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Abstract: After constructing a number of simple antennas for solar work at Nancgay field station, during the second
half of the 1950s and through into the 1960s radio astronomers from the Paris Observatory (Meudon) erected five
different innovative multi-element arrays. Three of these operated at 169 MHz, a fourth at 408 MHz and the fifth
array at 9,300 MHz. While all of these radio telescopes were used for solar research, one of the 169 MHz arrays
In this paper we discuss these arrays and summarise the
science that was achieved with them during this important period in the development of French radio astronomy.

was used mainly for galactic and extra-galactic research.
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1 INTRODUCTION

French invdvement in radio astronomy has a long
history, daing bad to Nordmann's unsuccessful at-
tempt to detect solar rado emission at0.3-3 MHz from
GrandsMulets in the Alps in 1901. Howeve, the
earliest pasitive developments only todk place in the
years immediately following WW Il when afledgling
radio astronamy group a@ the Ecde Normae Supér-
ieure led by Jean-Francois Denisse and Jean-Louis
Steinberg caried out reseach from the roof of the
Physics Building in Paris and from a feld station
located at Marcoussis, 20 km south of Pais.

In 1952 Marius Laffineur (Ingtitute of Astrophysics,
Pais) and Jean-Louis Steinberg attended the URS
Congess in Sydney, Audrdia, whee they saw the
innovative radio telescopes developed by scientists
from the CSIRO's Division of Radiophysics at he
Dapb, Hornsby Valley ard Potts Hill field staions
Steinberg was paticulary impressed by the E-W solar
grding array that Chris Christiansen had developed at
Potts Hill. This insrument was the first one to pro-
due high resolution observations of the distribution of
1420 MHz rado emission aaossthe solar disk. The
array consisted o 32 arids aranged in an E-W
dtraight line a uniform gacings the combined re-
sporse of the array produced a series of fan-shapel
beans. The design of this ingrument and the man
observationa results were recantly reviewed in this
journd by Wendt et . (2008§.

Steinberg returned to Paris convinced tha French
radio astronamy needed aradio-quiet field station and
similar arrays. This was the geness of the Nancay
field station, 190km sauth of Pais?

After the trander of the Radio Astronomy group
from the Ecole Normale Supéieure to Pais Olseva-

tory (Meudor), solar and non-solar research began at
Nancay with two regycled 7.5m ex German WWII
Wiirzburg antennas (Orchiston e d., 2007)° and a
number of smalle dishes, some of which were car-
figured as interferometers. Kundu'stwo dement inter-
feromete wasthe first one to use Eath rotation syn-
thesis to produe a one-dimensiond distribution of
solar radio emisson (seCOrchiston & al., 2009).

The next major development in French radio astron-
omy ocaurred in the sesond hdf of the 1950swhen
three different muti-element arays designed prind-
paly for solar research were mnstructedat Nancay.

This pape reviews the technical ecifications of
thee three ngruments and other multi-element grat-
ing arrays that were developed at hat ste a lttle late,
and the associated scienific resarch* In addition to
the personal involvement of three of the authars of this
pape (MP, J-LS and AB), we disauss the work of the
following colleague:. Yvette Avignon Cmstantin
Caroubdlos, Bernard Clavelier, JeanFrangois Denisse
Anne-Marie MalingeLe Squeen, Miche Moutot,
Gérard Trottet, Emile-Jecques Blum, Michel Gina,
Mohan Joshi, Pierre Lantos, Yolande Ledanc, Paul
Simon and Marc Vindkur. Regrettably, the last seven
cdleggues are no longe with us but Emile-Jacqques
Blum was looking forward to paticipating in this pro-
jed and ha he survived he would certainly have been
a coautha of this pgoa. He died on 22 Sptember
2009, and we would like to dedicate this pgpe to his
memory.

The instruments discussed in this pape were con-
structed and operated with the participaion of the
following technical gaff: ClaudeChantelat (deceased),
Michel and Yvette Chapuis, Chrigtian Couteret, Alain
Gerbault, JeanFrangois Mangin, Marcele Parise (de
ceaed) and Roland Tocquevill e.
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Figure 1: Radiation pattern of an E-W grating array.

2 THE CONSTRUCTION OF THE ARRAYS AT
NANCAY

2.1 Introduction

Major developments of French solar radio astronomy
started with the founding of the Nancay field station in
1953. This site offered for the first time in France the
possibility of developing arrays with long baselines,
and E-W grating arrays operating at 169 MHz, 408
MHz and 9300 MHz were built. They were meridian
mstruments and their principle was similar to that of
the 1,420 MHz Potts Hill array built by Christiansen
and Warburton (1953) in Australia. Identical antennas
were distributed at equal spacings along an E-W axis
and their signals were added using transmission lines
with equal electrical lengths. In hour angle this pro-
duced a series of ‘fringes’ (fan beams), which were
equally spaced near the meridian plane (see Figure
1). A periodic one-dimensional image was obtained
through the motion of the source across the fringes due
to the rotation of the Earth.

Another meridian array was also constructed, but it
had 8 antennas that were spaced along a N-S baseline
(Maligne et al., 1959). This array operated at 169
MHz, but in contrast to the E-W arrays the motion of
the source at noon was parallel to the fringes and
images could only be obtained by using a multi-beam
system.

2.1.1 The Principle

If f(a, B) 1s the reception pattern in amplitude of each
individual antenna, that of a multi-element interfero-
meter, D(a, f), 1s given by

. O
D(a, f)=f(a, f) 222 (1)
n sin%
where
O =2rd/2)sina 2)

and d is the distance between two neighboring anten-
nas, n the number of antennas, A the observing wave-
length, o the angle between the line of sight and the
meridian plane, and f the angle between the line of
sight and the horizontal plane.

Near the meridian plane, the radiation pattern con-
sists of a series of fan beams (see Figure 1) separated
by an angle

Aa=Ald 3)

2.1.2 The 169 MHz and 408 MHz E-W Grating Arrays:
A Brief History

The first array began operating in June 1956 and con-
sisted of 8 parabolic antennas (Blum et al., 1956).
These had a diameter of 5-m, meridian mountings, and
were spaced at 50-m intervals. From November 1956
the array consisted of 16 antennas, and on 14 April
1957 it began observations in its final configuration
(see Figure 2), with 32 antennas (Blum et al., 1957,
Boischot, 1958). The operating frequency was 169
MHz (% = 1.775 m).

In 1963, it was decided to use 16 antennas (that is,
every second antenna) to build a new array working at
408 MHz, and to operate at 169 MHz with the re-
maining 16 antennas, keeping the same resolving
power with a field of view reduced to 1° at 169 MHz,
but wide enough for the radio Sun. The 408 MHz
array began operating in October 1965 (see Clavelier,
1968Db).

In 1968, the 16 parabolas of the E-W array working
at 169 MHz were replaced by new, flat low-bandwidth
antennas (diameter 3-m) with equatorial mountings,
and the 408 MHz array was then operated with 32
antennas, raising the field of view to 50". This up-
graded version at 408 MHz was in operation by the
end of 1972. On 2 September 1971 a fire destroyed

Figure 2: The 32 parabolic antennas of the E-W array.
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2.2 The Initial 169 MHz E-W Array with
32 Antennas

2.2.1 The Antennas

This was a 1550-m meridian instrument with antennas
spaced at equal intervals along an E-W line. Signals
from the antennas were added through equal electrical
lengths and produced a series of E-W fringes after
quadratic detection. The resolving power was 3.8' (in
theory 3') and the angular distance between neigh-
bouring grating lobes was 2° 02'. The E-W orienta-
tion was accurate to ~1". For practical reasons (ground
reflections, ionospheric effects), the observations were
limited to declinations of >-33°. Point sources could
be located in the E-W direction with an accuracy of
better than 1"

Each antenna was a 5-m diameter parabola fed from
its focus by a dipole (and its reflector). The surface
was made of mesh tightened between 20 parabolic ribs
that were distributed regularly around the focal axis.
The surface accuracy was about £1 cm at the centre
and +1.5 cm on the edges. A single dipole illuminat-
ed the parabola over an angle of 120°. The effective
area of an antenna was ~15m’ and the gain was 17.8
dB. The half power beam width of each antenna was
~20°.

2.2.2 The Receiver

The whole receiver used vacuum tube technology.
The configuration of the interferometer is schematized
in Figure 3. The signal from each dipole was fed to a
coaxial cable through a transformer. The signals from
consecutive neighbouring antennas were first added
before being fed to a preamplifier with a gain of 50 dB
(adjustable within + 3 dB) and a band pass of 11 MHz.
There were sixteen identical preamplifiers. This was
the first array in radio astronomy to use a series of
preamplifiers distributed along the antennas.

The signal was fed by coaxial cables of equal length
to a receiver located in the central building. The re-
ceiver contained a post-amplifier to enhance the high
frequency signal, a mixer with its local oscillator and
an intermediate frequency amplifier at 11 MHz with a
pass band of 2.5 MHz.

