radio telescopes discussed in this
paper, we believe that the Kundu Interferometer and
the Arsac Interferometer stand out as exceptional.
Kundu’s 2-element interferometer was the first to use
Earth rotation synthesis to produce a one-dimensional
distribution of solar radio emission, and it made an
important contribution to solar physics (see Pick and
Vilmer, 2008). In stark contrast, the Arsac Interfero-
meter did not contribute in any meaningful way to
solar research, yet this innovative interferometer occu-
pies an important place in the history of radio astron-
omy in that it paved the way for all future non-
redundancy arrays of this type.

5.3 Heritage Considerations

The IAU’s Historic Radio Astronomy Working Group
is particularly interested in establishing how many of
the early radio telescopes used world-wide prior to
1961 have survived, and it is a sad fact that none of the
instruments discussed in this paper still exists.

6 CONCLUDING REMARKS

Of the material contained in the various observational
papers discussed here, in our opinion the French solar
eclipse observations and Kundu’s interferometer ob-
servations were both internationally significant.

The eclipse observations revealed the shape of the
solar corona at radio wavelengths, while other obser-
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Figure 21: Plot of the average diameter (2D) of bursts as a
function of their maximum intensity (l); 2D is in minutes of arc
and | as a percentage of total radiation, The number of bursts
used in calculating the average for each point is listed beside

the point (after Kundu, 1959a: 228).

vations by the ENS team confirmed the finding of
previous researchers, namely that limb-brightening
occurred at 9,350 MHz (even if their result could not
distinguish between the two competing models in
vogue at the time). As a result of these investigations
and other research carried out at the time, by the end
of the 1950s Denisse’s group was “... among the most
active in the field of solar radio astronomy [interna-
tionally], a fact which was demonstrated by the organ-
isation of a symposium on radio astronomy in Paris in
1958 ...” (Denisse, 1984: 310).

Meanwhile, observations made with the Kundu In-
terferometer provided new information at 9,350 MHz
on the apparent size, brightness distribution, polar-
ization and evolution of the sources associated with
radio plages and bursts, and new clues to their inter-
pretation and their association with corresponding
phenomena observed at optical, decimeter and meter
wavelengths.

Finally, we must stress that this paper only reviews
the early solar radio astronomy at Nancay, which
served as a prelude to the construction there of three
truly impressive solar research instruments. In 1956 a
32-element East-West solar grating array was complet-
ed and three years later it was joined by an 8-element
North-South array. Both operated at 169 MHz and
were known affectionately as the ‘Grand Interféro-
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Figure 22: Distribution of the number of bursts (N) of Types b
and c as a function of their visibility (V) (after Kundu, 1959a:
229).
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metre’ (see Denisse, 1984: 308-309). Meanwhile, the
year 1958 marked the completion of another ingenious
Nangay radio telescope in the form of a 16-element
East-West array which was designed to investigate the
one-dimensional distribution of emission across the
solar disk at 9,350 MHz (see Denisse, 1984: 307-308).
Details of these radio telescopes and their research
accomplishments will be the subject of the next paper
in this series.

7 NOTES

1. This project was initiated under the auspices of the
IAU Working Group on Historic Radio Astronomy
in 2006, and three papers have been published to
date. The first dealt with Nordmann’s attempt to
detect solar radio emission in 1901 (Débarbat et al.,
2007); the second with early solar eclipse observa-
tions (Orchiston and Steinberg, 2007); and the third
with the Wiirzburg antennas that were at Marcous-
sis, Meudon and Nangay (Orchiston et al., 2007).

2. In 1952, Dapto, Hornsby Valley and Potts Hill were
three of the four field stations maintained by the
Division of Radiophysics in and near Sydney. The
fourth field station was located at Dover Heights.
For a review of these field stations, and others est-
ablished by the Division of Radiophysics between
1946 and 1961, see Orchiston and Slee, 2005.

3. For further details of the establishment of the Nan-
cay field station and the transfer of the radio astron-
omers from the ENS to Paris Observatory see Or-
chiston et al., 2007: 225-226.
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