Radio sources were observed to determine the char-
acteristics of the interferometer. A difficulty was to
identify the crossing of the central (zero order) fan
beam by the radio source. For this purpose, two other
amplifiers were tuned at 11 + 0.9 MHz and 11 - 0.9
MHz respectively with a pass band of 0.7 MHz, so that
the overall receiver was tuned to 169 + 0.9 MHz and
169 — 0.9 MHz. Thus, the antenna polar diagram was
made of two sets of grating fan beams, but only the
central fan beams coincided, giving an easy method to
identify them.

Figure 4 shows observations of the discrete sources
Virgo A, Hydra A and Cygnus A. As these sources

il e A A

Figure 3: Schematic diagram showing the western half of the Nancay 169 MHz E-W

are at different right ascensions, their transit times are
different as well as the distances between successive
beams (Blum et al., 1957). Radio source observations
were used to determine the deviations in shape and
position of the grating fan beams from the theoretical
ones, and also to check the level of first side lobes (in
principle 4.5%, but measured to be ~12%). The
uncertainties in the determination of the right ascen-
sion were 15" and 25" for the most intense and the
weakest sources respectively.

The finite width of the pass band, 2.5 MHz, pro-
duced a loss of coherency with hour angle and a
progressive smearing of successive fan beams with
their distance from the central one. This effect limited
the observing time for the Sun to about + 40 minutes
around noon.

2.3 The 408 MHz E-W Array

The frequency 408 MHz was chosen for three reasons:
(1) the increase in resolution compared to the E-W
array at 169 MHz; (2) this frequency range had not yet
been explored; and (3) the 406-410 MHz frequency
range had been allocated to radio astronomy and thus
was protected to some extent.

The resolution was 1.7 and the accuracy in the
localization of the sources in the E-W direction was
20". The field of view (distance between consecutive
grating fan beams) was 25’, which is smaller than the
width of the Sun and led to an overlap of its eastern
and western edges.

18
17 .

e
Figure 4: Records of radio sources. From top to bottom: Virgo
A, Hydra A and Cygnus A. (after Blum et al., 1957).
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2.3.1 The Receiver

Figure 5 shows the design of the
interferometer. The main differ-
ences beween it ard the 169
MHz aray were (1) a pre-
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Figure 5: Diagram of the Nangay
408 MHz E-W array (after Clavel-
ier, 1968b).

‘Mélangeur

| |

Bande étroite

Amplificateur
Moyenne Fréquence 30 MHz
et
Détection

Bande étroite
(Soleil actif)

étalons)

|
Amplificateur “T Opposition 3V

continu
: r‘—xDiviseur
Enregistreur pekly

(Galvanométrique)™

! C* de temps
Diviseur
Philips

(Soleil et sources

4‘_}——4403—3{NH2 Oscillateur local & quartz

Amplificateur Moyenne Fréquence 30 MHz
(Bande 5 MHz)

- Opposition 3V

amgifier buried at a deth of
1-m close to each antenng and
(2) ‘mid-esst and ‘mid-west’
amgifiers to compensate for the
signal lossin the coaxia cables
In the cental building, after a
change of frequency to 30 MHz
the signd wasdivided into three
pats and snt to three ampli-
fiers, one with a band pass of
4 MHz (used exclusvey for
wed cdibrators) and te other
two with narower band passes
of 0.4 MHz (norma obsrving

Prearnpllflcateur
Mi-Ouest
17

| Bande large
| (Sources faibles)

e temps mode) and 05 MHz (for bursts
L__Iphilips of short duration or high inten-

sity).

At 408 MHz the indvidud antenna patern is
narower than at 169 MHz and the observing time
around noan would have been too short with fixed
antenres. In order to dlow observations during 1 hour
around the meridian trandt, a new antenna feed was
devdoped, such that the illuminaion of the parabdas
was only partial in the E-W (haorizontal) diredion; it
was made of an array of two dipdes (eath aswociated
with its own linea reflector) giving an illuminaion of
40° and 70 & 10dB regectively in the planes parall el
and perpendicular to the dipdes The widths of the
resulting antenna patterns were 28° a 6 dB (22° a 3
dB) in the haizontal plane and 115° (85°) in the
verticd plare.

WNERER R fi

G A LA RBR)
R ——1— ;L— .
|

..!

Lok
i
:
I
|
I

MEa oA A

it -

Figure 6: Record at 408 MHz of a solar radio source exhlbmng
two components (after Clavelier, 1967).

Note that for the first time in radio agronamy the
preanplifiers were transistorized. In Figure 6, solar
observations at 408 MHz show the presnce of two
active certres.

2.4 The 9300 MHz E-W Array

The 9300 MHz (A = 3.2 cm) array was opeaating with
eight antennas from February 1958and with 16anten
nas (Figure 7) from July 1959 (Pick and Steinberg,
1959 1961) Thisradio telexopeis till in opeaton.
The sxteenartennas with fill ed aperture are attached
to a 23m maallic girder taken from US military
radas, and are positioned at a regulr spacing of
1.46-m. This girde, which is suppated by four con-
crete piles, can be rotated around its E-W horizonta
axis in order to pant at various declinations. The
signal is fed throughwaveguides to the receiver which
is dsosuppated by the girdea. This avoids the use of
rotating junctions which oould introduce phase varia-
tionsdep@&dng on indindion (phasng mug be aca-
rateto ~10%, i.e. 3mm).

The resolution is 4.5 and the digance ketween two
graing lobes is 1°15, much greaer than the width of
the Sun d this wavelength. But by usng deconvolu-
tion techniques, it is posside to measue rado source
diameersdown to 2.

2.4.1 The Antennas

Each antenng which is a paalolic mirror with a dia-
meter of 1.10-m and a focal length of 0.55m, is
illuminaed by a horn. In orde to inaease the obser-
ving time (as for the 408 MHz aray), horns have a
width large then ther heght and illuminate only the
central part of the mirror in the E-W direcion. This
results in an E-W beam width of 7°, which alows an
observing time of about 45 minutes. The waveguideis
curved from the han, and then adosss the refledor.
ThejunctionsbyparshaveaY shape To avoid ener-
gy losses and phase variations dueto moisture, wave-
guides were filled with nitrogen unde presare. Glass
windows were inserted between the harns and the
wave guides.
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The impedances were metched by means of
screws inserted in the wave gudes. The
standing wave ratio is <1.1 in a band pass of
100 MHz. Observations of the Sun were used
to achiewve the phasing of the aray. Whenusng
only two neighbaing antennas (puting &sorb-
ing masks in front of all of the other ones), the
Sun can be considered as a pant source ard
produces a Sne wave. The <hift between its
meridian transt time and the time of maximum
of the central fringe provides the phase corec
tion to be applied to the antenna pair. This
carrection is made by inserting piecesof dielec
tric material in the waveguides. The sde lobes
level is<10%

2.4.2 The Receiver

The origina reeceiver was a supa-hderodyne
with an intermediate frequency of 34 MHz and
a 10 MHz band pass. Its nasefador was 8 dB
and its nase tempeature 1500° The same
metal box contained the mixer, the loca oscil -
latar and the IF preanplifier. This box was
mounted on the girder. The man amplifier and
the power supdy were locaedin the cain.

2.5 Construction of the Multibeam Arrays at
Nancay

2.5.1 The Multibeam N-S Array at 169 MHz

A new muti-beam N-S array was huilt in 1960
(Joshi, 1962) (see Figure 8). It was designed
mainly to measure the declinations of more than
one hundred radio sources duiing ther transt in
the central beam of the E-W grating array. This
instrument a soobserved the Sun wuntil 1964

The N-Sarray contained eight 10-m paralolic dishes
a 110m spacings. The distance ketween grating
lobes was 552', and the hdf-power beam width was
7'. The sgnd from each antenna was amplfied and
then trangmitted to the centra laboratory by buried
coaxial cables (see

Fiaure 8: The 8 parabolic antennas of the N-S arrav.

duced 15 gratng lobes which were sifted by 1/16
of the grating lobe spacing: the gacing between the
graing lobes was filled with the 15 shifted lobes
(Figure9). The 169MHz output of the EW array was
mixed with the same local cscill atar, and the intermed

Figure9).
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Figure 9: Diagram of the Nangay 169 MHz N-S multi-beam array and multi-channel receiver (after
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Figure 10: Two main lobes of the multi-beam N-S array. Left:
A source crossing the meridian between two successive
beams will be not recorded. Right: A series of beams shifted
from the position of the main beam. The sources crossing the
meridian will be recorded (after Joshi, 1962).

iate frequency voltage was multtiplied by the fif-teen
outputs of the N-S array. The 15 resulting sgnals
were plotted on three 5-channes recorde's. The lobes
of the instrument on the celestial phere ae repe
sented in Figure 10. Note that a radio source was
recaded only whenit appeared bah in an E-W and a
N-Slobe(seeFigure 11).
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<

Zénith

Figure 11: The lobes of the E-W and N-S arrays on the
celestial sphere and the transit of the radio source in the lobes
(after Joshi, 1962).

Figure 12 shows the transit of the radio source
Hydra A: the source appeared in channels | andJ, and
its coordinates cauld be deermined For eah trace,
intengty is shown asa function of time. The pasition-
al acaracy of the system was edimated as 1secondin
hou angle and 1’ in delination, which were rathe
godd values a tha time.
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Figure 12: Transit of the radio source Hydra A in a few
successive beams of the N-S multichannel array: the source is
culminating between lobes | and J (after Joshi, 1962).

2.5.2: The Multibeam E-W Array at 169 MHz

With the remaining 16 antennas of the 169 MHz array,
an E-W multi-bean aray was constructed and has
been in operaton snce July 1967 (Mnoku, 1968)
The principle of this insrument was compaalle to
that of the N-S array (seethe previous Sedion). Its
main achievement was the high rate and the short
expaosure times of the resulting picture on film which
could be as fast as 1/160 £mnd (bid.). Figure 13
shows an example of gorm burst adivity, where one
can see variations of bursts faster than 1/20 second.
On 2 September 1971a fire destroyed the cabin and all
of therecevers.

3 SOLAR RESEARCH AT NANCAY WITH THE
THREE ARRAYS AT 9300, 408 AND 169 MHz

3.1 Introduction

Observations at dfferent frequencies sasmple diff erent
heights and physical conditions in the solar amo-
sphere, with lower frequendes coming from higher
lewels above the plotosphere. Therebre, by operating
at different frequencies the Nangay arrays provided a
powerful way of gudying the quet Sun and the
disturbed Sun and invedigating the association be-
tween radio bursts and energetic solar paticles in
orde to undestand solar-terrestrial relations.  The
multi-frequency approach chosen by Blum, Denise
and Seinberg turned aut to be fully judified, as
illustrated below.

It is worth mentioning that the man goal of the large
Nancay E-W amray was to study noise gorms which
were remgnized as a type of adivity that was more
stable ard more pemanent than other types of solar
radio burst emission (seeBlum & d., 1957). The 150
200 MHz frequency range appered & the most
favorable for this study (Benait, 1956). Blum et al.
(1957, our trandation) emphasized

... theimportance of identifying, for the study of solar-
terrestrial relations the pastions of the active centres,
and paticularly thase which were associated with radio
emisgon.
Monthly maps from the Nancay array were pubdished
in the Sobr Geophyscal Data on ®lar Activity from
1957 until October 1990, and thee showed the
pasition and intensity of the 169 MHz noise sorm
centres.

At 9300 MHz, the magnitude of the flux density
of the ‘radio condensations' associated with sunspot
groups was very early on recognized as an efficient
indicaor of up-coming flare adivity (see Sedion
3.21) and, until recertly, daily messages reparting
theseflux density values were ert from Nancay to the
Centre de Prévision de I'Activité Solaire et Géo
magnétique del’ Observatoire de ParissMeudm, which
was the regional cente of the Internationa URS gram
and World Data Service

Historically, solar radio emission has been divided
into three categaies (1) emissian from the quiet Sun;
(2) the dowly varying comporent (SVC) which is
themal in origin and is associated with the tramsit of
various optical features aaoss the sdar disk; and (3)
sporadic adivity, including alarge variety of bursts.
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3.2 The Quiet Sun

The level of emission from the quiet Sun at a given
frequency is usidly masked by the SVCemitting
sources. However, it is posshle to detemmine the base
level of emission by sulbtrading the SVC emissins.
This was first demondrated by Christiansen and War-
burton (1953) The method adgted was to super-
impose a rumber of daly one-dimensiond profiles
and to draw their lower envelopes. The same tech
niguewas gpplied to the Nangay observations.

3.2.1 9300 MHz Emission

The quiet Sun emission at 9300MHz wasfirst meas
uredfor atwo month peiod duing Augus-September
1959 (Rck and Steinberg, 1961). Figure 14 shows that
the width of the quiet Sunat B00MHz ismore or less
the sameastha of the optical disk, which is repre-
sented by the solid line, AB. Therefore the emsson
originates from a region close to the chromosphere.
The lrightness temperature of the quiet Sun was edi-
mated to be~20,000K.

3.2.2 169 MHz and 408 MHz: The Quiet Sun Emission
and its Variation with the Solar Cycle

Boischat (1958) déarmined the level of quiet Sun
emission at 169 MHz as the lower envelope of daly
observations (see Figure 15, right pandl), duing quiet
peiods (195619%57) in the ealy pat of the sunspa
cycle. But even so, the numbe of days without noise
storms or burg adivity was limited (Boischat and
Simon, 199). At this frequency, the daily shape of
the Sun canchangeconsiderably. Thisis illustrated in
Figure 15where individual grip scans of the Sun taken
in April and duly 1957 a@e shown respectively in the
uppea and the lower pat of the left-hand panel. This
figure dso shows tha relative to April, there is a
significart decrease of dmost 20%in the general lewel
of emission in July.

Boischot (1958 aso undelined the difficulty in de-
termining the contribution from the different localized
sources distributed over the totd surface d the Sun
and concluded that the error invdved in defining the
lowest level of the emission at 169 MHz from a limit-
edobsrving peiod was far from negligible.

The next gudies were thus peformed with alarger
sample of observations. Moutot and Boischat (1961)
edimated the quiet Sun temperature for the 19581960
peiod asuming tha the emission of the ‘minimum
envelope originaed in a uniformly-bright disk with
a diameter measured at half power by the E-W in-
terferometer; they found a brightnes tenpeature d
800000 K + 15%

Once the EW and N-S arays were bath opeating
successfully, Avignonard Le Sjueen-Mdinge(1961)
and Ledanc and Le Squeaen (1969) investigated the
shape and sze of the corona a 169 MHz, and its
change in the course of a solar cycle. The latter
authars considered the variation of the ‘quiet Sun’ by
taking the lowest ervelope of the different curves
recorded over peiods of one month. Figure 16 dis-
plays the variations in the equataial dimension of the
‘quiet Sun’; the diamete was47 £ 2' at the time of
maximum solar adivity, then it decreased between
Januay 1960 ad Decenber 1961 b read a minimum
value of 38 + 1" ard theredter remaned more or less

Figure 13 (right): Storm
burst activity observed
with the multi-beam E-
W array at 169 MHz.
The vertical axis shows
time, and each bright
spot is illuminated for
one second at intervals
of two seconds. The
horizontal axis shows
the angle between the
line of sight and the
meridian plane of the
array (after Vinokur,
1968).

Figure 14: Superimposed individual scans of 9300 MHz
emission obtained during August-September 1959, showing
peaks due to ‘radio plages’. Upon subtracting these, the level
of quiet Sun emission (dashed line) is derived. The solid line,
A-B, indicates the diameter of the optical Sun (after Pick and
Steinberg, 1961: 49).

—

Figure 15 (left): Slow variations observed with the E-W
Interferometer at 169 MHz; records obtained between 16 and
26 April 1957 (top) and 8 and 12 July 1957 (bottom). Figure
16 (right): the dotted line represents the estimated emission
from the quiet Sun in 1956-1957 (after Boischot, 1958).

Diameter (in arc minutes)

50
Wolf 5 sunspot number

45 | \

27
o o
o

sl 6 o -0

\ a 4o
4000 00 "oof oo

385 L b

~
~l"~~-|-”_MI—"' -4 10

{ IR P
1961 1862 1963 1964

o I S
1957 1958 1859 1960
Figure 16: Apparent variations in the equatorial width of the
‘Minimum Sun’ (circles) during a solar cycle and variation in
the Wolf sunspot number (dashed line) (after Leblanc and Le

Squeren, 1969).
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Figure 17: Flux (a) and E-W diameter at half power (b) of the
radio quiet Sun at 169 MHz between 1957 and 1970 (after
Lantos and Avignon, 1975).

Table 1: Values of Ty, (10° K)

f Th Reference
(MHz) Holes | Arches
160-169 11.5 6.3 Trottet and Lantos (1978)
160-169 6.6 8.5 Chiuderi-Drago et al.
(1977)
160-169 | .5.7 Dulk et al. (1977)
408 4.1 6.0 Trottet and Lantos (1978)
408 4.3 6.3 Chiuderi-Drago et al.
(1977)
wWmitHz"
16"
9
10
NOISE STORM (MAX) QUIET SUN
107
107
SLOWLY VARYING
" P COMPONENT (MaX)
10 e
s
’/
10°] ’
10 10’ 10° 10" Fans.

Figure 18: Spectra of noise storms and slowly varying com-
ponents (after Clavelier, 1967).

Figure 19: Scan of the Sun obtained on 7 March 1958,
showing the presence of two intense radio plages (after Pick-
Gutmann and Steinberg, 1959).

congtart. In the same figure, the quaterly variation in
Wolf sunspod numbers is plotted It can be seen that
the decrease in the E-W diamete darted dightly after
the beginning o the decay of the photospheric activity;
the latter continued unil 1964, dthoughthe diameter
reached its minimum valuein 1961. This suggets that
the dapeand size of the ‘lower envelope could still
be dfeded until 1961 by the presence d localized
sources. The N-S diameter measured from June 1960
to Decanbe 1963 vas 32 + 3, and no varation was
found during this period. The authors, however, no-
ticed tha the limited resolving power prevented the
observation o any change<6' in this direction. The
ratio of the N-S and E-W lowest dimensions of the
corona gavean dlipticity of 0.84,identica to tha ob-
tained by Conway and O’ Brien (1955) in 19531954 &
214 MHz.

Leblanc and Le Squeen found tha the flux density
a 169 MHz varied from 125 x 10°°Wm™Hz " at the
maxmum to 6.0 x 102*°Wm™Hz " at the time d
minimum adivity. The latter value careponded to a
brightness tempeatue of 1.1 x 10° K. The autha's
concludal tha this termperature may be conside-
ed equd to the eledron tenpeature in the @rona,
which was asumed to be optically thick at this fre-
quency.

Findly, Lantos and Avignon (1975 cf. Avignonand
Lantos, 1971) déermined the dimensions, tempe-
ature and density of the solar corona for the period
1957197Q which extends from the maximum of cycle
19 o the maximum of cycle 20. The lower envelope
was defined over a yea, which was the main dif-
ference with the anaysis peformedby Leblanc ard Le
Squaen (19®). Anahe aiterion used by Lantos and
Avignon (1975) wes to seled periods when accurate
measurements of point sources were available for
calibration. Figure 17 shows tha theflux densty and
the E-W diamete have only small and smultaneous
variations. It was concluded that the quiet Sun bright-
ness temperature remans constant (T, = 750000 K), in
ageanent with measurements made by Conway and
O'Brien (1956) @ 214 MHz during a minimum of
solar adivity (T, = 820000 K) and with the value
(800000 K) oktained by Liu Xu Zhao and He Xiang
Tao (1974) at 146 MHz.

The mast interesting compaison was with the cor-
onal holes deteded & 160 MHz with the Cugoaa
Radioheliograph and aso with the OSO 7 satdlite in
the 284 A[FeXV] line by Dulk and Sheridan (1974)
the lrightness temperature over the radio coronal holes
was 700000K + 20%. It was then propcsed that the
coronal holes seenin the far ultra-violet corresponced
to the radio quiet corona as defined by the lower
ervelope method It is interesting to note that this
brightness tempeatue was comparable to the value
found by Moutot and Boischat (1961) br the peiod
19581960. Avignon e al. (1975 aso deived the
flux density and the brightness temperature (460000
K) of the quiet Sun at 408 MHz with the E-W Nangay
array and the E-W amm of the Medicina North Cross n
Italy. Again, they interpretedthe lower envelop as re-
suting from the trandt of extended corond hdes
aaoss hedisk.

In 1978 Trottet and Lantos (1978) conduded a
nev daa andysis in which they conddeed tha the
‘minimumradio quiet Sun’ brightnesswas theresult of
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two distinct compa- 1
ents, corond hdes
and regions of closed
magnetic aches, mix-
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ed in vaiable pro-
pations. The bright-
ness temperatures
of bah components
were olained from
one-dimensiond ob-
servations with the
E-W Nangay Inter-
ferometers at 408

and 169 MHz, usng
FexXV images in or-
de to estimate teir 11

||r|r||||||||||

relative aess. Trottet 5
and Lantos (ibid.)
concluded tha thee
was magind consist-
ency beween the
radio and UV obser-
vations. Table 1sum
marizes the bright
ness temperatures obtained at 160-169 MHz and 408
MHz by them and, for comparison, the vaues found
by other studies conduded at appgoximatdy the same
time.

10

Steinberg, 1959).

3.3 The Slowly-Varying Compone nt

At mdre wavelengths, the solar radio flux contains a
dowly varying compaent of thermd origin which
is easly recognizable during peiods without nase
storms as radio flux increases (RFI's) supgimpased on
the quiet Sun emisson (see Sedion 3.2). Hgue 18
displays spectra d the quiet Sun, the dowly varying
comporent (SVC) and nase sorms, and $hows that
the SVC flux densty gradudly diminishes asthe fre-
quency deaeases below 3 GHz (Clavelier, 1967) In
the absence of noise sorms, it was ealy redized that
the sources at 169 MHz and 9300 MHz had dfferent
charaderistics

3.3.1 The Slowly Varying Component at 9300 MHz

Christiansen and Mathewson (199) showed that the
SVC measured & 1420 MHz was thermal emisson
from adive regions. This finding was confirmed at
9300 VHz by Pick and Seinberg (19%1) who andyzed
the Nancgay observations. They found a good concord-
ance between the repective daly pasitions of the
radio plages (dso called ‘radio condensations’) and the
assciated adive entres. They showed that the alti-
tudes of the microwave sources varied between 20,000
and 30000 km above the photosphere (see dso Gut-
mannand Seinberg, 199).

From the data obtained during March 1958 it was
possile to estimate the duration, the brightness and
the variations with heliographic longitude of the rado
plages. Oftentwo or even threeof them were present
on the Sun at ary one time (see Figure 19). The
mation of individud radio plages &ross he sdar disk,
and the way in which they varied in intensty duiing
their passage is illudrated in Figure 20. Their dua-
tions wee typically one solar rotation.

In a sudy of all the optical adive centres assocated
with radio emission observed at 9300 MHz from July

15 20 25 10

Figure 20: Map showing the evolutionary histories of individual radio plages present at 9300 MHz
during March 1958. The numbers listed for the individual radio plages (black dots) are their
intensities, in arbitrary units. The crosses indicate the associated optical centres. The O, C and E
lines indicate the optical western limb, central meridian and eastern limb of the Sun, respectively.
The series of thin lines correspond to lower level brightness contours (after Pick-Gutmann and

1959 b Decenbe 1963, Avignonet al. (1965) showed
that the importance ofthis enmisson dgpended upon the
magnetic gructure d the centres. Figures 21 and 22
show how the parameer d/D, previoudy introduced
by Caoubalos and Martres (1964) was chaosen to de
fine the magnetic dructure d the opticd centre, where
D is propationa to the squaeroat of the total aea d
the sunspats and 2d is the snalled distance between
two sunspats of oppasite pdarity. When only one spot
is visible, if there is a flament dose to it, such asin
configuration B (bottom of Figure 21, and also Sec
tion 3.52), d is chosen as the distance bdween the
spd and the filament which marks the magnetic pdar-
ity inversion ling othewise d is unddiined. The rela-
tionship between the flux density at 9300 MHz and
the total area of the spats is displayed in Figure 22.
This figure shows deary the existence of two famil-
ies, the first one with a grong longitudind magnetic
field gradient (d/D <0.2, Caegories 1 and 5) fr
which the flux density dgpends sharply on the spatted
areg andthe other one (d/D >0.2, Caegaries 2, 3,4)
for which this dependence is wea. For the first of
these families the frequency of appeaarnce of flares
(importance>1) goes up very quickly with the area of
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Figure 21: Measurement of parameter 2d (see text) (after
Caroubalos and Martres, 1964).
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Figure 22: Variation of the flux density at 9300 MHz versus the sunspot area. Category 1: d/D < 0.2; Category 2: 0.2 <d/D < 1;
Category 3: d/D > 1; Category 4: Unipolar centres; Category 5: Centres of B configurationg 0.2 see text) (after Avignon et al.,
1966).

the spats. This is consisent with results found else- Similar gudes peformed a 7.5cm, 9.1cm and 21
where, canceming the magnetic strudure of adive cm showed that, at decimetre wavelengths, these two
centres associated with cosmic rays or proton events families can no longe be distinguished. Furthemore,
(Ellison & d, 1962 or with Type IV bursts (see Sec Kakinuma and Swvarup (1962) siowed tha in ganaa
tion 35.2). This is dso consistent with the results the flux density of strong radio sources is highe at the
obtained by Moutot and Boischat (1961), who showed longe waveengthsthan & 3cm. Thus Avignonet al.
that active cantres with an emisson >15 x 1072 W (1966) siggested that for the radio-emitting sources
m~2Hz™* at 9300MHz were dways asciated with a belonging to the first family, the spectrum between

nase stam at mere wavelengths. It was propcsed 3 an and 6 en could be flatter than for those bd ong
that at 9300 MHz, the sources belonging to the first ing to the second family. They anicipated tha this
family were generated by the thermd gyromagetic property could ke of interest for forecasting lar flare
emission mechanism introduced by Kakinuma and adivity.

Swarup in 1962

3.3.2 The Slowly Varying Component at 169 MHz
3.2.2.1 Observed Characteristics

As drealy discussedin Sedion 3.2.2, Boischot (1958)
showed tha the shapeof the Sun & 169 MHz varied
from day to day. This is illudrated in Figure 23 for
four successve days. Moutot and Boischot (1961)
estimated tha the apmrent diamete of the rado
sources supaimposed on the quiet Sun ranged be-
i . ] tween 10 and 20’. These sourcescould read 15-20%
Figure 23: So;Jrcefs of emission ofdthe s_lowll\z varlyglgr;g8 cgg]- of the flux o the qu'et Sun. Moreover, they found a
onent seen for four successive days in a . e it H
guthors’ estimate of the level of quietySun emi)'/ssion is also p(ﬂtl_\/e @rrelation between the. Huae of the gppa-
indicated (dotted line) (after Moutot and Boischot, 1961). ent di amaers and the flux densities of these certres,
as shown in FHgue 24, and they concluded that the
& A brightness temperature was approximatdy the same
for al centes, andwas~1.2 x 1 + 10%K.

/ In Figure 23, the maximum o emission attributed to
400 . o f the SVC follows the solar rotation and the authars
/ asumed tha the emission was associated with an
active centre.  However, in ahe cases, as shown in
A Figure 15 (left pand), the maxmum did nat rotate
VAR regubry, 0 the authas suggested that these caes
00| ya corresporded to the presence of several adive certres
y whaose emissons were supgimposed upa ane an

other.

/ When they could distinguish the contribution of an
Y pr— emitting centre nearthe cental meridian over a period
3 of at leag two days, they discussed the passilility of

Figure 24: Plot of flux density (¢) versus the square of the dedud ng the atitude of the emtting centre from its

apparent diameter (6% for active centres at 169 MHz (after appaent velodty of rotation and its heliographic lati-
Moutot and Boischot, 1961). tude Asaming a mean latitude L, of 20° for the
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19581960 peiod, the meanaltitude foundduring this
interval was h = 140000 km = 30000 km. A smilar
value of 125000 kn was found by Leblanc (1970),
who extendal this study to alarger number of obser-
vations during the period 1957-1968

On four different occasions during 1959the N-S
Interferometer was used by Moutot and Boischat
(1961) to detemine the heliocentric latitude of active
regions and it was then possble to campute h for each
of these with a much better accuracy. The values re-
ported in Tale 2 show some variation from one centre
to another.

Moreover, Moutot and Boischot (ibid.) underlined
that an impatant charaderistic of these emissions was
their diredivity; no emissive region wasobserved at a
distance >10 from the centra meidian of the Sun.
This suggested tha the diredivity of the SVC & 169
MHz could be explained by assuming tha the emissve
regions were stuaednea the ciitical plasmaleve. In
al cases for sources located near the citical lewvel
refradion is impartant, so the emergent radation is
almost radal, whatever the initial diredion. Conse-
quently, the radiation emtted nea the cente d the
Sun will be received at the Earth, whereas for regions
situated nea the limb, the brightness tempeature will
be small.

3.3.2.2 The Link with Optical Features: A Long History

The SVC at mere wavelengts had been observed for
decades, but its origin and its link with optical feaures
was somewhat controversid. In Boischot (1958) and
Moutot and Boischat (1961),the radio flux increases
(RFI's) of the SVYC were measured & 169 MHz with
the E-W Interferometer, and were interpreted as the
radio counterpart of the @ronal enhancements which
overlie cdcium plages. Asthe radio sources often had
large apparent diameters, of >8', and could persist for
several solar rotations, Leblanc (1970) proposed that
RFI's would correspord to old

and lroadly-dispersed plages.

Subsequently, Axisa et 4.

I I O I
(1971) usng the same radio L

Febr. ‘25

21

Table 2: Calculated heights of four different active regions
(after Moutot and Boischot, 1961: 175).

Date h (km)
5-6 March 1959 200,000 + 20,000
8-9 July 1959 240,000 + 20,000
10-11 July1959 80,000 + 8,000
26-27 July 1959 190,000 * 20,000

graphic longitudg during their transit of the solar disk.
These synoptic charts allowed Axisa & al. (ibid.) to
interpdate the pasition of the filaments on dates when
they were na visible in the daly observations. They
found that ~60% d the sources could be asociated
with one or several filaments and 5% with caldum
plages, for 35% of them, the asociation either with
caldum plages or with filaments was passile and thus
inconclusve. For the RFI's cardated with filaments,
the authors concluded that their emisgon originated in
regions located at the base of streamers which overlay
filaments. In addition, the correlation was extendel to
the direction of the filament: when a RA was related
to a filament (or a ystem of them) which extended
over sevaa tens of degrees pependicular to the
meridian, this RH had the shape of a broad hump
which remaned at the meridian for several days;
conversely, when the RFl corresporded to a short
filament appoximatdy paalle to the meridian, its
rotation was more regular and the hump was narrower.
As filaments tracal the inversion line between two
regions of oppodte magretic pdarity, all of the RFI's
correlated with filaments were representative of the
same basic magnetic dructure. This remak led to a
coherent explanation of the radio sourceswhase shape
would no longe be circular, but rathe would have the
form of elongated structures cdled ‘dense deets,
which would maore or lessfollow the orientation o the
undelying filaments, i.e. of the photogpheric inversion
line of magetic pdarity.

1964 -ROTATION Ne 1477

telexcope, compared the radio I] ‘
saurces & 169 MHz with the [

T
[T

a4l

optical features, plages and fil - 0]
aments observed in Ha. They ‘-==IQ;E=-.’=w.-w-- i
emphasized that

When followed on phdographs
taken in Ho, the filaments are E

HE

seen to suffer temporal changes

in visibility, nat appaent on the
syngptic maps (ibid.).

Thus they used for this com-
paison the syngptic maps
from Meudon Observatory,

HEH

"
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where caldum plages and fila-
ments were sketched (see Fig- 0
ure 5). Onthese maps dl the
filaments were reported in
Carington co-ordinaes at the
datesof their heliographic cen-
tral meridian passage, if they
were visible for at least two
days (whatever their helio-
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Figure 25: The association between RFI's (radio flux increases) and optical features.
Black rectangles below the time scale of the synoptic map of Meudon Observatory
indicate the meridian passage of a RFI related to filaments. Open rectangles correspond
to the meridian passage of a RFI related to both filaments and calcium plages
(undetermined cases). Dashed areas correspond to no available data. Crosses and
heavy dots represent respectively the crossings of filaments and plages by the meridian
trace (sketched by the light line) (after Axisa et al., 1971).
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Figure 26: Histogram of flux densities (1072 Wm™2Hz™) of all
centres (slowly varying component and storm centres) at 408
MHz (after Clavelier, 1967).

More than one decade later, when the Nancay
Radiohdliograph (NRH) observations becane avail-
able, this radio telescope was employed as an aperture
synthesis indrument usng Earth rotation to oktain
two-dimensiond magps of the Sun at 169 MHz. The
first observations showed no appaent association
either with adive regions or with filaments (Alissan-
drekis et al., 1985). Most of the sourcesappeared to
be asociated with inversion lines of photopheric
magetic pdarity; they were located within the coro-
nd plasna $ed, which ddineaes the inversion line
between the north and south pdarities of the large
scale maqnetic field. Lantos and Alissandrakis (19%)
propcsed tha the rado emission of the SYC came
from arcades of modeately-dense loops spanning the
neutal lines and locaed below the caonal streamer
belt.

Quite recertly, Mercier and Chambe oliained high-
resolution mapsof the SVC with the NRH at sweral
frequencies At 169 MHz, thes meps show that many
SVC sources gppear as dongpted kright ribbors orient-
ed along the magnetic inversion lines of the photo-
spheric field (to be pullished; privatecommunication).
These reallts are caonsistent with and indeed exterd the
early results from one-dimensiond observations.
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Figure 27: Plot of diameters versus brightness temperatures
for all centres (slowly varying component and storm centres)
observed at 408 MHz. The red circles indicate centres which
were also observed at 169 MHz (after Clavelier, 1967).

3.3.3 408 MHz: Differentiation Between the SVC and
Noise Storm Centres

Most of the results dotained at 408 MHz were pub
lished by Clavelier (1967 19689. The radio spectra
displayed in Figure 18 show that the SVC and naise
stam flux densities at 408 MHz in marny casesare of
the same order. The histogram d flux densities of all
SVC and naisesiorm centres is stown in Figure 26. In
about 90% of cases, the flux densities are <2 x 1072
Wm™Hz ™. Figure 27 shows the distribution of the
centres as a function of their diamete and of their
brightnesstempeature (T,). Those @ntres which were

95 SEPTEMBRE 25 SOCTOBRE
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Fig. 3
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Figure 28: Three diagrams showing the distribution of solar
radio emission at 169 MHz during the period July-November
1956. The horizontal lines represent the western limb, equator
and eastern limb of the optical Sun. The active centres are
indicated by dots, accompanied b;/ their flux levels. The flux
unit shown in the isophotes is 107>* Wm™Hz ™" (after Avignon
et al, 1957).

observed simultaneoudy at 169 MHz are indicated by
red circles and it is seen that centres with a high
brightness tempeature have in genera a smdl dia-
meter (<2') and are ssociated with nase gorms at
169 MHz. Conversdly, centres with diameers of
>25 and Ty, <5 x 10°K are nat associated with naise
storms. They are the sources of the S/C and are
aswciated with faaulae devoid of sunspats (Clavdier,
19683.

3.4 Noise Storm Centres at 169 MHz and 408 MHz

At 169 and 408 MHz, noise sorm emissons are the
mog frequent form of solar rado adivity. They con-
sist of a badkground continuum with supeimposed
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bursts of short duration (a fradion of a second), named
by Wild and McCrealy (1950)Type | bursts (cf. Den
isse, 1959a. Thefirst systematic study of the continu-
um was caried out a Nancay with the large E-W
Array at 169MHz and | ater at 408 MHz.

3.4.1 169 MHz Emission

From 29 May 1956, daly solar observations were
madewith the E-W Interferometer. The first results on
the diamder, duration, dtitude and formation circum-
stances of the ative entres at 169 MHz were pub
lished by Avignon et d., (1957, 19%) and Boischot
(1958)

The bass for illustrating some of these paameters
was a diagram tha the French radio astronomers
devéopead to show the dadly distribution and intensity
of individud adive regions Three examplesof these
diagrams are shown in Figure 28. In thefirst andthird
panels the Sun was paticularly adive, but in the
midde pand it wasrelatively quiet. When the Sun is
paticulady active, a nunber of different centres may
be present at the same time.

From these diagrams, the authors concluded that the
flux dendties of storm centres can reach 50 a 100
times those of the quiet Sunlevel. Most storm centres
have diameters rangng between 3' and 9’ (see Figure
29), but several of them are unresolved by the instru-
mentand therefore could be<1'.
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Figure 29: Histogram of the diameters of active centres, in
minutes of arc (after Boischot, 1958).

The durdion of these dorm centreswas very vari-
able, from hours to days, but was adways <6 days.
Boischot (1958)nated tha surely it was nat limited by
a beaming effed as one can observe thee @ntres as
far as 10 beyond the opticd limb of the Sun. When
active centres could be associated with specific sun-
spas, it was passilde to estimate the dtitude of the
centres above the photogphere usng two methods (1)
by measuiing their appaent speed of rotation and (2)
by ddgermining the pdnts of apperance and disap-
pearance of centres atthe limb of the Sun. Theresuks
from bah mehods showed that the dtitudes lay be-
tween 0.15R. and 1R., in genera much higher than
the critical altitude calculated for the namal corona at
the observing frequency. Boischot (ibid.) and Blum
and Malinge (1960) found tha nase storm centres
were nat dways located verticdly above their asoci-
ated sunspats, and that they sometimes did nat follow
therotation of the optical Sun.

E-W and N-S pcsitiona deerminations of sorm
centres by Blum and Malinge (198) and Le Squeren
(1963) resulted in quite predse identifications with
opticd certres, and the acaragy of the measurements
was ~1' in right ascension and 2-3' in declination. But,
inagreenmentwith theone-dimensiond (E-W) measure-
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Figure 30: Solar map showing three different groups of
positions of active centres (numbered circles) and their assoc-
iated sunspots (black dots) on several successive days. The
fact that the active centres do not always lie radially above
their ‘parent’ sunspots is very apparent (after Blum and Mal-
inge, 1960).

ments, there dill appered to be o geanerical rela-
tionship between the rado and optical centres. When
a gorm centre was visible duing several cansecuive
days, its pastion relative to the associated optical
centre did nat reman fixed. Thisis illustrated in Fig-
ure 3, which shows the pasitions of three groups of
noise storm centes relative to their asodated sun-
spds. Blumand Mainge(196Q 312Q our trandation)
suggested that:
Perhaps these displacements indcate actud motions of
the nase storm centres in the corong changes in
altitude for example, but one can also interpret them as
appaent displacanents due to the propagation of radio
\lNaves in a corond environment with structural irregu-
arity.

Le Squeen (1963) detemmined the average position
of a large number of certres. Figure 31 shows that,
except a higher longitudes, the average storm certre
was not radally-situated with respect to the leading
spat of the associated sunspat group. This figure also
indicates a ystematic pde-ward displacenent of the
storm certres with respect to the spot groups Conse
quently, Le Sjueren emphasized that the deermination
of the alitudes of the certres was impaossille, except
for those caesthat were located at high longtudes.

Using the two dimensiona Nangay measuements of
positions of noise sorm centres & 169 MHz and 200
MHz pdarizaton measurements madea Nera Observ-
atory (Netherlandg, Maligne (1960 invedigated the
sense of pdarization of the continuum as a function of
the latitude of the associated opticd centre. Figure 32
shows clealy tha there was a prevailing snse of pad-
arization for eat henisphere. Abou 10% of the cen-

Figure 31: Mean positions of the noise storm centres (upper
circles) and of their associated sunspots (lower circles) as the
latter vary in heliocentric longitude. This figure shows a
systematic displacement towards the central meridian of the
Sun (after Le Squeren, 1963).
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Figure 32: Latitude distribution of polarized storms. Key: circles
= right-handed polarization; squares with crosses = left-
handed polarization; circles with crosses = mixed polarization
(after Le Squeren, 1963).

tres which were exceptions to the rule were asociated
with optical centres of rather complex structure, in
which the magnetic field of the following spat was
sometimes greater than that of the leading spot. Le
Squeen (1963) popeed to asdate the sense of
pdarization with the diredion of the magnetic field in
the lealing spas, which was in agreement with the
earlier results of Payne-Scott and Little (1951) ad
Komesaroff (1958). It was known that this diredion
was the same for dl the qoticd centesin the same
hemisphere.  Thus it was cancluded that the naise
storm continua are usialy pdarized in the ordinay
mode

EHISSNE"(,&Q? 169 MHz

REGIONS |//// 408 MHz

. OPTIC

HEIGHT IN KM

s

Figure 33: Schematic structure of a simple noise storm centre
at 169 MHz and 408 MHz above an active region (after
Clavelier, 1968).

HEIGHT IN KM

Figure 34: Schematic structure of a double noise storm centre
at 169 MHz and 408 MHz (after Clavelier, 1968).

3.4.2 408 MHz Emission

Observations were obtained with a resolving power of
1.7" which allowed the measurement of the E-W di-
mension of sources >1' (Clavelier, 1967). The posi-
tion of an emitting source was determined with an
acairagy of 20'. The activity was compared with cor-
respondng adivities at 169 MHz and 9300MHz, and
it was concluded that the centres at 408 MHz were
more sale that those at 1@ MHz but lessstalde than
centresat 9300MHz. The regective characteristics of
SVC and storm centres were simmarized in Sedion
33

Clavdier (1967) examined the asdation of noise
storm certres with ‘active regions (AR’s). Following
the classification of the AR's by Martres et al. (1966),
he $owed that the quesi-totality of these certres was
asociated with magnetically-complex or anomdous
eruptve AR's with anomdous inclinaion (i.e. an
inversion line of pdaritieshavinga great indindion &
the meridian).

Moreovwer, on catain days, Clavelier nated the exist-
ence of muliple (usudly dauble) centres assaiated
with the same adive region (see Figure 6). The inter-
esting resut was that for al thee daibe centres at
408 MHz, the corresponding AR appeared as two dis-
tinct eruptive zones with spds, eat asociated with a
radio comporent (Clavelier, 1967 1968a). The aver-
age height was acaurately determined and ranged be-
tween 70,000 and 80000 km Unfortunaely, no mlar-
ization measurement wasmadea that time

Results obtained & 169 and 408 MHz alowed Cla-
velier to draw a schentic picture of the sructure d
the active nes as represented in Figures 3 and 34.
The diameter was found to inaease with dtitude but
nathing could ke said about the extension in latitude
Clavdier emphasized that the radio comporents of a
doude certre were probably indgpendent.  This was
aso confirmed by a sudy of the canparative evolu-
tion of head and tail fluxes in the same dauble certres:
no correation was found between the fluxes of these
two comporents.

3.5 The Type IV Burst
3.5.1 The Discovery

In 1957 Boischat used the Nangay 32-elenert inter-
ferometer operating & 169 MHz to identify a new
class ¢ emission, the Type IV burst (Boischat 1957
1958 195%). The observations reveded that a Type
IV burst ocaurs after a lar flare, usudly follows a
Type Il burst (whose emisson is produced by large
scde shocks moving autwards through the corong and
lads for tens of minutes. Type IV burst sairces were
generally of large diamete (typically 8 to 12) with no
spatial structure (smocth appearance) ard they mov-
ed outwards with gpeeds of several hunded km/s or
more. An example is shown in Figure 35. Boischot
and Deniss (1957) interpreted the Type IV emission
assynchrotron radiation of relativistic dectrons spiral-
ing in the corona magnetic field.

It was, however, rapidly recognized that Type IV
bursts were much more camplex events. they extend-
ed over alarge range of frequencies in which severa
comporents with distinct physical origins could be
distinguished. Intense certimetre-wave outbursts were
found to be associated with meric Type IV emissbns
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(Avignonand Fck, 1959 Kundu 1959) In 1961, two
phases were distinguished by Pick-Gutmann (1961), as
illustrated in Figure 36. The first phase (cdled ‘flare-
continuum’ in 1970by Wild) corresponcded to a broad
band emission, from centimere to metre wavel engths,
which started near the flash phase of the optical flare
The intengity variations were approximately smilar a
al frequencies and the radiation had little diredivity.
The second phase, cdled ‘continuum storm’ (or ‘sta-
tionay Type IV burst’ in 1963by Wild et d.) was
charaderized by a smooth continuum detected from
decimetre to decametre wavelengths which could |ast
many haurs and trandormed progressvely into an ord-
inay Type | gorm. The emitting source was dation-
ary, had a small angular diameter, was strongly polar-
ized in the ordinary mode and was directed Taking
into consideration all of thee propeties the catinu-
um storm was interpreted as dueto Cerenkov plasma
radiation.

3.5.2 Association between Radio Emission and
Energetic Particles Detected at the Sun or
in the Vicinity of the Earth

3.5.2.1 Association between Type IV Bursts and
High Energy Proton Events

The fact that Type IV emissins reved the resrnce n
the caona d MeV electrons gimulated many invedi-
gations on the asdation of these outstanding solar
evants with erergetic paticles detected in the envi-
ronment of the Earth. Avignon and Pick-Gutmann
(1959, ard Pick-Gutmann (1961) investigated the
asociation between Type IV bursts with relativistic
protons deteded by groundlevel cosmic ray manitors,
and proton events of lower maximum energy detected
indirectly by their ioncspheric effeds. Polar Cap Ab-
sorptions (PCA’s) produced by 10-100 MeV protons
were discovered during the International Geophysicd
Yea (IGY, 1957-1959) (see Hakura and Goh, 1959
Thompson and Maxwell, 1960) Avignon and Pick-
Gutmann (1959 found a quasi-systematic association
between proton events ard Type |V bursts radiating in
the mlcrowa\,e donaln with flux densities greaer than
10" W m?Hz ™ ard followed by storm continuumat
metre wavelengths. These events were more favour-
ably located in the westem solar hemisphere. Avignm
and Pick-Gutmann (ibid.) definedthe radio impartance
of aflare as the energy radiated a 10 cm (i.e. the flux
density atthe maximummultiplied by the duration).

3.5.2.2 Optical Characteristics of Type IV Bursts
Associated with Flares

Avignon Martresand Pick (1964 examined the char-
acterigtics of chromospheric flares that gave rise to
Type IV bursts assaiated with PCA’s. They found
that for dl the 16 seleded everts, exept one the
active region and the flare were of a particular struc-
ture previoudy discovered by Ellison e a. (1962 ina
study of flares connectedwith groundlevel cosnic ray
increases two rows of certres with oppasite pdarities
very close o each other, where the flare garted be-
tween the two centresand evdved into two chains (so
cdled ‘ribbon flares') tha overlapped the spas (see
Figure 37, Configuration A).

Building an an earlier study (see Martres and Hck,
1962), Avignon, Martres and Pick (1964 then con-
sidered the more general case of flares with long dur-
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Figure 35: The Type IV burst of 7 November 1956 recorded at
169 MHz by the E-W Nancay interferometer array. This figure
displays a succession of scans versus time. The variable
source ‘a’ is probably the source of a Type Il burst followed by
the smooth source ‘b’ of the Type IV burst; the peaks ‘c’ are
generated in the side lobes of the interferometer; the black
bars indicate the position of the photospheric disk through the
successive main lobes of the interferometer; the recording
time of each main lobe is indicated below (after Boischot,

1958).
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Figure 36 (left): First phase of the Type IV burst on 28 August
1958, showing the flux evolution measured at several frequen-
cies; and (right): Flux evolution of another Type IV burst ob-
served on 22 August 1958, when the first phase seen from
high frequencies to 169 MHz at least is followed by a continu-
um storm of long duration that is well developed below 600
MHz (adapted from Pick-Gutmann, 1961).
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Figure 37: Characteristics of flares at optical wavelengths
associated with long-duration radio events at metre wave-
lengths that are either Type IV bursts or noise-storm enhance-
ments (adapted from Avignon, Martres and Pick, 1964).
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Figure 38: Probability of a flare to be associated with a SSC
vs. their radio importance, i.e. the energy radiated at 2800
MHz. N1 and N2 correspond to the number of cases which
are respectively geomagnetically-active or -inactive (after Car-
oubalos, 1964).

ation radio events at mdre wavelengths which were
either Type NV bursts @ nasestam enhancements.
They were ledto propose a new classficaion basedon
the radio importance andschematzed in Hgure 37.

For those events that were mot associated with
PCAs, the exigence of a ‘plagefilament’, which
ocaurred & the boundary between opposte pdarities
of the negnetic field, ssemedto detemine the location
of the Ha flare and the occurrence of the metric event.
When the configuration was A or B-c), and nat B-d),
the metre-wavelength Type IV event seemed to be
asciated with an Ha flare overlapping a sunspot. It
was concluded that the accumence of strong radio
emission was erhanced by the presence of a strong
gradient of the longitudind magnetic field dueto the
proximity of spats of opposte pdarities (see dso Sec
tion 33 and Fgure 21).

3.5.2.3 Solar Radio Bursts and Geomagnetic Storms

In 1964, Caoubalos investigated the assodation be
tween Type IV bursts and sudden storm commence
ments (SSG). Each Type IV burst was characterized
by two paametes: its rado impatance (the energy
radiatedat 10 cm) and its spectral charader, definedas
the ratio p of the duration of the metric emission meas
ured at 169 MHz to the duration o the microwave
emission meadured at 10 cm (2800 MHz); the value of
this parameter provides information on the eistence
of a secnd phae. The main results of this sudy are
summarized asfollows:

r=0,74
y = 2,8-0,6x

0 1

2 3
x=LogE

Figure 39: Time of disturbances followed by a SSC vs. the
radio importance of the associated flare (after Caroubalos,
1964)

(1) The probability for Type IV bursts to be foll owed
by SSGis a function of their rado impatance  Fig-
ure 38 shows that this probahility increases rapidly for
events with enagies greaer than 0 x10™ Jm?Hz ™
at 2800MHz. The istence d asecond phase d rela-
tively long duration appears to be an esential condi-
tion for aType IV burst to be foll owed bya SSC.

(2) There is a dtatistical relationship between the Sun-
Eath transit time of the disturbances reporsible for
SCs ard the radio energy emitted by the aswciated
Type IV bursts (seeFigure 39).

In January 1960,areview pgoe on the properties of
Type IV bursts and on their assaiation with lar
cosmic rays was preened at the First Internationa
Space Science §Ympasium in Nice (Denis, et d.,
1960).

4 THE CRAB NEBULA AND THE OUTER CORONA

With 3.8 E-W pencil beans 2° gpart, the 169 MHz
E-W interferometer had the pdenial to alo contribute
in a dgnificant way to the sudy of the outer carona
through the dservation of selecied discrete radio
sources while hey were rearthe Sun.

The first such projed took placein June 1957when
the Crab Nebula (Taurus A) was occulted by the Sun.
Although observations were only possble on June 11
and 13, an increase in the diameter of the urce was
noted on bath occasions. But more importantly, there
was an

... adual increase of total flux receved from the Crab
Nebula on the 13th; this result suggests tha refradive
processs in the carona might play an important role.
(Blumand Boischat, 1957:206).

In June of 1958 he Crab Nebula was agan usd to
invedigate the outer corona, andthe Nangay observa-
tions confirmed bath the increase in source diameer
ard in flux density as Taurus A approached the Sun.
Figure 40, where data from 195/ and 198 have been
poded, shows that both effeds commencedwhen the
Crab Nebula was a about 15R.. In a previous paper
in this series we noted (Orchiston e d, 2007 239)that
it is interesting to compae these French resulks with
Sleés 855 MHz observations of the same 1957 ad
1958 @ents. He found that

... thedidtribution of Crab nebuaradiation is markedly
affeded by refradion and large-scde corond irregu-
larities. The senday pesk ... was remrded in both
1957 aad 1958 and suggests the existence of semi-
permanent regionsin the corona of highe than average
eledron densty. (See 1959:157).

Slee aso noted short-term changes in the ransmis-
sion propeties of the corona which he associated with
the epdion of disturbances from adive regions on the
solar disk.

5 NON-SOLAR RESEARCH WITH THE 169 MHz
INTERFEROMETERS

5.1 The E-W Interferometer

As noted in a previous pgper in this series (Orchiston
et d., 2007:239:

One of the mog chdlenging problems fadng radio
astronamersin the 1940s and 50swasto identify optica
correlates for the many discrete sources found in the
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course of the various sky surveys. Because of the
comparative lack of resolution at radio wavelengths, it
was difficult to determine the precise positions of most
sources, but instruments like the Nancay 32-element
E-W grating array (with its 3.8’ pencil beams) offered
some hope. It is no surprise, therefore, to learn that this
instrument was used by Boischot (1959[b]) to investi-
gate source positions in the late 1950s. He subsequent-
ly published a table containing 25 different sources be-
tween Declination +60° and —20°, listing for each the
Right Ascension, Declination, diameter or an upper
limit to this parameter, the flux density and any cor-
relation that could be made with sources detected by
previous investigators.

5.2 The N-S Interferometer

By the end of 1961 the N-S interferometer was opera-
tional, and its 3.4 x 7' pencil beam was used exten-
sively by Mohan Joshi (1962) at 169 MHz for non-
solar work. His principal project was to measure the
precise positions and flux densities of 112 different
radio sources. Most of these were identified with dis-
crete sources recorded earlier at Fleurs in Australia
(Mills, Slee and Hill, 1958) or during the Cambridge
3C survey (Edge et al., 1959).

An important outcome of Joshi’s work (1962) was
to resolve the controversy surrounding the optical
identification of the radio source Hercules A. In the
relevant area of the sky there were three different
galaxies, but sources recorded at the Owens Valley
Radio Observatory and Cambridge tallied with two
of these. Joshi’s Nancay observations showed con-
clusively that the ‘Cambridge galaxy’ was the correct
identification (see Figure 41).

6 HERITAGE ISSUES

In 2003, the IAU established the Historic Radio
Astronomy Working Group under the joint umbrellas
of Commissions 40 (Radio Astronomy) and 41 (Hist-
ory of Astronomy) in order to encourage research mnto
the early history of radio astronomy. One of the ob-
jectives of the WG is to establish how many of the
pioneering radio telescopes used worldwide prior to
1961 have survived, and France has an important
‘claim to fame’ in this regard.

One of the Nancay radio telescopes discussed in this
paper—the distinctive 9300 MHz 16-element inter-
ferometer designed by Steinberg and Pick—has sur-
vived in close to its original configuration, apart from
the replacement of valves by transistors in the receiv-
ing system. Actually, to say that this radio telescope
“... has survived ...” is something of an understate-
ment, for after more than fifty years operation it con-
tinues to contribute to science by providing daily strip
scans of the one-dimensional distribution of solar radio
emission

As the founder and inaugural Chair of the IAU
Working Group, one of the authors of this paper
(W.0.) believes that from a heritage perspective the
9300 MHz grating array at Nancay stands as a beacon
of hope for world radio astronomy. Since almost all of
the notable antennas from the pre-1961 era have long
since disappeared, this radio telescope is an important
part of our international radio astronomical heritage,
and as such it should be preserved for the benefit of
future generations. Furthermore, in terms of hardware,
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Figure 40: Variations in the apparent diameter (curve A) and
flux density (curve B) of the Crab Nebula as it was occulted by
the Sun in 1957 and 1958 (after Blum and Boischot, 1959:
283).

it 1s all that remains today from the pioneering era of
French radio astronomy.

7 CONCLUDING REMARKS: NANCAY AND THE
FOUR LAST DECADES

The end of the 1960s was marked by the development
in solar radio astronomy of a new generation of instru-
ments giving access to spatially-resolved observations
of the corona, with the construction of the first two
radio-imaging instruments, the Culgoora Radiohelio-
graph in Australia (Wild, 1967) and the Teepee T-
Array at the Clark Lake Radio Observatory in the
U.S.A. (Erickson and Fisher, 1971). In France, a new
radio heliograph (NRH) was designed for Nancay
which would provide images with a high temporal
cadence of 100 images per second. This instrument
was built in successive stages at the single frequency
of 169 MHz. The first version, operational in 1976,
was restricted to one dimension in the E-W direction
(Bonmartin et al., 1977). Today, the NRH provides
2-D images in the frequency range 150-450 MHz. It
allows quasi-simultaneous multi-frequency observa-
tions with a maximum number of 10 frequencies and a
limit of 200 images per second (Kerdraon and Delouis,
1997).
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Figure 41: The region of the sky containing the discrete radio
source Hercules A. Galaxies are marked by a, b and ¢ and the
crosses indicate source positions obtained by the Caltech (1),
Cambridge (2) and Nangay (3) groups (after Joshi, 1962:
398).
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In Nancay, there was dso emphasis on high resolu-
tion spectroscopy a decametre wavelengths of solar
and Jovian radio bursts, both in time and frequeacy
(see Boischot, 1974) The Nancay Decaneter Array
opeating in the 10-80 MHz frequency range was
designed and built in the mid-1970s(Boischot et d.,
1980; Lecadeux, 2M0), and consigs of two phased
antenna arrays in oppasite senses of circular pdariza
tion, each with an effective gerture of 4,000 nt.

We do ot intend to describe here the large number
of results obtained in the last four decades with these
instruments.  We ddl, however, enphasize the im-
portance of coupling ground-based radio obsrvations
with space radio instrumentsfor smultaneous or com-
plementary observations in other pats of the dectro-
magnetc gectrum (eg. see Rck and Vilmer, 2008).
The involvement of Nangay in space missons was first
illustrated by the STEREO-1 (Caroubelos and Stein-
berg, 1974) and STEREO-5 (Poqueausse and Sein-
berg, 1978) epeiments which were designed to deted
and measure the diredivity of solar burgt radiation a
169 MHZ and & 60 and 30 MHz regpectively. These
expeiments were kased on smultaneous observa-
tions from the Earth (Nancay) and from a Soviet
space pobe Mars-3 for STEREO-1 and Mars-7 for
STEREO-5). Shartly afterwards, Nangay was official -
ly asociated with NASA's Voyage misson, a pae
modd of the flight radio agronamy instrument (PRA)
being fed by the Nangay Decaneter Array at he times
of the Jupiter encounters (Boischat et al., 1981).

Since tis peiod, the Nancay radio astronomers
haveoffered regdar significant cantributions to many
European, Russian and U.S. space expeiments dedi-
cated to the sudy of the solar corong, the Jovian mag-
netosphere and the hdiosphee, including MARS 3
and 7, GRANAT, SMM, ULYSSES, Gdil eo, WIND,
ACE, SOHO, STEREO and RHESSL

8 NOTES

1. In 1952, thee were merely three d the four radio
agronamy field statons maintained by the Division
of Radiophysics in and near Sydney. The fourth was
located at Dover Heights For a review of all of
the field staons and remadte sites estalished by the
Division between 1946 ad 1961see Orchiston and
Slee (2005). For a deailed acount of the Dapb
field station, which was devoted solely to solar re-
seach, seeStewart (20M) and Sewart e a. (2011).
For deails of the solar grating arrays at the Potts
Hill field station see Wendt (2008, ard Wendt etd.
(2008;201).

2. For events leading up to the estadishment of the
Nancay field station see Orchiston et al. (2007 225
226)and Steinberg (2004.

3. Radio agronamy is not jug alout science and in-
strumentaton; it someimes invdves pditics and
pulic opinion. Seinberg (2001 513)tells about an
intereging episode conceming the ralway line tha
was to be built at Nancay for the two Wirzburg
antennas

When the inhabitants of Nancay village heard
through rumours tha arail -line was to be built in the
radioastronamy dation, they immediately inferred
tha the line was going to be linked to the Nationd
Railways network through severd of their pieces of
land and they became very worried. In November

1953 we thus organized a meding of al Nancay
inhabitants. 1 told the vill agers wha our plans were
and ingsted on the fad tha our gauge wasto be6 m
as compared to 1.44 mfor theregular lines. We suc-
cealed in reasauring them.

4. This projed wasinitiated unde the augices of the
IAU Working Group on Historic Radio Astronomy
in 2006, and five pges have been pubished to
dae. The firg dealt with Nordmann’s atempt to
detect solar radio emission in 1901 (Débarbat et al.,
2007); the second with eaty solar edipse olser-
vations (Orchiston and Seinberg, 2007) the third
with the Wirzburg antennas tha were & Marcous
sis, Meudm and Nangay (Orchiston ¢ al., 2007) the
fourth with eaty solar work conduded at the Ecole
Normae Supéieue, Marcoussis and Nangay (Or-
chiston & al,, 2009) and the fifth with the Nancay
Large Radio Telescope (Lequeux et d., 2010). For
anealier overview see Denisse (1984)
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